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REVIEW ARTICLE

Using Spheroids as Building Blocks Towards 3D 
Bioprinting of Tumor Microenvironment
Pei Zhuang, Yi-Hua Chiang, Maria Serafim Fernanda, Mei He*
Department of Pharmaceutics, University of Florida, Gainesville, Florida, 32610, USA

Abstract: Cancer still ranks as a leading cause of mortality worldwide. Although considerable efforts have been dedicated 
to anticancer therapeutics, progress is still slow, partially due to the absence of robust prediction models. Multicellular tumor 
spheroids, as a major three-dimensional (3D) culture model exhibiting features of avascular tumors, gained great popularity 
in pathophysiological studies and high throughput drug screening. However, limited control over cellular and structural 
organization is still the key challenge in achieving in vivo like tissue microenvironment. 3D bioprinting has made great strides 
toward tissue/organ mimicry, due to its outstanding spatial control through combining both cells and materials, scalability, 
and reproducibility. Prospectively, harnessing the power from both 3D bioprinting and multicellular spheroids would likely 
generate more faithful tumor models and advance our understanding on the mechanism of tumor progression. In this review, 
the emerging concept on using spheroids as a building block in 3D bioprinting for tumor modeling is illustrated. We begin 
by describing the context of the tumor microenvironment, followed by an introduction of various methodologies for tumor 
spheroid formation, with their specific merits and drawbacks. Thereafter, we present an overview of existing 3D printed 
tumor models using spheroids as a focus. We provide a compilation of the contemporary literature sources and summarize 
the overall advancements in technology and possibilities of using spheroids as building blocks in 3D printed tissue modeling, 
with a particular emphasis on tumor models. Future outlooks about the wonderous advancements of integrated 3D spheroidal 
printing conclude this review.
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1. Introduction
Cancer accounts for about 1 in every 6 deaths and is 
the second leading cause of deaths worldwide. In 2020, 
cancer was estimably affecting 18.3 million people 
globally, causing nearly 10 million deaths[1]. Despite 
the soaring investment in the development of anticancer 
therapeutics in past decades, positive outcomes are still 
far from satisfactory. The journey of an anticancer drug 
from lab-to-shelf could take years (~15  years): Before 
entering a clinical trial, drugs are heavily interrogated 
through required sets of in vivo and in vitro tests. However, 
a reliable in vitro model for accurate prediction of drug 
responses is lacking. Such shortfalls directly result in 
increased cost and time on developmental study, and 
overuse of animal models with slackening drug discovery 

processes. Addressing these issues requires a wide range 
of tumor models, including in vivo, ex vivo, and in vitro 
(two-dimensional [2D] and three-dimensional [3D]) 
models with various complexities, developed specifically 
for studying cancer pathology and progressing with 
anticancer therapeutics.

Various types of mouse models, including cancer 
cell line-derived and patient-derived tumor xenograft 
(PDX) models, have been generated by transplanting 
cell lines, or a fraction of human tumors heterotopically 
and/or orthotopically to immunocompromised mice. 
Cancer cell line-derived models fail in fully capturing the 
histopathological features exhibited in a clinical setting, 
although PDXs models largely preserves the genetic 
and epigenetic abnormalities of the original tumors 
when compared to patients in clinical trials[2]. Despite 

© 2021 Zhuang, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and 
reproduction in any medium, provided the original work is cited.
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this great potential of PDX models within an aspect of 
precision medicine, the outcomes were compromised 
by notably the insufficient relevant tissue-specific 
microenvironment support[3]. Often after engraftment, the 
stromal components in tumors undergo remodeling with 
embedded stromal cells which are gradually replaced by 
host stroma. The use of immunodeficient mice also leads 
to incompetent PDX models in immunotherapy-relevant 
studies which currently is a widespread concern[4]. Other 
problems, such as low engraftment rate[5], have also been 
frequently raised as a part of the key challenges.

On the other hand, in vitro models are speculated as 
promising platforms to interrogatively extrapolate in vivo 
conditions. 2D culture models lack cell-to-cell and cell-
to-extracellular matrix (ECM) interactions rendered in 2D 
culture platforms, which are incompetent in recapitulating 
the heterogeneous features characteristically shown in the 
tumor microenvironment (TME). Substantial evidence 
has revealed that 3D culture is more physiologically 
relevant in comparison to planar culture[6,7]. The essential 
differences between cell behaviors, gene and protein 
expressions, and drug responses in 2D versus 3D cell 
culture systems are driving communal adoption of 3D 
culture toward more faithful and sophisticated tumor 
models. Thereafter, a series of 3D in vitro tumor models 
with diverse configurations and various complexities have 
been investigated for cancer research, drug discovery and 
have become a promising complimentary tool in bridging 
the in vitro, in vivo, and clinical investigations[8,9].

Spheroids have been recognized as classic 3D 
culture models for pathophysiological studies, which 
mimics the aggregation of one or multiple types of tumor 
and tumor tissue microenvironment relevant cells grown 
in suspension or in a 3D matrix. Spheroids are formed 
by boosting the cell-to-cell interaction while minimizing 
the cell-to-matrix adhesion[10]. Cells initially aggregate 
to form loose bonds by integrin-mediated attachment to 
ECM, which substantiates the upregulation of cadherin. 
This accumulation of cadherin on the cell membrane 
facilitates the compact spheroid formation[11], as opposed 
to individual cells, spheroids possess an non-apical cell 
morphology with stronger cell-to-cell, and cell-to-ECM 
interactions. Spheroids with increased cell survival rates, 
higher levels of ECM proteins secretion, and a more 
stable morphology have been reported in comparison to 
2D culture[12]. Diffusion limit (~250 µm) enables ordered 
gradient proliferation rates observed in a large size of 
spheroids over 500 µm[13], which exhibit different zones 
with varied cell conditions delineated by the proliferation 
zone in the outer layer, quiescent zone in the middle layer, 
and necrotic zone in the center core[11]. Cells presenting 
in the outer layer receive abundant oxygen and culture 
medium, thus displaying much higher proliferation 
rate and viability. In contrast, cells in the core tend to 

be quiescent or hypoxic due to the limited supply of 
oxygen and nutrient delivery[14]. On the other hand, the 
oxygen-depleted cells anaerobically convert pyruvate to 
lactic acid, in an effort to produce an acidic core within 
spheroids. Above-mentioned observations reflect in vivo 
features of avascular tumors, in terms of cell morphology, 
growing kinetics, hypoxia, metabolism, nutrient gradient, 
and gene expression, which represent a promising 
platform for a better understanding of cancer biology and 
drug discovery ex vivo.

In the past few decades, 3D bioprinting has 
garnered extensive attention[15-17]. 3D bioprinting 
possesses superior flexibility and controllability on the 
spatial arrangement of biomaterials and cells, which 
has been expansively applied to tumor-related studies 
including TME mimicking, tumor angiogenesis, tumor 
metastasis, and antitumor drug screening using individual 
cells and miscellaneous biomaterials[18-21]. Nevertheless, 
individually dispersed cells within the hydrogel matrix 
are insufficient in faithfully recapitulating specific disease 
states either indicating fibrosis or tumor propagation[22]. 
In contrast, spheroids could be a perfect alternative and 
implementable approach. Despite the high potential in 
building tissue constructs by combining 3D bioprinting 
and spheroidal assembly, 3D printing or positioning 
spheroids with high precision remains challenging.

Herein, we review state-of-the-art status of using 
spheroids for mimicking tumor tissue microenvironment 
and their potential as building blocks in 3D bioprinting 
technology. We first concisely describe the context 
of the TME, followed by an introduction of various 
methodologies for spheroid formation, including the 
comparison of their merits and drawbacks. We then 
compile contemporary literature sources, providing a 
compelling overview of recent progress of using spheroids 
as building blocks for 3D printed tissue modeling, with a 
particular emphasis on tumor models. Finally, we discuss 
the future potential and challenges on spheroid formation, 
3D bioprinting and their combination thereof utilized for 
advancing cancer research.

2. TME
Tumorigenesis is a dynamically complicated process 
involving its initiation, progression, and metastasis. It 
is governed by not only malignant tumor cells but also 
the constantly interacting, surrounding stroma, which 
is referred to as TME[23]. During tumorigenesis, the 
interplay between tumor cells and associated TME, 
reciprocally remodeling the ECM and their subsequent 
competition, determines whether tumorigenesis 
proceeds[24]. The TME is a highly heterogeneous, 
stage-  and localization-  dependent, and individually 
specific to its origination[25]. Only a small fraction of 
the tumor is comprised of tumor cells, while the larger, 
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non-tumor fraction houses stromal cells mainly including 
fibroblasts and myofibrolasts, adipocyte, blood and 
lymphatic vascular networks, infiltrating immune cells, 
and the non-cellular ECM[23], as shown in Figure 1. The 
major cell types in TME include immune cells, stromal 
cells, and tumor endothelial cells (TECs). Immune cells 
such as macrophages, dendritic cells (DCs), myeloid-
derived suppressor cells (MDSCs), CD4/CD8 T cells, and 
regulatory T cells (Tregs) play a key role in tumor immune 
evasion[26]. These immune cells in TME present the 
resistance to immunosurveillance which recognizes and 
destroys foreign pathogens. Moreover, tumor-associated 
macrophages (TAMs) also promote angiogenesis and 
metastasis by producing multiple cytokines, including 
vascular endothelial growth factor A (VEGF-A), tumor 
necrosis factor α (TNFα), and interleukin 6 (IL-6)[24]. 
Stromal cells, including cancer-associated fibroblasts 
(CAFs), mesenchymal stromal cells (MSCs), and 
pericytes contribute to the structure of TME and promote 
growth, invasion, as well as metastasis of tumors. MSCs 
in TME, a kind of multipotent progenitor cells, can 
differentiate into multiple connective tissues to exacerbate 
tumor desmoplasia, proliferation, and angiogenesis[27]. 
Pericytes, along with endothelial cells, act as a physical 

barrier involving basement membrane remodeling during 
tumor angiogenesis and tumorigenesis. In addition, 
pericytes also regulate leukocytes transmigration and 
elicit phagocytic activity[28]. In addition, TECs, with 
irregular shape and size, build up the inner layer of blood 
vessels of the tumor and involve in tumor angiogenesis, 
progression, metastasis, and chemo drugs resistance[29]. 
Through providing a leaking vascular system, impaired 
blood flow, as well as a high-interstitial-fluid-pressure, 
hypoxia, and acidic environment, the disorganized TECs 
are key factors of tumor progression[24]. The ECM is a 3D 
network of extracellular macromolecules composed of 
collagen, laminin, fibronectin, hyaluronan, proteoglycan, 
and other biopolymers with varied concentrations and 
organizations (Figure  1); therefore, the ECM exists in 
various elasticities and dimensional stiffness.

It is well documented that stiffness of tumor is higher 
than that of the normal tissue and will vary across tumor 
grade[30]. On tissue damage, an increasing number of 
CAFs are detected within the tumor. These myofibroblasts 
are thought to be “activated” fibroblasts and will engage 
to promote the tumor progression[31]. Specifically, breast 
tumor has shown a stiffer microenvironment (4 kPa) 
compared to the healthy breast tissue (150~200 Pa). In 

Figure 1. A schematic view of cellular components and extracellular matrix compositions of tumor microenvironment (TME). TME not 
only houses tumor cells but also includes stromal cells and infiltrating immune cells. Limited perfusion and tumor expansion establish a 
gradient of oxygen availability from the blood vessels to the adjacent tumor cells in the acidic environment.
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addition, both the stroma surrounding the tumor and the 
tumor vasculature exhibit increased stiffness (E = ~800 
– 1000 Pa and ~450 Pa, respectively) compared with 
healthy mammary tissue and vasculature (E = ~200 Pa)
[32]. Similarly, healthy brain tissue has extremely low 
stiffness, typically range from 100 to 1000 Pa, whereas 
the increased secretion and remodeling of fibrous ECM 
proteins in tumor niche leads to increased tissue stiffness 
up to 26 kPa[33].

Hypoxia is recognized to be one of the hallmarks of 
the malignant tumors[34]. As tumor cells expand, the oxygen 
transportation to cells in the central zone is compromised 
due to the fact that the diffusion limit of oxygen in tissue 
is about 250 μm[35]. Hence, the increased metabolic rate 
in the external cell proliferating region and the limited 
access to oxygen in the core establish a gradient of oxygen 
availability from the blood vessels to the adjacent tumor 
cells. Hypoxia‐inducible factor (HIF-) 1 plays a pivotal 
role in regulating oxygen homeostasis within cells. The 
hypoxic tumor cells with the upregulation of HIF-1 strive 
to secret VEGF, fibroblast growth factor (FGF), and 
other proangiogenic factors to recruit endothelial cells 
and facilitate capillary network formation, which is also 
referred to as “tumor angiogenesis”[36]. However, due to 
the perturbed cell-to-cell and cell-to-ECM interactions 
and remodeled ECM, the tumor blood vessels are chaotic 
and highly differed from normal host vascular network. 
Such leaky and highly disorganized neovasculature leads 
to limited oxygen diffusion and are in correlation with the 
ability of tumor invasion and metastasis. In the process 
of tumor metastasis, tumor cells travel through a series 
of microenvironment with changing matrix stiffness, 
including stroma, circulating system, endothelium, and 
finally the tissues at a secondary site[37].

3. Spheroid generation methods
Spheroids have found great potential in anticancer 
pharmaceutical development, because they are able to 
resemble the main features of humanoid tumors in many 
aspects; for instance, structural organization, and metabolic 
and proliferative gradients[13]. A  spheroid’s size could 
be tailored to specific applications. In general, cellular 
types, seeding density, and culture period are working 
synergistically in appropriating the size of spheroids. 
Uniformity of the spheroids is of utmost importance 
because the relevant size and shape dictate therapeutic 
efficacy and clinical reproducibility. Numerous strategies 
have been reported in attempting to form spheroids with 
desired size and uniformity, including hanging drop[38-40], 
agitation‐based techniques[41,42], liquid overlay technique 
(LOT)[43], hydrogel microwells[44,45], external-force-
driven (magnetic, electric, acoustic) techniques[46-48], 
microfluidics[49,50], and 3D bioprinting[51] (Figure 2).

3.1. Hanging drop technique
Hanging drop technique is a straightforward and well-
established method for spheroid preparation, which is 
also the most frequently used method, due to its ease 
in handling and user-friendliness without needs of 
specialized instrumentation. Briefly, small droplets of 
cells are deposited on a lidded surface of a polystyrene 
tissue culture plate (Figure 2A-a).

Driven by gravity, cells in the droplet start to 
aggregate and eventually form spheroids at the bottom of 
the droplets[52]. By adjusting the diameter of the contact 
area (3, 5 and 7 mm) and droplet volume (10 – 153 µL), 
Gao et  al. have developed a hanging drop platform 
with controlled geometry to investigate the effects of 
droplet curvature, spreading area and cell density on 
spheroid formation using β-TC-6 islet cells. These results 
demonstrated that at a fixed volume, the radius of drop 
curvature was proportional to the diameter of the guiding 
circle, and a small radius of curvature yielded spheroids with 
better aggregation and compactness. A guiding circle with 
a selected diameter of 5 mm exhibited the highest efficient 
spheroid formation. The selected cell density of 105 cells/
mL gave rise to spheroids with a diameter of 400 – 500 µm, 
which was well aligned with native islet size[53]. Notably, 
the optimized spheroids made of islet cells exhibited similar 
morphology and function to primary islets as compared to 
2D culture, which indicates the superior role of 3D culture.

Optimizations were conducted and reported on these 
hanging drop methods for promoting spheroid formation[38]. 
Due to a higher hydrophobic nature and a selected droplet 
contact angle of  99°, polydimethylsiloxane (PDMS) was 
demonstrated to be superior to polystyrene in generating 
more uniformly compacted spheroids[52]. Notably, the 
supplement of collagen fibril at 500 µg/ml in the hanging 
droplet greatly accelerated the spheroid formation 
within 24  h. In addition, other additives, such as poly 
(N-isopropylacrylamide) and methylcellulose, have also 
been promising in aiding uniformly compact spheroid 
formation[54,55]. Industrial scale-up strategies regarding the 
manufacturing of spheroids in a high-throughput manner 
are reported (Figure  2A-a1). A  hanging drop spheroid 
culture array plate that could give rise to up to 384 
spheroids had been developed[39,40]. These corresponding 
results displayed that the osmolality could be maintained 
at a desired culture range, requiring 30% of culture 
medium exchanged every other day. Taken together, the 
hanging drop method displays excellent control on the 
size and shape of spheroids, yet is unstable and laborious. 
Medium exchange as well as the drug administration 
can be time-consuming and challenging. Inappropriate 
practice might disturb the spheroids and result in a 
compromised integrity. Moreover, accurate monitoring 
of growth with regard to the spheroids, in real-time, is 
difficult to achieve.



Zhuang, et al.

	 International Journal of Bioprinting (2021)–Volume 7, Issue 4� 5

3.2. Agitation-based methods
Agitation-based methods promote spheroid formation 
by maintaining cells in suspension using specialized 
equipment, such as spinner flasks, roller bottles, gyratory 
shakers, or a NASA bioreactors through continuous 
stirring by an impeller(s) or magnetic stirrer(s)[41,56-59]. 
This approach enables mass production of spheroids 
with long-term culture, while also allows tracking of 
these spheroids during constant culture (Figure 2A-b). In 
particular, using a bioreactor facilitates the control over 
pH, oxygenation and nutrient concentration[60]. However, 
these spheroids are generated in a single compartment, 
resulting in poor control over size and uniformity. The 
stirring rate and the culture time need to be constantly 

monitored. The combined stirrer’s mechanical stress 
coupled with the fluid’s shear stress generated from the 
high stirring rate may cause cell damage and reduce the 
spheroid formation, whereas a low stirring rate may not 
be able to prevent cell sedimentation.

3.3. LOT
Different from agitation-based technique (subjecting cells 
to high shear stress), LOT is a static technique that suspends 
cell culture on non-adhesive surfaces, prevents cell-to-
substrate adhesion, and promotes cell-to-cell interaction, 
advantageously with low shear stress (Figure  2A-c). 
Typically, this non-adhesive surface is achieved by pre-
coating with biocompatible materials such as agarose[61-63] 
and poly-2-hydroxyethyl methacrylate (polyHEMA)[64-66] 

Figure 2. Schematic illustration of using spheroids as building blocks in 3D bioprinting for healthy/disease tissue construction. (A) Overview 
of spheroid formation techniques. (B) 3D Printing and its adaptions in assisting spheroid assembly.

B

A
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on any commercially available cell culture plate. Among 
them, agarose is the most widely utilized material due to its 
cost-effectiveness and ease of handling. Agarose could be 
simply prepared, sterilized by autoclave, and solidified in 
only a few minutes after coating. In addition, polyHEMA 
is recognized as an effective alternative for spheroid 
formation. Briefly, a homogeneous polyHEMA solution 
can be obtained by dissolving polyHEMA powder in 95% 
ethanol at 65°C overnight, followed by a drying process at 
room temperature and ethanol evaporation at temperature 
up to 37°C. The drying process could take days to weeks 
according to different protocols[66-68]. Regardless of the 
preparation time, polyHEMA solutions can be stored 
at 4°C for up to 2 months[68], whereas agarose solution 
cannot be lengthily stored because repeated heating 
impairs the properties of agarose.

Like agitation-based techniques, spheroids generated 
by LOT on flat surfaces are revealed as irregularly shaped 
and disorganized. Optimizations have been attempted in 
increasing amenability to high-throughput applications. 
Ivascu et al. had conducted a systematic parametric 
study about optimal spheroid formation on polyHEMA-
coated surface in terms of cell types, cell density, medium 
additives, plate type (round bottom and conical shaped 
bottom), and the presence of horizontal stirring[69]. Twenty 
tumor cell lines of different lineages were examined. 
A series of medium additives with varied concentrations 
have been systematically screened for optimal spheroid 
formation, including reconstituted basement membrane 
(rBM), collagen type I and type IV, laminin, fibronectin, 
heparan sulphate proteoglycan and chondroitin sulphate. 
Interestingly, the results reported the compact spheroid 
formation for all the cell lines with the addition of 
2.5% rBM. In addition to ECM-related components, 
methylcellulose is also validated as an additive support 
for compact, unisized spheroid formation[70].

3.4. Non-adhesive hydrogel microwell
Micro-molded microwells using non-adhesive hydrogels 
have been proven as an effective alternative for spheroid 
formation. Similar to the LOT, non-adhesive materials 
are used in preventing cell adhesion to the bottom of 
the microwell. A series of materials have been explored, 
such as agarose[71], polyethylene glycol diacrylate 
(PEGDA)[72], and PDMS[73]. Among them, agarose is 
most prevalently used for micro-molding[74-76]. Briefly, a 
microfeature mold is fabricated through soft lithography 
or rapid prototyping, a PDMS-negative replicate could 
be achieved subsequently. Thereafter, the agarose micro-
mold could be obtained by casting into the PDMS 
replicate[75]. Micro-molds with an array of various patterns, 
for instance, flat surface or a conical shape with a rounded 
bottom and hemispherical shape, have been demonstrated 
in promoting spheroid formation (Figure  2A-d)[75,77]. 

Evidenced by their successful fabrications of micro-
molded non-adhesive agarose hydrogels composed of 
822 concave recesses (800 μm deep × 400 μm wide)[78], 
this technique is relatively high throughput with effortless 
scale up capabilities. Spheroid growth becomes easily 
accessible during culture. In contrast to the hanging drop 
method, cell medium change and drug administration 
are more convenient to accomplish without the risk of 
disturbing the spheroids using LOT and non-adhesive 
hydrogel microwells.

3.5. External force-driven methods
External forces, such as electromagnetic and acoustic 
forces, have been applied in generating spheroids 
(Figure  2A-e). The utilization of dielectrophoresis 
(DEP), in the development of multicellular aggregation, 
was successfully demonstrated and optimized[48]. DEP 
functions by producing an external force on a dielectric 
particle when it is subjected to a non-uniform electric 
field, analogous to piezoelectric materials. Cells could 
be guided by dielectrophoretic forces to form clusters; 
however, the clusters could be damaged by mechanical or 
hydrodynamic forces after the removal of electric field. 
Hence, a range of biomaterials, including but not limit 
to collagen, PEGDA, agarose, pluronic, and PuraMatrix, 
have been introduced for immobilizing and stabilizing 
the cell aggregates[79-81].

Magnetized cells could be obtained by cell 
internalization. Magnetic nanoparticles, including 
magnetoferritin, superparamagnetic iron oxide 
nanoparticles and its cousin, gold, could be internalized 
into cell cytoplasm through endocytosis, or by 
surface functionalization[82]. As an example of surface 
functionalization, magneto-functionalized cell membrane 
was readily achieved with a combination of poly-L-lysine 
mixed gold or iron oxide nanoparticles[83]. Leveraging this 
newly embedded magnetic capability, magnetized cells 
could be levitated and agglomerated to form spheroids 
when magnets are placed on the culture dish or using a 
magnetic lid[46,82,84]. Spheroids formed with magnetized 
cells demonstrated a negligible adverse effect on cell 
viability while accelerating spheroidization time. Diverse 
structures and sizes of 3D cellular aggregates could 
be achieved through the adjustment a magnetic field 
configuration[85]. Urbanczyk et al. have investigated the 
interaction of pancreatic β-cells with vascular endothelial 
cells in heterotypic pancreatic spheroid models using 
magnetic levitation in three different configurations. The 
results identified that human umbilical vein endothelial 
cells (HUVECs), which disassembles from the spheroids 
over time, spontaneously formed spheroids, highlighting 
this significant role of magnetic levitation. Magnetic 
levitation could enhance the stability of heterotypic 
spheroids, facilitating HUVEC integration[83].
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Integrating acoustics with microfluidics and acoustic 
fluidics have found many applications in cell sorting 
and separation[86]. This acoustic-based cell manipulation 
technique is non-invasive and label-free. By guiding 
surface acoustic waves (SAW) to a microfluidic chamber, 
Chen et al. had demonstrated spheroid formation, 
while simultaneously patterning through a designed 3D 
acoustic tweezer platform[47]. Guo et al. had developed a 
high-throughput acoustic fluidic platform for large-scale 
spheroid formation[87]. By acoustically assembling cancer 
cells, this platform enables high throughput fabrication of 
6000 tumor spheroids per batch within 24 h.

3.6. Microfluidic platforms
By manipulating fluid flow between micro-  and nano-
scales within microchannels, microfluidic platforms 
have evolved as powerful tools that could possibly 
miniaturize significant experimental processes onto 
a microfluidic chip less than the size of a finger[88]. 
Droplet-based microfluidics, which generates 
discrete droplets via immiscible multiphase flows 
inside microfluidic devices, have gained substantial 
interest in past decades. Through adjustments to the 
flow rate of immiscible fluids, this method enables 
generation of highly monodispersed droplets with a 
production speed spanning from 10-1000 droplets per 
second[89]. Typically, there are 3 types of microfluidic 
configurations for passive droplet generation: cross-
flowing/T junction[90,91], flow-focusing[92-95], and co-
flowing droplet formation[96]. Flow-focusing with 
single-, double-, and multiple-emulsion designs have 
been extensively utilized (Figure 2A-f)[97-99]. As a result, 
cell-encapsulated capsules with a template of water-in-
oil (w/o), oil-in-water-in-oil (o/w/o), water-in-water-in-
oil (w/w/o), and water-in-oil-in-water (w/o/w) could be 
produced[100,101]. By assigning different materials and/or 
cells to replace each individual phase, microcapsules 
displaying varied cell/material arrangements could be 
tailored for diverse applications[102]. For instance, with 
a double-emulsion, flow-focusing microfluidic device, 
Agarwal et al. had developed core-shell microcapsules 
with embryonic stem cell-laden carboxymethyl cellulose 
and alginate in the core and shell, respectively. Other than 
alginate[98], hydrogels such as chitosan, thermosensitive 
gelatin, agarose, Matrigel, collagen, P(NIPAM-AA), 
photoinitiative gelatin methacrylate (gelMA), PEGDA, 
and hyaluronic acid-MA have all been examined for 
facilitating spheroid formation and growth[94]. In addition 
to droplet-based microfludics, lab-on-a-chip technology 
also can integrate hanging drop networks[103-105], 
microwell[50,106], U-shape microstructure, or micropillar 
into the platforms for spheroid formation and on-chip 
culture. Microfluidic platforms outperform conventional 
static culture methods through the introduction of a 

perfusion flow that could improve oxygen and nutrient 
transportation, sustaining long-term cell culture[107,108].

These continuous flow-based microfluidic platforms 
frequently use and require syringe pumps, whereas digital 
microfluidic platforms can optimally dispense pico-  to 
micro-liter droplets on an electromechanical apparatus; 
therefore, digital microfluidic platform are more portable 
and cost-effective[109-111]. Through tight control over fluidic 
flow, microfluidic platforms allow the generation of 
monodispersed droplets with uniform spheroid formation 
coupling a high throughput production output[112,113].

3.7. 3D Bioprinting techniques
Despite the broad utilization of extrusion-based 
bioprinting in building 3D tissue constructs, strong 
interests in inkjet-based bioprinting have been growing 
substantially in recent decades. The capability of a 
“drop-on-demand” style printing to accurately dispense 
discrete spheroids makes this technique appealing for 
high-throughput spheroid formation (Figure  2A-g). By 
dispensing the cell droplets into an alginate hydrogel 
matrix residing within a 96-well plate, through 
microvalve-based printing, Utama et al. had successfully 
generated spheroids using 3 different cell types, including 
neuroblastoma (SK-N-BE(2)), non-small cell lung cancer 
(H460), and glioblastoma (U87vIII) cells[114]. The size of 
these printed spheroids was controlled by adjusting the 
initial printing cell density and incubation time, as well as 
the confinement of the printed hydrogel matrix. Evidenced 
by the expression of Ki67, HIF-1α, and apoptotic marker 
cleaved caspase-3, the 3D-printed SK-N-BE(2) spheroids 
exhibited similar tumor-like characteristics that resemble 
manually formed spheroids. Similar level of CD133 
expression was found in both 3D printed and manually 
generated neuroblastoma spheroids, indicating a similar 
preservation of cancer stemness between both types of 
spheroids. Therapeutic efficacy was also examined by 
doxorubicin (DOX) treatment for 2 h. DOX penetration 
was found on the periphery of both types of prepared 
spheroids, which are also frequently observed in tumors. 
These results collectively demonstrated the capability 
of 3D printed spheroids in recapitulating the biological 
features of tumors.

Taking advantage of the thermal property of 
gelatin hydrogel, Ling et al. had fabricated concave 
wells molded from a polyethylene glycol-dimethacrylate 
(PEG-DMA) array, with in situ seeding of human breast 
cancer cell-laden gelatin for cellular spheroid formation 
on a chip[115]. However, challenges associated with 
droplet inconsistency, low cell density, easy nozzle 
blockage, and physical stresses on cells limit the range 
of this technique’s applicability. Alternatively, laser-
based bioprinting also enables droplet-based printing for 
single cell manipulation or 3D spheroid formation[116,117]. 



� Using Spheroids to build 3D Bioprinted Tumor Microenvironment

8	 International Journal of Bioprinting (2021)–Volume 7, Issue 4�

Using the platform, laser direct-write, Kingsley et al. 
had generated size and shape controllable chitosan-
shelled alginate structures with human breast cancer 
cells and mouse embryonic stem cells encapsulated, 
respectively[51]. Adjusting the beam diameter of the laser 
enables control over the printed aggregate sizer ranging 
from 200 µm and 400 µm. These obtained microbeads 
were further washed in chitosan solution, forming a 
core-shell structure that could constrain the aggregate 
geometry. Over a 14-day culture period, both cells 
showed high cell viability. Notably, both cell types self-
assembled into 3D aggregates to match the corresponding 
geometry of their printed constructs. Similarly, with the 
laser-assisted bioprinting, Hakobyan et al. had created 
3D pancreatic cell spheroid arrays using the AR42J-B-13 
rat acinar cell line for studying the initial stages of 
pancreatic ductal adenocarcinoma development[118]. The 
printed spheroids were observed with a diameter around 
30-40 µm. Taken together, this nozzle-free, laser-assisted 
method allows spheroid generation with a high resolution 
and density, but rather financially taxing in usage[115]. In 
addition, although extrusion-based bioprinting is not as 
capable in generating droplets, they have been utilized to 
print 3D microtissue inserts[119], or hanging drippers[40], 
availing toward a high-throughput spheroid formation.

4. 3D printing-assisted spheroid assembly
Despite the great efforts that have been devoted to 
3D-printed TME, the progress is limited by many reasons 
including the incompliant mechanical stiffness of the 
bio-inks and thus compromised cell-to-cell, cell-to-ECM 
interactions. Spheroid is recognized as a physiologically 
relevant 3D model that could capture the key characteristics 
of both healthy and disease tissues. Given the high cell 
density, increased deposition of ECM and accelerated 
proliferation rate, spheroids-based model could greatly 
reduce the tissue maturation time. Such densely packed 
spheroid is thus proposed as building blocks for either 
healthy or diseased tissue modeling. However, the spheroid 
growth and fusion are highly disorganized, which would 
ultimately affect the consistency in therapeutic outcomes. 
To impose spatial control and guide the spheroid fusion 
and arrangement, several strategies such as direct fusion 
and magnetic-driven assembly have been explored for 
manipulating spheroids. However, major issues, such 
as poor positioning resolution, simple structures, and 
the requirement of specialized instruments, are yet to be 
addressed. Given the capability of bioprinting in spatial 
control, several 3D printing strategies and its adaptions 
have been investigated for their potentiality in spheroid 
assembly. The software programs for converting digital 
files to real 3D printing can be as complex as AutoCAD 
and SolidWorks or 3ds Max and Maya, or as simple as 
TinkecCAD or OpenSCAD. G-code is the standard 

program used by outputting from slicing software and 
setting instructions for 3D printers to move the stage and 
printer nozzles in x-, y-, and z-axes along with bio-ink 
extrusion.

Finally, the embedded software that runs on the 
printer itself takes the G-code and turns it into electrical 
signals for running various motors. This is usually done 
in C/C++ but could also be written in anything that fits on 
the printer’s hardware. 

4.1. Direct extrusion-based printing
Swaminathan et al. investigated the bioprinting of pre-
formed breast epithelial spheroids in alginate-based bio-ink 
co-culture with endothelial cells[120,121], and demonstrated 
that the printed pre-formed spheroids exhibited high cell 
viability and maintained their spheroid morphology after 
bioprinting, either in monoculture or co-culture with 
HUVECs. Moreover, the 3D-printed spheroids were 
shown to be more resistant to the paclitaxel treatment 
as compared to 3D-printed individual cells, highlighting 
that the spheroids have preserved their function after 
being extruded. This study has validated the capability 
of printing spheroids directly using extrusion-based 
bioprinting. To maintain the integrity and avoid spheroid 
aggregation in printing cartridge and nozzle clogging, the 
size of the spheroids was confined to ~70 µm.

Recently, Horder et al. have interrogated the 
interaction between adipose-derived stromal cell (ASC) 
and breast cancer cells in a 3D-printed co-culture 
model[122]. The model was composed of directly printed 
ASC spheroids in hyaluronic acid (HA)-rich hydrogel. 
The printability of ASC spheroids (228 ± 22 µm) was 
assessed using 2 different needle sizes, 250 and 330 µm, 
with a corresponding pressure at 5 bar and 1 bar. Printing 
with the 330  µm needle caused 9% damage on the 
integrity of the printed spheroids, while the damage and 
cell death was dramatically increased to 56% using the 
250 µm needle. Over a 21-day differentiation culture, the 
printed ASC spheroids showed substantial and sustained 
adipogenesis. Comparable levels of triglyceride, the 
expression of both early markers (PPAR and C/EBP) 
and late marker (fatty acid-binding protein 4 (FABP4)) 
of adipogenic differentiation, and the secretion of 
adiponectin were demonstrated in both printed and non-
printed spheroids, indicating that the printing process 
have negligible effects on the cellular differentiation. 
Evidenced by Oil Red O staining and quantitative analysis 
of intracellular triglycerides, a considerable reduction 
on lipid content in co-culture constructs was observed 
as compared to ASCs monoculture model. Moreover, 
the immunostaining for the major ECM components 
collagen I, IV, and VI, laminin, and fibronectin revealed 
the ECM remodeling in the co-culture model. These 
features reflected what was observed in vivo, highlighting 
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the physiological relevance of the printed co-culture 
model. Taken together, extrusion-based printing enables 
the direct spheroid printing without any modification to 
the printing setup. However, the resolution of extrusion-
based printing is needle size-dependent, thus limiting the 
size and density of the spheroids. The integrity of large 
spheroids will be compromised, and the high spheroid 
density is liable to induce nozzle blockage.

Interestingly, utilizing a capillary micropipette with 
a defined diameter at 300 or 500 µm in bio-printer, Jakab 
et al. have successfully delivered multicellular spheroids 
to collagen type I substrate and formed certain structures, 
such as ring, sheets, and cylinders[123]. Interestingly, 
the spheroids were formed by a rapid centrifugation, 
incubation, and a cutting process to secure the size 
consistency in obtained spheroids. The spheroids were 
then aspirated into a capillary micropipette as a printing 
cartridge and extruded from the cartridge through the 
positive displacement of a piston within the micropipette. 
This printing technique was subsequently applied to 
engineer vessels of distinct shapes and hierarchical 
trees with diameters spanning from 900 µm to 2.5 mm. 
Agarose was used as temporary support to facilitate the 
construction of hanging features. The deposited discrete 
spheroids underwent post-printing fusion and formed 
single-layer and double-layer tubular structures. Notably, 
with the adapted capillary micropipette as printing 
cartridge, this scaffold-free approach circumvents some 
shortcomings associated with exogeneous biomaterials 
and provides much better control over the spheroid 
geometry and position, therefore greatly improving the 
reproducibility and scalability as compared to the non-
adapted extrusion-based printing.

4.2. Droplet-based bioprinting
Apart from extrusion-based printing, other bioprinting 
modalities such as microvalve-based printing[124], laser-
assisted printing[125], and acoustic printing[126] have also 
been explored for their capability in printing spheroid 
aggregates. By adopting an open cartridge, Chen et al. 
introduced a nozzle-free, contact-free acoustic-driven 
bioprinting that allows both cell and spheroid ejection[126]. 
Cell encapsulating GelMA droplets were ejected onto 
a receiving substrate in a pre-designed arrangement, 
followed by UV crosslinking that stabilizes the structure. 
The authors had generated a co-culture TME with the 
tumor spheroid in the central zone and the CAFs in the 
periphery. Over a 7-day culture period, increased tumor 
spheroid invasion area and distance was observed in co-
culture model as compared to monoculture, suggesting 
that CAFs may promote morphological changes within 
tumor cells. Such a nozzle-free printing approach holds 
great potential for constructing tissue models with low 
cell damage, although the resolution is limited and only 

suitable for bio-inks with low viscosity. This method 
alleviates heat or mechanical damage exerted by the 
bioprinting nozzle on the cells/spheroids, enabling 
printing with high cell densities (>108 cells/mL).

4.3. Kenzan method
Proposed by Prof. Koich Nakayama, Kenzan method has 
been frequently used in constructing tissue models with 
scaffold-free bio-inks. Kenzan, which is also referred to as 
a microneedle-based method, using stainless-steel needle 
arrays that function as temporary support for spheroids 
and allow the in-situ fusion of the spheroids to form a 
macro-tissue[127]. The spheroids are picked up by a mobile 
nozzle arm from well plates and moved on the top of the 
microneedle array. By switching the negative pneumatic 
pressure to slightly positive, the spheroids are released 
into the substrate. The process is repeated until the entire 
construct is completed and left on the microneedle array 
for continuous culture.

Upon fusion, the needle arrays are retracted, and the 
obtained tissue could be perfused and cultured for further 
maturation[128,129]. Kenzan method has found its application 
in many tissues, including blood vessel, tracheal, heart, 
liver, and urinary bladder[130]. In a seminal study, van Pel 
et al. investigated glioma cell invasion into neural-like 
tissues using Kenzan method[131]. Eight neurospheres 
formed from induced pluripotent stem cells (iPSC)-derived 
human neural progenitor cells were robotically placed in 
the micro-needle arrays and cultured for 3 weeks for fusion 
and maturation into a neural organoid. U118 human glioma 
cell spheroids were subsequently printed on the top of the 
neural organoid and cultured for up to 4 weeks. Revealed 
by cryosectioning and confocal imaging, GFP+ U118 cells 
were found within the human neural organoid, which 
confirmed the glioma cell invasion. However, no gliosis was 
observed surrounding the tumor or invading cells, which 
was different from the previous observations. In summary, 
the Kenzan method has greatly facilitated the scaffold-free 
fabrication from various cell types into complex structures, 
particular tubular constructs but the fixed distance between 
needles (~400 µm) requires the size-consistent spheroids 
with a diameter approximate to ~600 μm to ensure their 
direct contact with one another[132], which significantly 
restrains the size of usable spheroids and highly relys on 
spheroid preparation, especially when a large quantity of 
spheroids is needed. Besides, the mechanical interruption 
could induce the structural damage to the spheroids, 
particularly the smaller ones.

4.4. Gripper and manipulator
In addition, gripper or micromanipulator has also been 
introduced to assemble the spheroids. Notably, inspired 
by electronics manufacturing, an instrument named 
Bio-Pick, Place, and Perfuse (Bio-P3) was introduced 
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to assist the large-scale tissue block translocation[133,134]. 
Using polycarbonate track-etched membrane-integrated 
cell culture inserts as the gripper and a peristaltic pump to 
generate fluid suction through the nozzle’s membrane, the 
nozzle could pick-up, transfer and release the spheroids/
microtissues with minimized damage to the living cells, 
while perfusing the parts in an aqueous environment. As a 
proof-of-concept, a series of features including spheroids, 
toroids, and honeycombs with sizes range from 600 µm 
to 3.4 mm was created to validate the capability of the 
instrument. A  stack of 16 donut ring constructs and 4 
honeycombs have been successfully assembled and fused 
over a 48 h-period for culture to form a single tissue[134]. 
In a lateral study, the optimization on the system enabled 
the stacking of 20 honeycomb-shaped structures with 
improved alignment accuracy[133]. Such strategies have 
offered an effective alternative for assembling spheroids 
as building blocks, though with limited precision and 
prolonged fabrication period.

4.5. Aspiration-assisted bioprinting (AAB)
Harnessing the strength of aspiration forces, Ayan et al. 
have developed an AAB technique that enables to pick 
and print spheroids with a broader range of sizes from 
80 µm to 600 µm in a high precision manner. The printer 
was adapted from a low-cost commercial printer and 
equipped with a custom-made tapered pipette (diameter 
~80  µm)[135]. Coupling with conventional micro-valve 
printing, the spheroids could be either printed on hydrogel-
based substrate or without scaffold. To demonstrate the 
capability of the printing strategy, spheroids with different 
viscoelastic surface tension properties and varied size 
ranges from 200-600  µm were prepared from a wide 
range of cell types, including HUVECs, mouse fibroblast 
cell line (3T3), mouse mammary carcinoma line (4T1), 
human mesenchymal stem cells (MSCs), HUVECs/
MSCs, and human dermal fibroblasts. A  heterogeneous 
pyramid construct was printed using spheroids with 
different sizes and types, indicating that the technique 
allows the printing of non-uniform spheroids. The printing 
accuracy was reported to be ~11% with respect to the 
spheroid size. The printed spheroids exhibited an overall 
moderate viability over 80%. Further, in combination 
with Freeform Reversible Embedding of Suspended 
Hydrogels (FRESH) printing, they have further extended 
the versatility of AAB by precisely positioning spheroids 
in self-healing yield-stress hydrogels to achieve more 
complicated tissue structures[136]. Both Carbopol with 
varied concentrations at 0.8%, 1.2%, 1.6% and 0.5% 
alginate microparticles were investigated for their 
potentiality as supporting bath for spheroids printing using 
AAB in terms of positional accuracy and cell viability 
post printing. As demonstrated, the positional accuracy 
for 0.8%, 1.2%, and 1.6% concentrations of Carbopol 

and alginate microparticles were ~97%, 22%, 12%, and 
34%, respectively. Notably, over a 3-day culture period, 
spheroids cultured in 1.2% Carbopol showed a reduced 
viability around 74%, while maintaining a 93% survival 
rate in alginate microparticles. Similarly, Daly et al. have 
also printed spheroids in a modified HA-enriched hydrogel 
supporting bath with a ~10% with respect to spheroid size 
positional precision[137]. Conclusively, the AAB technique 
offered an effective alternative to position spheroids in a 
highly reproducible and precise fashion, therefore giving 
rise to reliable and robust 3D in vitro models for disease 
modeling. The overall reported methods for generating 
spheroids were summarized in below Table 1.

5. Progress in establishing 3D tumor models 
via 3D bioprinting
Conventional 3D models, such as spheroids and 
scaffold-based constructs, offer limited control over 
cell organization and ascribe poor vascularization. Such 
shortfalls leave us with oversimplified tumor models, 
which are incompetent for understanding tumor biology 
and fail to predict accurate therapeutic response. In 
recent years, 3D bioprinting technology has undergone 
rapid development and evolution[141]. The outstanding 
spatial control over cells and materials, coupled with an 
integration of vascular networks into the platform, could 
give rise to higher fidelity 3D tumor models with greatly 
increased complexity.

To date, bioprinting technologies can be categorized 
into extrusion-based[142], inkjet-based[143], laser-based[144], 
and stereolithography techniques[145]. Each technique has 
its own merits and drawbacks and requires bio-inks with 
specific properties[146-148]. Indeed, the critical role of bio-
inks is embedding a mechanical property that regulates 
the cellular response. Particularly, in extrusion-based 
bioprinting, the major stumbling block is the imbalance 
of printability and the mechanical property of the selected 
bio-ink[149]. With the development of FRESH printing, 
where a semisolid suspension bath is used to print into, the 
resolution of printing intricate hierarchical features such 
as vascular networks could be significantly improved. 
Furthermore, this newfound capability of generating soft 
matrices from low viscous bio-ink provides excitingly 
tailorable elicitations of any desired cellular response, 
thus boosting the cell proliferation[150]. Through the aid of 
bioprinting technologies, a variety of 3D printed models 
have been created, producing significant advances toward 
mimicking in vivo tumor structure and cell growth 
behavior as summarized in Figure  3. Accumulating 
studies were reported, describing the use of 3D bioprinting 
platforms with increased complexity and key features 
for mimicking tumor progression in an architecturally 
relevant manners, such as tumor heterogeneity[151-154], 
tumor angiogenesis[155-157], metastasis[158-160], and anti-
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cancer drug screening[161,162]. Those notable reports also 
detailed the challenges of current existing technologies 
for assembling cell-favorable biomaterials with multiple 
cell types in complex tissue microenvironment as we 
summarized in Figure 3.

Using spheroids as building blocks in facile 
macro-sized tissue construction has been proposed[163], 
the most straightforward method in assembling these 
spheroids is spontaneous fusion[164-167]. Fleming et al. 
had reported a spheroidal fusion between unilluminated 
vascular spheroids through liquid-like coalescence. 
Specifically, 2 juxtaposed spheroids were fused when 
positioned close enough, forming a larger spheroid 
with preserved composite structural characteristics[168]. 
These features have legitimized a notion of suitability 
for using spheroids as building modules in engineering 
large-scale tissues for tissue regeneration and/or disease 
modeling. Early studies have also demonstrated the 
feasibility of assembling spheroids through directed 
fusion, achieving microtissues with prescribed patterns 
including honeycomb, rods, and tori[169,170]. Briefly, 
spheroids are manually placed in a pre-designed mold/
template containing the prescribed topography. These 

spheroids will then gradually fuse together and achieve 
the specified pattern over time. This manual processing 
has shed light on a great possibility of generating tissue 
constructs by spheroidal modular assembly, despite its 
limited control and low throughput. For overcoming such 
challenge, several bioengineering strategies have been 
exploited for spheroid assembly, potentiating its large-
scale functional tissue manufacturing with improvements 
in accuracy through a high-throughput manner.

Leveraging magnetic force, spheroids that are 
functionalized with magnetic nano/microparticles 
can be assembled into specific patterns by imposing 
temporary magnetic fields[171-176]. An applied magnetic 
field could accelerate the cell aggregation process, but 
the topology of the constructs is highly dependent on the 
magnetic template[172,173]. In addition, the association of 
magnetic particles is inevitable, and the linker involved 
may engender safety issues. The effects of magnetic 
nanoparticles on cell physiology and function, other 
than fundamental cell viability and proliferation, should 
be considered before further involvement. Instead of 
magnetically labeling cells, an alternative usage is 
paramagnetizing the cells. Alahough a paramagnetic 

Figure 3. Progress in establishing 3D tumor models via 3D bioprinting.
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agent could be removed after spheroidal construction, 
these paramagnetic agents, at high concentration, could 
be detrimental to cell survival. Comparatively, another 
label-free alternative using acoustic wave has also been 
investigated. By applying non-destructive SAW, Chen 
et  al. assembled large amounts of cell spheroids in a 
fluidic environment, forming various patterns within 
a couple of seconds[177]. By altering the acoustic wave 
frequency, several geometric patterns ranging from 
circle, square, and line to complex geometries could 
be obtained. A complete fusion of fibroblast spheroids, 
HUVEC spheroids, and co-cultured spheroids were 
observed within 72h. To explore this versatility and 
modularity, the selected strategy was further applied 
to generate densely packed hepatic tissue constructs 
from fibroblast, HUVECs and primary rat hepatocytes. 
Notably, the formation of bile canaliculi was observed 
at the hepatic junctions over a 6-day culture. The 
results highlighted a remarkable effectiveness of this 
contactless, biocompatible, and label-free method in 
assembling spheroids through a highly efficient process. 
Interestingly, Parfenov et al. recently reported a hybrid 
magnetoacoustic bioassembly method that allowed 
rapid assembly of 3D tissue construction from spheroids 
within a medium, with a relatively low concentration of 
paramagnetic agent (gadolinium salt)[178]. Harnessing 
the strength from both magnetic waves and acoustic 
sounds, this method not only circumvents a challenge 
from a potentially adverse effect stemming from the 
paramagnetic agent, but also imparts more flexibility on 
the assembled structure.

The major challenge associated with replicating 
tumor models is simulating the heterogeneity of cellular 
components and ECM. Dynamic interactions between cells 
and the ECM contribute to tumor initiation, progression, 
and metastasis through biophysiochemical cues. For 
instance, macrophages are a heterogeneous population 
of cells that are crucial to the detection, phagocytosis, 
and destruction of pathogens. However, when recruited 
to tumor cells, the TAMs polarize differently and do not 
display an anti-inflammatory role but rather facilitate 
tumor growth and angiogenesis. In understanding the 
crosstalk between glioblastoma cells and macrophages, 
Heinrich et al. generated a 3D-bioprinted mini-brain 
with GelMA/gelatin encapsulating mouse glioblastoma 
cells (GL261) in the core of a mouse macrophage cell 
line (RAW264.7)-enriched at the peripheral[179]. Over 
a 4-day culture, active migration of macrophages 
toward tumor cells was observed, while tumors also 
displayed migration behavior toward macrophages, 
albeit less dramatic, indicating that macrophages could 
be actively recruited by tumor cells and polarized into a 
Glioblastoma-associated macrophages (GAMs) specific 
phenotype.

Another notable study on interrogating the 
functional dependencies and cellular interactions in the 
brain tumor was conducted by Tang et al. They developed 
a 3D-printed glioblastoma (GBM) model consisting 
of patient-derived glioblastoma stem cells (GSCs), 
astrocytes, and neural stem cells (NSCs), with or without 
the presence of macrophages in a blended GelMA and 
glycidyl methacrylate-HA hydrogel through digital light 
processed-based bioprinting[180]. The printed construct 
was composed of 2 regions: (i) GSC or mixed GSC/
macrophage encapsulated tumor cores, (ii) surrounded by a 
non-neoplastic region enriched with NSCs and astrocytes. 
The upregulation of the glioblastoma tissue-specific gene 
sets, as compared to 2D and GSC spheres, suggested a 
better dynamic viewing window of transcriptional states 
than ex vivo-derived glioblastoma tissues. Further, the 
inclusion of macrophages resulted in upregulation of 
hypoxic response and glycolic metabolism, eliciting 
invasiveness signatures in the tetra-culture brain tumor 
model. This significantly indicated that the 3D-printed 
GBM model, to a higher extent, resembled the pathologic 
conditions in vivo.

The TME comprises numerous signaling molecules 
and resulting pathways that influence the angiogenic 
response. Achieving a durable and efficient antiangiogenic 
response will require approaches that simultaneously and/
or sequentially target multiple aspects of the TME[181]. 
Dey et al. developed a 3D-vascularized breast cancer 
micro-environment that consists of HUVECs, metastatic 
MDA-MB-231  cells, and fibroblasts-laden fibrin gel 
as the tumor stroma to investigate the interactions 
between cellular and acellular components in a TME[182]. 
Given the critical role of matrix stiffness in regulating 
tumorigenesis, matrix density affecting angiogenesis and 
invasion was investigated by varying the fibrinogen and 
thrombin concentration. The impact of fibroblasts was 
examined by embedding the pre-vascularized spheroids 
into a fibrin matrix, which was pre-loaded with fibroblasts 
in a serial density from 0.25 million to 2 million cells/
mL. Interestingly, an increase in total vessel length and 
branching index was observed with increasing fibroblast 
densities ranging from 0.25 million to 1 million cells/
mL, indicating enhanced angiogenesis. Furthermore, to 
mimic a vascularized TME, HUVECs were introduced 
into the fibrin matrix with fibroblasts in a 2:1 ratio to 
create a vascular bed for tumor cells. Over a 7-day 
culture period, HUVECs that sprouted from the laden 
tumor spheroid anastomosed with the vascularized fibrin 
matrix, organizing into a wide range of capillaries. Cancer 
cells were observed within capillary networks, indicating 
their intravasation. Taken together, these multicellular 
bioprinted tumor models, with exquisite control on both 
cellular and acellular components, serving as promising 
platforms to interrogate cellular crosstalk, cell-to-
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ECM, as well as tumor-immune interactions in a more 
physiologically relevant microenvironment. 

Recent progress in bioprinting techniques, 
biomaterial science and cell biology have generated 
3D tumor models with greatly enhanced robustness 
and physiological relevance. Such models with higher 
fidelity hold great potential not only in unraveling 
the underlying mechanism, but also facilitating the 
anticancer drug screening before entering clinical trials. 
For instance, to validate the reliability of the printed 
co-culture platform in the above-mentioned study[183], 
immunotoxins EGF4KDEL and CD22KDEL which 
target EGFR-overexpressing A549s and an off-target 
parallel control, respectively, were introduced through 
the vascular conduit. Specifically, EGF4KDEL greatly 
suppressed the tumor growth, invasion, and migration, 
while negligible effect was observed with the treatment 
of CD22KDEL. By interlacing cancer cells, stromal 
cells, and vascular networks, this bioprinted model was 
reminiscent of the native TME, providing a valuable 
reference for anticancer drug screening. Similarly, 
several models displaying varied complexities have been 
constructed for anticancer drug testing[184-187]; yet, the 
majority were utilizing animal cells or immortal human 
cell lines, which could be less effective in therapeutic 
prediction. Notably, in a recently published study, 
Xie et  al. generated a patient-derived hepatocellular 
carcinoma (HCC) model using cell-laden gelatin/alginate 
as bio-ink[188]. Immunofluorescence staining revealed the 
stabilized expression of α-fetoprotein in HCC model over 
a 2-week culture period. In addition, evidenced by whole-
exome sequencing and RNA-sequencing; a high level of 
concordance for single nucleotide variants was observed 
between 3D printed HCC model and the corresponding 
original HCC tissue, indicating the retained genetic 
alterations and expression profiles. Overall, the results 
demonstrated that the 3D-printed HCC model could 
preserve the features of the original tumor during long-
term culture. The printed models were subsequently 
subjected to the treatments with 4 commonly used, dose-
dependent targeting drugs. The patient-specific response 
suggested the potentiality of the 3D-printed model as a 
drug prediction model for personalized medicine.

6. Outlooks and challenges
TME is now recognized as a highly dynamic and 
heterogeneous environment with reciprocal interactions 
between cellular and acellular components. Although 
massive efforts have been dedicated to emulating the 
key features of TME, the majority of these studies are 
focusing on a single aspect within TME, i.e.  a true-to-
life tumor model. This golden model could recapitulate 
all the essential characteristics of TME, but currently, its 
construction is restricted by technological limitations. 

Given its potentiality in recapitulating the key features of 
the avascular tumor in vivo, spheroids have been identified 
as a promising tool for understanding tumor biology 
and anticancer therapeutic development. However, 
the random structural organization yields inconsistent 
therapeutic outcomes, which greatly precludes the model 
from translational clinical applications. Featuring with 
excellent control system, bioprinting has been greatly 
beneficial to the tissue engineering field. The existing 
3D printed models are serving as promising platforms, 
providing deeper insights into some critical aspects 
of tumor progression, including but not limited to 
tumor heterogeneity resemblance, tumor angiogenesis, 
metastasis, and anticancer therapeutic development. 
However, the major issue in the current 3D printed models 
is balancing the mechanical properties of exogeneous 
bio-inks with the biological functions of sportingly 
involved cellular components. To this end, there is a 
growing interest in adopting spheroids as building blocks 
within 3D bioprinting, possibly achieving large-scale 
tissue construction. Harnessing the power from spheroids 
and 3D bioprinting would likely circumvent associated 
shortcomings from using foreign bio-inks (mismatched 
mechanical stiffness and degradation rate, etc.), while 
maintaining structural guidance for spheroid growth. 
Therefore, tumor models with increased authenticity, 
including well-organized structure, maximized cell-to-
cell interaction, cell-secreted ECM, and multicellular 
environment, could be fabricated in a high-throughput 
manner. Although, promising progresses have been 
achieved in 3D printing spheroids so far, current 
existing technologies could not accurately position the 
spheroids. In addition, spheroid processing (including 
spheroidization, assembly process, tissue fusion, and 
maturation) is time consuming. Using spheroids as tissue 
building blocks in 3D bioprinting is still in its infancy.

Conventional spheroid generation strategies have 
offered wealthy information on parameters that affect 
spheroid formation but are not scalable. For instance, 96-
well U bottom well plate are very expensive, and worsens 
when a large amount of spheroids are required -a large 
amount of spheroids require more 96 well plates, which 
is very expensive[189]. Recent advent of microfluidic 
platforms and drop-on-demand bioprinting are 
promising on improving the high throughput fabrication 
of spheroids, yet the spheroid uniformity is far from 
satisfactory. New methods, such as machine learning, 
bring emerging solutions by integrating imaging and 
screening of functional modules into the current systems 
for spheroid selection through morphological feature 
analysis. A  fully automated system can significantly 
improve the fabrication performance and lessen the time. 
Lee et al. integrated a machine learning model using 
least general generalization algorithm combined with 
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yield stress, viscoelasticity, and shape fidelity from using 
various type I collagen-based bio-inks[190]. By separating 
the class variables into shape fidelity and extrusion, 
the machine learning algorithm effectively optimized 
the composite bio-ink material fraction and subsequent 
printing performance[191,192]. Current applications of 
3D bioprinting based machine learning algorithms are 
currently geared towards using regressive models such 
as LASSO; however, a potential avenue of integrating 
advanced learning systems using generative ensembles 
or Bayesian approaches in producing highest performing 
inks of spheroidal assembly remains completely untapped. 
Current existing technologies are challenged by spheroid 
precision positioning coupled with an assembly process 
lasting tediously for a simple structure, not even including 
the spheroid production and the post-printing tissue 
maturation. Apart from technical improvements on the 
printer, biomaterials such as nanofibers, nanoparticles, 
hydrogels could be designed and incorporated, and could 
instruct accelerated spheroidal formative growth and 
tissue maturation. Scaffold-free spheroid printing could 
overcome the shortcomings of exogeneous biomaterials, 
while functional bio-inks with appropriate mechanical 
property hold great potential to improve the position 
accuracy. Further, vascular networks and lymphatic 
systems are essential components that are associated with 
tumor angiogenesis and metastasis. To present a strong 
reminiscence of the native TME, both blood vessels 
and lymphatic vessels should be involved. Co-cultured 
spheroids have also been generated from various types 
of cells, such as fibroblast and HUVECs, to replicate 
the complexity of the tissue microenvironment[13,193,194]. 
Particularly, in the presence of endothelial cells, 
capillary-like network formations have been achieved 
by co-cultured spheroids. Moor et al. had generated 
tri-cultured spheroids composed of HUVECs, human 
foreskin fibroblasts and adipose tissue-derived MSCs 
using a non-adhesive agarose microwell, and reported 
optimized culture ratio and cell density through which 
endothelial cells underwent self-sorting and formed 
capillary-like networks within these spheroids[195]. 
Prospectively, prevascularized spheroids could serve 
as promising building units for fabricating large-scale 
tissue models that require proper vascularization[196]. In 
addition, the incorporation of printing with sacrificial 
material or in supporting bath to create hollow channels 
for vascularization would likely help to achieve better 
vascularization. Notably, adopting the sacrificial writing 
into functional tissue approach, Skylar-Scott et al. created 
perusable vascular networks in the organ building blocks’ 
bath through embedded 3D bioprinting[189]. The great 
potential of 3D bioprinting is harnessing a strategy to 
print patient-specific human tissues with patient-derived 
cells. Future works focusing on using patient-derived 

cells are likely to provide deeper insights into the stage-
dependent, patient-specific tumor cell behavior, further 
elucidating tumor progression dynamics, and thus 
facilitating stronger anticancer therapeutic development.
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Abstract: Bolus is a kind of auxiliary device used in radiotherapy for the treatment of superficial lesions such as skin cancer. 
It is commonly used to increase skin dose and overcome the skin-sparing effect. Despite the availability of various commercial 
boluses, there is currently no bolus that can form full contact with irregular surface of patients’ skin, and incomplete contact 
would result in air gaps. The resulting air gaps can reduce the surface radiation dose, leading to a discrepancy between the 
delivered dose and planned dose. To avoid this limitation, the customized bolus processed by three-dimensional (3D) printing 
holds tremendous potential for making radiotherapy more efficient than ever before. This review mainly summarized the recent 
development of polymers used for processing bolus, 3D printing technologies suitable for polymers, and customization of 3D 
printing bolus. An ideal material for customizing bolus should not only have the feature of 3D printability for customization, but 
also possess radiotherapy adjuvant performance as well as other multiple compound properties, including tissue equivalence, 
biocompatibility, antibacterial activity, and antiphlogosis.
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1. Introduction
Radiotherapy is an effective way used for the treatment of 
tumors, especially in areas where surgery is not possible. 
Almost half of cancer patients receive radiotherapy 
at certain point of treatment[1]. To provide a sufficient 
radiation dose to the tumor, the types of radiation that 
target tumor location should be selected. Conventionally, 
electron is used to kill tumors of superficial lesions, such 
as breast cancer, skin cancer, and nasopharyngeal cancer; 
however, the dose distribution is inhomogeneous and the 
target coverage is inadequate. It is widely recommended 
that the target area should receive at least 95% of the 
predesigned dose when administering radiotherapy[2]. 
However, because of the skin sparing effect of high-
energy photon beams, the superficial lesions cannot 

receive a sufficient dose. To solve this problem, a build-
up material called bolus, is often placed on the surface of 
the skin to maximize the radiation dose of subcutaneous 
tissues so as to achieve the desired dose at target position 
while reducing the dose in deep tissues[3]. Bolus acts as a 
layer of skin tissues to provide a more effective treatment 
to the superficial lesions[4] (Figure 1).

Despite the availability of commercial bolus, there 
are still some problems with bolus during radiotherapy. 
Most commercial boluses are in a flaky structure that 
does not form adequate contact with the irregular surface 
of patients’ skin, such as the ear, nose, and scalp, resulting 
in air gaps between the bolus and the irregular skin[5]. The 
resulting air gap is very harmful to obtaining the expected 
distribution of radiation dose at planning target volume 
(PTV) for achieving a desired therapeutic outcome[6]. The 

© 2021 Lu, et al., This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and 
reproduction in any medium, provided the original work is cited.
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conventional flat bolus with a uniform size can hardly 
match the patient’s unique body geometry and allow 
for repeatable setup for treatment[7,8]. Therefore, it is an 
urgent desire to customize a bolus for fitting any skin 
contour perfectly in radiotherapy[9-12] (Figure 2).

Presently, three-dimensional (3D) printing is one of 
the ideal means to achieve the customization of various 
complex structure, especially the personalized medical 
device[13,14]. At present, some personalized boluses 
processed by 3D printing have begun to be used in 
radiotherapy.

Compared to the commercial flat bolus, the 
3D-printed bolus allows for a closer match to a patient’s 
skin surface[15,16]. The patient-personalized boluses 
processed by 3D printing have proven to be close to the 

skin and have good efficacy in radiotherapy, but have been 
limited in practical use due to the shortcomings, including 
the immaturity of printed materials, inconvenient 
preparation, and time-consuming preparation.

This review mainly focuses on the very recent 
advances in the development of 3D printed bolus, which 
has significant potential in radiotherapy. A  systematic 
searching was performed within PubMed, EMBASE, 
ScienceDirect, and Scopus investigating terms 
(3D printing OR 3-dimensional printing OR three-
dimensional printing OR rapid prototyping OR additive 
manufacturing) And (bolus OR polymers) with a careful 
selection and deep analysis. Only papers published in 
English between January 2000 and December 2020 
were included in the study. This review was organized as 
follows: the first part shows the main soft polymers used 
for processing bolus; the second part describes the current 
3D printing technologies suitable for processing soft 
polymer materials; the third part discusses the research 
status of 3D printing bolus; and the last part presents our 
perspective and outlook on the development of the 3D 
printing bolus.

2. Soft polymers used for creating bolus
The use of bolus originally reported as early as 1920 still 
finds its way in the current radiotherapy[17]. In the history 
of radiotherapy, various materials, such as water, wet 
gauze, paraffin, beeswax, and Vaseline, have been used to 
create bolus[18]. However, there are still many problems in 
the practical application of most bolus materials, mainly 
because they have poor fit to skin contour and are uneasy 

Figure 1. Illustration of bolus for the treatment of superficial tumors 
by radiotherapy. The tumor (red) is located in the subcutaneous 
tissues. Bolus (blue) is used to increase skin dose and overcome 
the skin-sparing effect.

Figure 2. Different boluses and their cross-sectional computed tomography (CT) images. Acrylonitrile butadiene styrene (ABS) bolus 
(A)  and its CT image (B) for head radiotherapy (Reproduced from Ref[8] licensed under Creative Commons Attribution 4.0 license). 
Agilus-60 bolus (C) and its CT image (D) for head radiotherapy (Reproduced from Ref[9] licensed under Creative Commons Attribution 
4.0 license). Silicon bolus (E) and its CT image (F) for ear radiotherapy (Reproduced from Ref[10] licensed under Creative Commons 
Attribution 4.0 license). Hydrogel bolus (G) and its CT image (H) for nose radiotherapy (Reproduced from Ref[10] licensed under Creative 
Commons Attribution 4.0 license). PCL bolus (I) and its CT image (J) for nose radiotherapy (Reproduced from Ref[12] licensed under 
Creative Commons Attribution 4.0 license).
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to fabricate. With the development of technology, the 
modern bolus based on polymers has begun to appear in 
the field of radiotherapy. Compared to other materials, 
soft polymers are more suitable for constructing the 
modern bolus due to their unique physical properties, 
such as toughness, flexibility, and viscoelasticity. Young’s 
modulus is a key parameter used for defining soft and 
rigid materials. Human soft tissues, such as skin or muscle 
tissues, exhibit a modulus of 104 – 109 Pa[19] (Figure 3); 
thus, we believe that soft polymers with a modulus in the 
range of soft tissues have the quality and can be used to 
construct modern bolus.

Sheet-type boluses are now popular in radiotherapy 
and are generally used to cover large areas that do 
not need customization. Superflab is one of the most 
commonly used commercial boluses due to its excellent 
tissue equivalency, but they are not moldable[20]. Besides, 
various soft polymers, such as plastics (resins), hydrogels, 
silicone elastomers, TangoPlus, and polyurethane (PU), 
have been used for processing the tissue-equivalent 
modern bolus. From the viewpoint of materials’ 
physicochemical properties, the application of various 
polymers in bolus is reviewed in Table 1.

2.1. Plastic-based boluses used in radiotherapy
Plastic is a kind of macromolecular polymer, which has 
been widely used in industry and many fields. Synthetic 
resin is the most important component in plastics, and 

thus, the nature of plastic is often determined by the resin 
due to its large content. According to the physicochemical 
properties of various plastics, they can be divided into 
two types: thermosetting plastics and thermoplastics. 
Thermoplastics melt when heated, cure when cooled, and 
melt again when heated. Up to now, several thermoplastics 
including polystyrene, acrylonitrile butadiene styrene 
(ABS), polycaprolactone (PCL), polylactic acid (PLA), 
and polyethylene terephthalate–glycol-modified (PETG) 
have been used for creating bolus.

In radiotherapy, polystyrene is generally considered 
the gold standard (solid water) in bolus material[21]. It has 
been reported that a shape memory bolus was designed 
by tetra-branch PCL with acrylate end groups. The PCL-
based bolus shows good adhesion to the body surface and 
can be processed in a short time[12]. As a form of ABS 
resin, ABS-M30 (Stratasys, Eden Prairie, MN) resin and 
ABSplus thermoplastic have also been used to process 
boluses[22,23]. Park et al. reported a PLA-based bolus used 
for breast cancer radiation therapy[24]. Since the plastic is 
commonly stiffer than the skin tissues, the poor comfort 
can cause pain for patients during therapy and air gaps, 
resulting in the failure of radiotherapy. To improve the 
fit of bolus to skin contour, the plastic-based boluses 
were usually customized by the 3D printing technology, 
especially the fused deposition modeling (FDM) method 
(the detailed content about 3D printing plastic-based 
bolus will be discussed in the later parts).

2.2. Elastomer-based boluses used in 
radiotherapy
The elastomer materials used for creating bolus mainly 
include silicone and polyurethane (PU). The silicone 
elastomer refers to a straight chain polymer, whose main 
chain is composed of silicon atoms and oxygen atoms 
alternately, and the silicon atoms are usually connected 
with two organic groups. Compared with the plastic, 
the silicone elastomers have the flexibility and elasticity 

Table 1. Polymer materials used for processing bolus

Categories Typical 
materials

Density 
(g/cm3)

Youngty 
modulus (Pa)

Advantages Disadvantages References

Plastic PCL
Polystyrene
ABS
PLA
PETG 

1.03 – 1.30 106 – 107 Suitable for processing Stiff; 
discomfortable for 
patients

[12,21-24]

Elastomer TPU
Silicone 

1.05 – 1.25 104 – 109 Flexible; elastic; 
biocompatible

Air gaps between 
bolus and skin

[15,25,26]

Hydrogel TPU/PAM 
Methacrylic acid 
Nanocellulose 

1.05 – 1.32 102 – 104 Tunable 
physicochemical 
property; tissue 
equivalence; adhesion

Poor mechanical 
properties

[7,10,27]

Figure 3. Young’s modulus of selected soft polymers (blue) and 
human tissues (red).
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closer to the skin tissue. As a representative silicone, 
polydimethylsiloxane, which is colorless, odorless, 
transparent and does not cause skin irritation, can be 
developed into commercial bolus[25]. The polymer has 
excellent shear resistance, which can ensure its repeated use 
in radiotherapy. In addition, other silicone elastomers used 
for processing boluses were also reported. For example, 
a silicone elastomer based on dihydroxypolysioxane and 
ethyl polysilicate as the crosslinking agent was synthesized 
to construct a bolus[10]. Chiu et  al. have constructed a 
silicone-based bolus through casting the liquid silicone 
(EcoFlex 00-30, Smooth-on Inc.)[26]. Due to their chemical 
stability, excellent biocompatibility, and good mechanical 
properties, silicone elastomers have great advantages 
in preparing bolus, but their density (1.1  – 1.2  g/cm3) 
being slightly different from the skin tissue may lead to 
a decrease of tissue equivalence. No matter how good the 
performance of the silicone elastomers, the sheet structure 
of bolus will always cause air gaps in the treatment of 
irregular surface of patients’ skin.

PU, also known as polycarbamate, is a kind of 
polymer containing repeated structural units of  -O-CO-
NH- bonds in its molecular chains. Due to its excellent 
biocompatibility and flexibility, PU has been widely used 
to construct medical devices, such as catheters, cardiac aid 
devices, medical films, artificial skin, and so on[28]. PU-
based polymers can be developed by incorporating soft 
segments (e.g.  lactides, caprolactone, and poly(ethylene 
glycol) [PEG]) or chain extenders in PU backbone. 
Recently, PU as a bolus material has entered the view of 
researchers. For example, Zhao et al. have used a kind 
of thermoplastic PU (TPU) to create a bolus for adjuvant 
treating a recurrent squamous cell carcinoma at the nasal 
septum[15]. Hou et al. have developed a PU-based bolus 
with multi-functions, including excellent mechanics 
and adhesive properties, which make it fit closely to the 
patient’s skin with irregular surface[7]. The mechanical 
properties of PU can be tailor-made according to the 
structure-property relationship. Therefore, PU is likely to 
be processed into a bolus with good tissue equivalence. 
Besides, TangoPlus is another kind of commercial 
elastomer used to print tissue-equivalent bolus[29].

2.3.Hydrogel-based boluses used in radiotherapy
Hydrogel is a kind of 3D network consisting of 
hydrophilic polymer chains, which are crosslinked 
to matrix with high water content. Due to its excellent 
characteristics, including tunable physicochemical and 
bioactive properties, versatility in fabrication, high 
biocompatibility, and similarity to native extracellular 
matrix, the hydrogel has widely used as promising 
biomaterials in the biomedical field[30]. Up to now, different 
hydrogels from both synthetic and natural hydrogels have 
been developed in various applications, such as tissue 

engineering, cell therapy, regenerative medicine, and 
stem cell and cancer research[31,32]. Synthetic hydrogels, 
such as poly(vinyl alcohol), polyacrylamide (PAM), and 
PEG, generally possess precise controllable performance 
and show high mechanical properties, but lack biological 
moieties[33-35]. On the other hand, natural hydrogels, such 
as chitosan, collagen, alginate, gelatin, and hyaluronic 
acid (HA), have received wide attention due to their 
bioactive properties. However, their deficiencies include 
uncontrollable degradation, potential immunogenicity, 
and low mechanical properties[36-38]. Due to the distinct 
performance of each of the hydrogel classes, it can 
be selectively used in various fields according to the 
application requirements.

Among various materials, hydrogels have the best 
tissue equivalence due to their similar density and structure 
to soft tissues. In recent years, hydrogel-based boluses 
have been studied in the radiotherapy. For example, Kong 
et  al. fabricated a bolus composed of methacrylic acid 
hydrogel, which not only showed good dose parameters in 
intensity modulated radiation therapy plans, but also had 
a high degree of comfort and repeatability[10]. Chiozzini 
et al. reported a hydrogel-based bolus consisting of the 
bacterial nanocellulose, which is made up of D-glucose 
monomers and produced by several kinds of bacteria[27]. 
Compared to the commercial bolus, this bolus showed 
superiority in relation to the radiotherapy parameters, 
including the radiation attenuation potential and 
radiological density.

To the best of our knowledge, hydrogel has 
many advantages including flexibility, odorlessness, 
nontoxicity, and high transparence, but up to now, it 
has not been widely used as a bolus in clinical setting. 
The reason is the quality of losing water easily and the 
nature of being fragile for the traditional hydrogel. Due 
to the high-water content (>85%), hydrogels tend to 
lose water and undergo shrinkage or deformation, which 
greatly limits their application in radiotherapy. To solve 
this problem, a water-resisting layer, such as polyol 
PU membrane or silicone oil, can be used to cover the 
hydrogel surface to prevent dehydration of hydrogels[10]. 
An alternate approach is to replace the water in the gel 
with glycerine, maintaining the structure of hydrogels.

In fact, the main problem limiting the wide 
application of traditional hydrogels is their poor 
mechanical behavior, including low stretchability, low 
toughness, and notch-sensitiveness. For example, the 
alginate hydrogel is easily ruptured when just stretched to 
1.2 times of its original length. Most traditional hydrogels 
with a fracture energy of about 10  J/m-2, are more 
brittle than the cartilage with ~1000  J/m-2 and natural 
rubbers with 10,000  J/m-2. When the hydrogels contain 
notches, the strength and stretchability of samples can be 
markedly decreased. To solve this problem, various types 
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of composite hydrogels, including slide-ring hydrogels, 
double network hydrogels, and nanocomposite hydrogels, 
have been developed by introducing an effective 
energy dissipation mechanism[39,40]. For example, a 
nanocomposite hydrogel composed of hectorite clay 
and N-isopropylacrylamide has an elongation of up to 
1300%. A  tough and stretchable hydrogel with double 
networks was created by mixing covalently crosslinked 
PAM and ionically crosslinked alginate. The resulting 
composite hydrogel can be stretched more than 20 times 
of its original length. It also showed excellent notch-
insensitive and self-recovery performance[41]. Hou 
et  al. have reported a composite hydrogel (PU/PAM) 
composed of PU and PAM as bolus. This novel hydrogel 
with excellent mechanical, self-healing and adhesive 
properties, can provide an optimal dose distribution for 
radiotherapy[7]. Over the past decade, major breakthroughs 
have been made in the research of composite hydrogels 
with strengthened mechanics. We believe that these 
advances will lead to a framework that helps construct 
an ideal bolus in radiotherapy through rational design of 
hydrogels. Therefore, with the development of hydrogel 
research, more and more hydrogels will be developed to 
construct boluses used for radiotherapy in the future.

In this section, we mainly review the current 
soft polymers used to prepare boluses and analyze the 
physicochemical properties of these materials as boluses. 
Compared with plastics, elastomers, and hydrogels with 
excellent flexibility and tissue equivalence are more 
suitable to construct boluses. The properties of the 
material play an important role in radiotherapy, but to 
form full contact with the irregular surface of patients’ 
skin, the structure of the bolus needs to be customized.

3. 3D printing technology suitable for 
processing polymers
As a promising additive manufacturing, 3D printing 
has become a versatile technology for manufacturing 
3D structures composed of different materials, such as 
ceramics, metals, and polymers[42]. According to the 
digital data of 3D models, the designed 3D objects can 
be processed layer-by-layer. Different from traditional 
manufacturing methods, 3D printing can rapidly turn 
digital-aided designs into 3D complex objects without 
wasting any materials. According to the printing 
materials and the principles, print heads or laser optics 
are generally used to deposit one layer of 3D objects. 
During the process of printing, the deposited regions are 
crosslinked or solidified to yield entities[43]. In addition, 
the ability of 3D printing to quickly produce products on 
demand has greatly boosted the academic research and 
the industrial production[44]. Up to now, based on different 
principles and materials, over dozen types of 3D printing 
technologies that meet the nature of different materials 

have been developed[45]. Especially for polymer materials 
with various polymerization characteristics, four 
printing techniques are mainly used, including powder 
bed fusion, material extrusion, material jetting, and vat 
polymerization (Figure 4). The performance of different 
printing technologies is listed in Table 2.

3.1. Powder bed fusion
As a kind of additive manufacturing process, power bed 
fusion makes use of a laser to sinter powdered materials. 
It is also called selective laser sintering (SLS) according 
to the phase states of powder bonding[46]. With the 
help of lasers that automatically aim at points in space 
manipulated by a 3D control system, the powdered 
materials are bonded together to form a solid structure. 
The manufacturing process of SLS consists of three 
repeated steps[47]. First, the powdered materials are 
uniformly distributed as a printing layer by scraping or 
rolling. Second, the powder is selectively fused to form 
a solid structure by scanning the laser. Third, to print the 
next layer, the build platform descends one layer. These 
three steps are repeated until the SLS process is finished. 
Compared to other 3D printing, SLS does not require 
additional supporting materials. In addition, the powder 
in the non-molten region can be recycled after printing, 
resulting in a material utilization rate of close to 100%.

The resolution of SLS printed parts is largely 
dependent on the particle size: the larger the particle and 
the lower the spatial resolution. However, for the sake 
of safety, cost efficiency and process ability, the size of 
powder particles is usually limited to a range of 10 – 
100 µ. Up to now, the resolution of SLS can reach 100 
μm under optimal conditions[48].

In general, powdered materials used in SLS should 
possess several properties, such as compactness, good 
fluidity, and thermal stability. During the first step of SLS 
process, good fluidity and compactness are the key factors 
to ensure proper coalescence in the subsequent sintering. 
In addition, the most crucial requirement for SLS powders 
is the thermal properties that allow the powders to 
solidify uniformly during melting and sintering[49]. As for 
soft polymer materials used for SLS, these requirements 
are extraordinarily harsh. At present, few soft polymer 
powders are processed using SLS, such as polycarbonate 
(PC), PCL, and thermoplastic elastomers (TPEs). There 
is a popular view that the biomedical fields are the most 
active areas for SLS using soft polymer materials[50]; 
however, SLS is not well suited for processing soft bolus 
with good softness and tissue equivalence due to its strict 
requirements for materials.

3.2. Material extrusion
In extrusion printing, the polymer materials are extruded 
through a nozzle to form a continuous filament, which 
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is deposited to build the target entity. The extruded 
filament is deposited at the designed position through the 
movement of the XY axis to complete the pattern of one 
layer. After finishing one layer, the build platform moves 
down to deposit the next layer. These steps are repeated 
until the designed objects are completed[51].

At present, the extrusion printing mainly includes 
FDM and direct ink writing (DIW). As for the FDM, 
thermoplastic filaments are liquefied into their semi-
molten state using a heated nozzle. The liquefied materials 
are then solidified when they are cooled below their glass 
transition temperature. Due to the high viscosity and the 
swelling of the melted polymer, the resolution of printed 
structures is greatly reduced to a few 100 µ[52]. In addition 
to the basic thermoplasticity, the printed materials must 
maintain a balance between the mechanical performance 
and the rheological properties, which greatly limits 
the variety of printable materials. Up to now, several 
thermoplastic polymers have been used in the FDM, 
including PCL, ABS, PLA, and other thermoplastics[53]. 
However, inhomogeneity associated with an FDM printed 
bolus may also impact the use in radiotherapy.

The DIW method is mainly used to print 
viscoelastic materials. Compared with the FDM using 
a heated nozzle, DIW utilizes a common needle to 
extrude the printed materials[54]. After deposition, 
the curing processes, including cooling curing and 
photopolymerization, are used to solidify the printed 
structures. The viscoelasticity of material is critical for 
DIW, which requires the rheological property of printed 

materials to ensure the printing fidelity and continuity, 
including yield point and shear thinning[55]. The extrusion 
of viscoelastic material is considered a transient shear 
process, which allows the extrusion to be smooth and 
ensures the deposited filaments retain their shapes. When 
the inks are extruded from the nozzle, such viscoelastic 
liquids can recover their initial storage modulus and 
viscosity. Compared to other printing methods, the DIW 
process can accept a larger variety of materials that 
possess such rheological properties. Therefore, a large 
number of polymer materials can be printed using the 
DIW, including silicone elastomer, PU, and hydrogels[56]. 
The main disadvantages of the DIW technology are its 
slow building speed and low resolution. At present, it 
has been reported that the resolution of DIW can just 
reach a few 100  µ and the highest printing speed of 
DIW is only 100 mm/s, which is greatly less than that of 
photopolymerization printing[57].

3.3. Material jetting
Inkjet printing is an additive manufacturing technology 
through which innumerable droplets of printed materials 
are deposited layer-by-layer to form the target entity[58]. 
The typical setup of inkjet printing is generally composed 
of a motion platform with jetting heads, an X-Y-Z three 
axis, and auxiliary curing devices. Low-viscosity liquids 
are ejected from the jetting heads to form the droplets, 
which are deposited on the building platform and then 
solidified[59]. The inkjet printing needs to meet two basic 

Figure 4. Schematic illustrations of different 3D printing technologies. (A) Fused deposition modeling printing. (B) Direct ink writing 
printing. (C) Inkjet printing. (D) Stereolithography printing. (E) Digital projection lithography printing. (F) Two-photon polymerization 
printing.
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requirements, namely, the fluid suitable for ink jetting 
and the ability to solidify into an entity. As a key process 
of inkjet printing, the generation of droplets is mainly 
dependent on both the fluid performance and the 3D 
printing parameters[60]. The former includes dynamic 
viscosity (η), fluid density (ρ) and surface tension (γ), 
and the latter encompasses the velocity of the ejected 
fluid (ν), the droplet length (l), and the nozzle diameter 
(d). The inkjet printing can be achieved only when these 
parameters are controlled in an appropriate processing 
condition[61].

The dimensionless Z parameter is generally used to 
determine whether the liquids can be ejected stably. As 
for the high values of Z, the ejected droplets are easily 
to splash into multiple satellite droplets, whereas at 
low values of Z, the droplet ejection will be prevented 
by viscous dissipation. In general, stable jetting can be 
generated when Z is controlled between 1 and 10[62].

Due to such stringent requirements, few polymers 
can be printed by inkjet printing. Among these polymers, 
because many hydrogels have excellent inkjet printing 
performance, inkjet printing hydrogels have become a 
very hot topic[60]. Nowadays, the advanced inkjet printing 
technology possesses a powerful ability to rapidly 
construct complex 3D structures using multi-nozzle 
arrays, which can eject more than 100 million droplets 
per second[42]. In fact, it is difficult to eject complex fluids 
without clogging, limiting the diversity of printable 
polymers.

3.4. Vat polymerization
As a kind of additive manufacturing process with 
great potential, photocuring printing uses ultraviolet 
(UV) light to selectively solidify liquid photosensitive 
polymers by photocuring layer-by-layer to obtain the 
target object[63,64]. Up to now, the photopolymerization 
printing technology mainly includes stereolithography 
(SLA), digital projection lithography (DLP), two-photon 
polymerization (TPP), and computed axial lithography 
(CAL).

SLA is the first photocuring printing developed 
in the early 1980s. The SLA uses a point light source 
(e.g.  laser) to irradiate only one voxel at a time and 
prints patterns with the movement of the beam. After 
one layer is completed, the building plate moves by one-
layer thickness and a new layer of liquid photosensitive 
polymers turns into the printing regions to print the 
next layer. These procedures are repeated layer-by-
layer until the printing of the desired object entity is 
accomplished[65,66]. In general, the photocuring resin is 
mainly used as the printed material of SLA to fabricate 
3D objects with large size in the manufacturing industry.

In TPP, two laser pulses with high wavelengths 
intersect to generate a single pulse with a low wavelength, 

which stimulates the polymerization[67]. Compared to 
the SLA possessing a focal plane, the TPP gets a focal 
spot. Thus, the accuracy of TPP is generally higher than 
SLA. It is reported that the optimal printing resolution 
of the TPP so far is around 100 nm[68]. TPP is normally 
used to fabricate 3D sophisticated objects within several 
micrometers, but the printing dimensions are very 
small, usually limited in 1 cm3. For example, using this 
method, PEGDA gels were processed into 3D helix-
shaped constructs in micron grade[69]. In summary, these 
two laser-based prototyping techniques possess the 
characteristic of high precision and resolution. However, 
the processing speed of SLA and TPP is relatively slow, 
which may make 3D printing bolus challenging.

To increase the manufacturing speed of 
photopolymerization, researchers have developed the 
DLP technology[70], which makes an entire pattern on 
the focal plane to be crosslinked simultaneously. In this 
method, a dynamic pattern can be projected by using a 
liquid crystal display or a digital micro-mirror device[43,71]. 
Therefore, the printing speed of DLP is significantly 
improved in comparison to the point light technology. 
Recently, continuous liquid interface production (CLIP) 
technology, which is an advanced DLP technology with 
higher printing speed has been developed. The CLIP 
can achieve the continuity of printing by forming a 
polymerization “dead zone,” which allows the 3D objects 
to be printed in minutes instead of hours[42].

Recently, a novel photocuring printing technology 
named CAL was developed. By irradiating a rotating 
volume of photosensitive polymers with a dynamically 
changing light pattern, CAL can obtain the concurrent 
printing of all points within a 3D object[71]. The 
conventional photocuring printing, such as DLP, prints 
objects layer-by-layer, whereas the CAL delivers light 
energy to the material volume in the form of a series of 2D 
images. Each image projection is propagated through the 
material volume at a different angle. The superposition of 
light energy causes the whole entity to solidify at 1 time 
in accordance with the designed geometry. It has been 
reported that the printing time for a centimeter-scale 
object just needed about 30 – 120 s, which is greatly 
faster than the layer-by-layer printing method. However, 
the resolution of CAL is limited to sub-millimeters[72].

In summary, polymers suitable for most 
photopolymerization printing should obtain two basic 
characteristics: good fluidity and photocurable ability[73]. 
The photopolymers should be liquid with low viscosity 
so that the polymers can be evenly spread within the 
printable area. In general, the photopolymers have a 
specific group, which can be induced to undergo photo 
crosslinking reactions triggered by the initiators. In 
addition to the initiators and the photopolymers, other 
additives are also used to improve the printing quality, 
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including light absorbers, radical inhibitors, and diluents. 
The light absorbers can restrain the curing depth, the 
radical inhibitors can prevent premature solidification 
of liquids, and the diluents can decrease the liquid 
viscosity[74]. Compared to the large polymer family, 
the variety of photopolymers is relatively small. Novel 
photopolymers can be developed by grafting specific 
photosensitive groups with normal polymers. Up to now, 
various photopolymers have been used for photocuring 
printing, including photocuring resins, hydrogels, and 
silicone elastomers[75].

4. Customization of bolus through 3D 
printing
With the improvement of 3D printing technology, it 
has been widely used in various fields, especially the 
biomedical field requiring customization of medical 
devices. 3D printing is currently a promising approach 
to achieve the customization of bolus. Compared to the 
commonly used flat bolus, the 3D-printed bolus allows 
for a more match to a patient’s skin surface and shows 
desirable curative effect of radiotherapy (Figure  5). 
However, 3D printing bolus still stays in the early stages 
of development due to shortcomings of printable and 
appropriate materials. Reviewing the research progress 
of 3D printing bolus in recent years, we divide the current 
3D printing bolus into two main categories: indirect 

printing and direct printing. The former is to first print a 
shell of the bolus and then fill it with other polymers, and 
the latter is to print a bolus directly with a 3D printing 
technique.

4.1. Indirect printing bolus (casting)
As the name suggests, the indirect printing means that it 
takes at least two steps to produce a customized bolus. 
The typical workflow to make bolus by the indirect 
printing is shown in Figure  6A. In this method, the 
bolus shells are first printed by 3D printing technology, 
then the materials were cast into the chamber of shells. 
After demolding, a customized bolus is obtained. To 
be precise, this method should be called casting, which 
is suitable for processing most of hydrogels and some 
elastomers with low melting point. Up to now, various 
polymers have been widely processed as customized 
bolus using this method. For example, Kong et  al. 
printed a shell of bolus using the PLA and then filled it 
with silicone rubber and hydrogels for non-melanoma 
skin cancer radiotherapy[10]. Park et al. casted a urethane 
liquid rubber and liquid silicon compound into the 
mold to make the customized boluses[81]. Resins are 
commonly used to print mold shells due to their high 
stiffness, low swellability, and low flexibility. Compared 
to the commonly used sheet bolus, the bolus cast by 
this method can contact closer with the body, greatly 

Figure 5. Some 3D-printed boluses reported in the literature. (A) A nose bolus printed with Tangoplus (Reproduced from Ref[76] licensed 
under Creative Commons Attribution 4.0 license). (B) A bolus printed with ABS on the head phantom surface (Reproduced from Ref[77] 
licensed under Creative Commons Attribution 4.0 license). (C) 3D-printed bolus of the 4th and 5th knuckle (Reproduced from Ref[8] licensed 
under Creative Commons Attribution 4.0 license). (D) 3D-printed bolus fitting the ear of a volunteer (Reproduced from Ref[8] licensed under 
Creative Commons Attribution 4.0 license). (E) 3D-printed Ninjaflex bolus covering the right-hand side of the head phantom (Reproduced 
from Ref[78] licensed under Creative Commons Attribution 4.0 license). (F) 3D-printed breast bolus (Reproduced from Ref[79] licensed 
under Creative Commons Attribution 4.0 license). (G) Bolus printed with PLA on the Alderson RANDO phantom (Reproduced from Ref[80] 
licensed under Creative Commons Attribution 4.0 license).
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reducing the air gap and improving the efficiency of 
radiotherapy.

However, the indirect printing method is 
complicated and time-consuming, and the accuracy of 
this method is relatively low. The process of this method 
mainly includes molding and casting, which determines 
the preparing efficiency of customized bolus. Chiu et al. 
have constructed a silicone bolus using this method 
for head-and-neck radiotherapy. The time taken for 
construction including mold printing and fillers casting is 
about 2 days depending on bolus surface area, complexity 
and volume[26]. In this method, two pieces of mold shells 
including a positive and a negative are first printed and 
then put together to form a chamber for casting fillers. 
The accuracy of the bolus is seriously influenced by the 
thickness of mold shells. This method is suitable for the 
preparation of bolus with a large size used for breast or 
head radiotherapy, but not for small bolus with complex 
structures used for ear or nose. In a word, although the 
indirect printing method enables the customization of 
bolus and improves the efficiency of radiotherapy to some 
extent, the complicated and time-consuming process will 
greatly limit the commercialization of this technology in 
the field of radiotherapy.

4.2. Direct printing bolus
Direct printing means that 3D objects can be directly 
realized from CAD models by means of computer 
numerical control printers. CAD models are translated 
into computer-readable formats (usually standard 
tessellation language file), and then sliced into control 
codes which can control printers to solidify material in 
a layer-by-layer manner[76] (Figure  6B). With the rapid 
development of 3D printing technology, increasing 
researchers from different backgrounds have started to 
manufacture devices or structures with high complexity 
using this powerful technology[8,77,78]. In recent years, the 

customized bolus directly processed using 3D printing 
has also attracted wide attention of doctors and scholars 
in the field of radiotherapy.

Up to now, various polymers have been used to 
fabricate bolus using different 3D printing technologies, 
mainly including FDM, inkjet and SLA[79,80]. FDM is 
one of the earliest 3D printing technologies used to print 
bolus. For example, Kim et al. have used the FDM method 
to print a nose bolus using ABS resins as the printing 
material[22]. Using ABSplus thermoplastic as printing 
materials, Park et  al. have fabricated a customized ear 
bolus by applying the FDM method[82]. A  customized 
breast bolus composed of PLA was also printed by means 
of this method[24]. Through this method, a semi-flexible 
TPU was processed into a customized leg bolus used 
for treating the primary cutaneous lymphoma[83]. In the 
current study, the thermoplastic polymers were mainly 
used to process customized bolus based on the printing 
principle of FDM technology. Compared with both the 
commercial sheet bolus and the indirectly printed bolus, 
the customized bolus processed by FDM has a better fit 
to the irregular body skin. However, these thermoplastic 
polymers used for FDM are stiffer than the soft tissues. 
It inevitably results in the patient experiencing pain and 
air gaps, influencing the efficiency of radiotherapy. In 
addition, the time required for preparing a customized 
bolus using this method was relatively long due to the 
time-consuming process of FDM. Consequently, a more 
malleable and printable polymer should be used to 
process customized bolus.

Recently, some other 3D printing technologies 
suitable for processing soft polymers have begun to be 
used to produce customized bolus. Park et  al. used an 
inkjet printing technology to print a nose bolus composed 
of a malleable rubber-like material[76]. Using the same 
method, Baltz et  al. also made a customized bolus cap 
composed of a rubber-like photopolymer resin used for 

Figure 6. (A) Indirect printing workflow of bolus. (B) Direct printing workflow of bolus.
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total scalp irradiation[9]. In addition, Munoz et  al. used 
SLA method to create a customized nose bolus composed 
of elastomeric materials, which showed compliant, elastic, 
and water equivalent properties[84]. Compared to the 
rigid bolus, the soft bolus created by these two methods 
greatly reduces the patient discomfort and unwanted air 
gaps. It suggests that the customization of bolus is not 
only related with the selection of 3D printing methods, 
but also dependent on the properties of printed materials.

Direct printing is a promising approach to rapidly 
achieve the customization of bolus, but 3D printing of 
bolus using soft polymers is still in the early stage of 
development. An ideal bolus should not only provide 
a close contact with the patients’ irregular surface, but 
also possess excellent properties, such as flexibility, 
biocompatibility, and adhesion. The 3D printing methods 
determine the printing speed and printing accuracy of 
bolus, while the printed materials mainly influence the 
performance of bolus. With the current 3D printing 
technology, the bottleneck restricting the application of 
3D printed bolus is mainly the deficient development 
of printable polymer materials. The advances in 
materials science and 3D printing technology lead to the 
development of more printable polymers, which will be 
used for 3D printing of bolus.

5. Summary and outlook
Various materials that are able to be processed into bolus 
have been used in radiation therapy, but the development 
of customized bolus prepared by 3D printing of polymers 
is still in its infancy. To achieve the personalized 
customization of bolus, this review aims at providing 
comprehensive insights into the 3D printing bolus. How 
to choose an appropriate 3D printing technique and to 
design a suitable printable polymer is an urgent issue to 
be solved in customizing bolus. We focus on three points: 
(i) polymer materials used for fabricating bolus, (ii) 
3D printing techniques suitable for processing polymer 
materials, and (iii) personalized customization of bolus 
through 3D printing technology.

Various 3D printing techniques utilizing different 
principle to pattern are suitable for different materials. 
The choice of 3D printing methods is mainly determined 
by the actual requirements of application[85]. A  3D 
printing technique suitable for processing bolus should 
have the following three characteristics: rapid printing 
speed (<1  h), medium printing scale (X-Y-Z three axis 
≤30  cm), and general printing accuracy (≤200 μm). 
The extrusion printing and the inkjet printing utilize a 
nozzle to deliver the polymers to the designed position 
and solidify the polymers by a curing process. As for 
the nozzle-based printing techniques, most polymers 
can be printed as long as they have suitable rheological 
properties. However, the point-to-point printing mode 

results in a slow printing speed, which will greatly limit 
the manufacturing efficiency of personalized bolus. In 
contrast, photocuring printing can selectively solidify 
the polymers from a liquid tank, which can perform the 
patterning process and curing process at the same time. 
Especially for the DLP- and CLIP-based layer-by-layer 
printing mode, these photocuring printing methods 
enable the direct and rapid construction of bolus. As 
an emerging photocuring printing technology, the CAL 
shows a faster patterning speed in comparison to the 
DLP method. However, this technology is premature, 
costly, and the printing precision is still relatively low. 
Therefore, among different 3D printing techniques, the 
DLP and CLIP methods based on layer photocuring are 
probably the most ideal technology to print personalized 
bolus at present.

Up to now, the printable materials suitable 
for DLP-based photocuring printing are mainly 
photosensitive resins, which have the basic characteristic 
of photocurability[86]. Photosensitive resins are a class 
of relatively mature photocurable prepolymers with 
low molecular weights, which mainly include esterified 
acrylate epoxy resin, unsaturated polyester, PU, and 
polymercaptan/polyene photocurable resin systems[87]. 
Although the photo-resins (Young modulus, ~GPa) have 
been widely used in the manufacturing industry, they are 
not suitable for constructing bolus by DLP-based printing 
due to their higher hardness compared to patients’ skin 
tissues (~KPa). The mismatching in hardness between 
bolus and skin tissues will inevitably lead to the failure of 
radiotherapy. Besides, the potential toxicity of photo-resin 
makes it even less likely to be used in clinic. Therefore, 
it is urgent to develop a kind of material that can not only 
be used for DLP printing, but also has an elastic modulus 
equivalent to skin tissues.

Hydrogels and silicon gels have an elastic modulus 
close to that of human skin tissue, while most of these 
materials cannot be directly used for photocuring printing 
due to a lack of photosensitive properties. To endow the 
gels with photocurable ability, some photopolymerizable 
functional groups have been grafted onto the molecular 
chain of the gels. The modified gels with both 
photocurable ability and bionic hardness will be a kind of 
ideal materials for constructing bolus. In addition, it has 
been recognized that the bolus-assisted radiotherapy can 
efficiently control the recurrence of subcutaneous tumor, 
but it also causes some side effects. For example, it is likely 
to damage the normal tissues around tumors and cause 
dermatitis in the exposed areas. More severely, inflamed 
areas are susceptible to bacterial infection, which may 
prevent irradiated skin from healing and even aggravate 
skin necrosis. Therefore, to improve the curative effect of 
radiotherapy, it is urgent and necessary to design a new-
type bolus with combined features, including printability, 
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biocompatibility, good-fit to skin contour as well as 
antibacterial and antiphlogosis properties (Figure 7).

In brief, there has been impressive progress in 
the application of 3D printing technology in many 
areas. However, as an emerging technology used in 
radiotherapy, 3D printing still faces numerous challenges 
before practical applications, including printing methods, 
printable materials, and boluses’ design. Through 
reviewing the 3D printing techniques and polymers 
suitable for processing bolus, we anticipate this review 
could help readers choose suitable printing methods 
and design printable polymer materials to achieve the 
customization of bolus.

An ideal 3D-printed bolus for radiotherapy is 
an auxiliary device that should integrate multiple 
properties, including customizable dimensions, 
appropriate physicochemical performance, and 
favorable compatibility and antibacterial activity. (i) The 
customizable dimension is the primary feature of the 3D 
printed bolus. The conventional bolus is usually a kind 
of square film with uniform thickness (5  mm), while 
the 3D printed bolus is an irregular membrane tailored 
to the characteristics of the patient’s skin surface. 
Compared to the conventional bolus, the 3D printed 
bolus allows for a more match to the human body, such 
as the head, breast, and facial parts, and ensures the 
expected dose distribution at PTV. (ii) The appropriate 
physicochemical properties of 3D printed bolus 
mainly include the tissue equivalence, transparency, 
mechanical performance, and bioadhesion. The bolus 
is considered a kind of tissue equivalence, which can 
simulate the absorption and scattering properties of skin 
tissues for a given irradiation. Although transparency 
does not normally affect the effects of radiation, 

good transparency (≥50%) will help to facilitate the 
accurate and repeatable placement of bolus. Good 
mechanical performance means that the bolus not only 
has an elastic modulus similar to the skin tissues, but 
also good toughness to prevent it from being torn in 
repeated use. The bioadhesive performance enables the 
3D printed bolus to fit well with the irregular human 
skin, ensuring the accuracy of radiation dose. (iii) The 
favorable compatibility means that an ideal 3D-printed 
bolus should not generate any adverse effects in contact 
with human body. Besides, antibacterial properties can 
inhibit the occurrence of inflammation caused by the 
side effect of radiotherapy. Therefore, to obtain an ideal 
3D printed bolus, the convergence of versatility in the 
soft polymers is inevitable in the future, and is thought 
to accelerate the outcome of radiotherapy.
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Abstract: Conventional bone repair scaffolds can no longer meet the high standards and requirements of clinical applications 
in terms of preparation process and service performance. Studies have shown that the diversity of filament structures of 
implantable scaffolds is closely related to their overall properties (mechanical properties, degradation properties, and biological 
properties). To better elucidate the characteristics and advantages of different filament structures, this paper retrieves and 
summarizes the state of the art in the filament structure of the three-dimensional (3D) bioprinted biodegradable bone repair 
scaffolds, mainly including single-layer structure, double-layer structure, hollow structure, core-shell structure and bionic 
structures. The eximious performance of the novel scaffolds was discussed from different aspects (material composition, 
ink configuration, printing parameters, etc.). Besides, the additional functions of the current bone repair scaffold, such as 
chondrogenesis, angiogenesis, anti-bacteria, and anti-tumor, were also concluded. Finally, the paper prospects the future 
material selection, structural design, functional development, and performance optimization of bone repair scaffolds.
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1. Introduction
At present, the number of patients with bone defects caused 
by tumors, infections, aging populations, or accidental 
injuries shows an increasing trend. According to statistics, 
there are about 3 million new cases with bone injury 
worldwide every year, pointing to the huge development 
space in the market of bone repair materials[1]. Although 
bone tissue has the ability to recover and regenerate itself, 
bone defects such as fractures and microfractures that 
exceed a critical threshold (usually >2 cm, depending on 
the anatomical site) cannot renew itself[2-4]. Autologous 
bone transplantation is the “gold standard” for the 
treatment of bone defects in current clinical practice, but 
this treatment involves procedure that removes bone from 
patient which has the problem of limited sources of bone 
tissue and the second surgery that brings greater pain to 
the patient[5]. Compared with autologous bone grafts, 

allografts are prone to inactivation after ultraviolet (UV) 
irradiation or freeze-drying treatment, resulting in low 
osteoinductivity, the problem of treatment failure due to 
host immune response[6-8].

Bone repair scaffolds with wide source, easy 
fabrication and good osteogenic activity have provided 
new insight for bone defect treatment[9,10]. A good bone 
repair scaffold should have the following basic properties: 
(i) being biocompatible to avoid immune rejection after 
implantation in the patient[11]; (ii) having mechanical 
properties so that the scaffold can be a carrier in the 
defect site[12]; (iii) having interconnected pore structure 
and proper porosity[13] because bone formation requires 
not only a large amount of space to adhere to growth 
factors, but also connected pores to supply the necessary 
nutrients and oxygen[14] and provide channels for cell 
migration and blood vessel growth[15-17]; and (iv) being 
biodegradable so that the implanted scaffold will degrade 
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over time to make room for new bone tissue[18]. Traditional 
scaffold fabrication techniques, such as solvent casting, 
gas forming, membrane lamination, salt immersion, and 
fiber bonding, have limitations[19,20], including complex 
preparation processes, high costs, uncontrollable internal 
pore structure for scaffolds, incomplete matching of 
shape to host bone defects, and inability to load cells for 
bioprinting, which are difficult to meet the actual needs 
of patients. According to ASTM standard F2792[21], 
ASTM classifies three-dimensional (3D) printing 
technologies into the binding jetting, directed energy 
deposition, material extrusion, material jetting, powder 
bed fusion and sheet 3D printing techniques, which 
are increasingly used for product design[22]. Its layer-
by-layer manufacturing method can precisely regulate 
the complex geometric structure to make the processed 
product highly optimized, reduce the weight of the 
product at the same time, reduce material loss and reduce 
the cost of expenditure[23]. 3D printing is also used for 
small production runs, such as model customization and 
print-on-demand, and can streamline the supply process 
through sub-station manufacturing[24]. In the field of bone 
repair, 3D printing technology, which is simple to operate 
and has fast molding speed as well as good control, can 
not only construct the complex shape matching the bone 
tissue defect, but also accurately regulate the internal 
pore structure, and it has become the first choice for the 
preparation of porous bone repair scaffolds[25,26].

The development of bone tissue engineering 
has resulted in different types of bone repair scaffold 
structures, materials, and properties to better serve 
human needs through the unremitting efforts of a large 
number of researchers. The purpose of this review is to 
summarize and review the current research progress of 
biodegradable extrudable bone repair scaffolds in terms 
of scaffold materials, filament structure, and scaffold 
function. The filament structure of the stent, that is, the 
line composition inside the stent, is particularly important 
to the overall performance of the stent and its scope of 
application. Therefore, this paper reviews the proposal, 
design, performance, and evaluation of the scaffold 
in five major directions, including classical structure, 
bilayer structure, core-shell structure, hollow structure, 
and bionic structure of the biodegradable bone repair 
scaffold, and in the end, the future development of the 
filament structure of the scaffold is prospected.

2. Materials
Bone tissue is a kind of connective tissue composed of 
a bone matrix and a variety of cells. The bone matrix 
contains organic and inorganic substances, the inorganic 
substances are mainly made of calcium and phosphorus 
in the form of hydroxyapatite (HA) crystals, compounds 
(sodium, potassium, magnesium, and fluoride) as well as 

salts (chloride and carbon) and some trace elements such as 
silicon, zinc, and copper[27]. Organic matter mainly refers 
to collagen (COL) fibers and calcium-binding protein 
gels such as osteocalcin and osteophosphoprotein[28].

In view of the composition of bone tissue, 
materials for 3D printed bone repair scaffolds mainly 
include bioceramics, polymers, cells, growth factors, 
and composites, with polymer materials being the most 
widely used (such as gelatin, COL, sodium hyaluronate, 
silk protein, polycaprolactone (PCL), polylactic acid 
(PLA), and polyethylene glycol)[29]. The bioceramic 
materials used in ceramic scaffolds for bone repair 
mainly include calcium-phosphorus-based bioactive 
materials and calcium-silica-based bioactive materials. 
Calcium-phosphorus-based bioactive materials include 
HA, β-type calcium phosphate (β-TCP), and biphasic 
calcium phosphate (BCP), while calcium-silica-based 
bioactive materials include bioactive glass, calcium 
silicate, tricalcium silicate, magnesium yellow feldspar, 
and white calcium silicate. This section consolidates the 
commonly used scaffold materials in the field of bone 
repair with examples of their material properties and 
research progress (Table 1).

2.1. Bioceramics
Bioceramic materials are widely used in bone repair 
engineering because of their similarity to the inorganic 
composition of bone tissue. The common bioceramic 
materials mainly include HA, β-TCP, silicate, and 
bioceramics. They have excellent osteoconductive 
properties, good bioactivity, biodegradability and strong 
compressive properties and have great potential for 
development in the treatment of bone defects[30].

Calcium phosphate materials have significant 
osteoinductive ability due to the release of calcium and 
phosphate ions, which contributes to a bone-like apatite 
layer that can adsorb osteogenic proteins on the material 
surface, with HA and tricalcium phosphate being the most 
widely used. HA is chemically similar to the minerals of 
natural bone and is considered a substitute with high bone 
repair potential[31]. Damien et al. and Oonishi et al.[32,33] 

found that HA scaffolds have better mechanical properties 
as well as strong osteoinductive and osseointegration 
ability and are less prone to deformation through in vivo 
experiments[34]. In contrast, HA prepared by hydrothermal 
liquid exchange method by Roy et al.[35], showed that 
HA has the defects of poor sintering properties and poor 
biodegradability. Tricalcium phosphate, with its ability 
to bind well to hard tissues, has become another class of 
calcium-phosphorus bioactive materials that have been 
widely studied and applied in the field of bone repair, 
generally in two forms: Low-temperature stable β-phase 
(β-TCP) and high-temperature stable α-phase (α-TCP)[34]. 
Li et al.[36] used the porous structure ceramic scaffold 
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prepared by sintering β-TCP ceramic slurry to show good 
biocompatibility in biological experiments and provide 
richer calcium and phosphorus elements and growth 
space for new bone formation after implantation in vivo. 
However, β-TCP suffers from low mechanical strength 
and very rapid degradation, which limit its development 
in the field of bone repair[37].

Bioglass has good bioactivity, biocompatibility, and 
promotes bone and soft-tissue regeneration, making it 
an excellent material for bone defect repair. One of the 
most famous bioactive glass, 45S5, can rapidly bond 
to bone and promote bone growth away from the bone-
implant interface[38]. Fujishiro et al.[39] observed 24 weeks 
after surgery in a rat femoral defect experiment and 
found that this bioactive glass accelerated the rate of 
bone regeneration compared to HA. On the other hand, 
bioglass has disadvantages such as high brittleness and 
poor mechanical strength, which limit its application for 
bone defects in load-bearing areas[40]. Li et al.[41] obtained 
porous BG scaffolds with controllable mechanical 
strength by modulating the molar ratio of SiO2/CaO (90/5 
– 60/35), and the characterization results showed that 
the high content of SiO2 produced more uniform crystal 
particles and dense sintering to improve the mechanical 
strength of the scaffolds.

Compared to bioceramics such as calcium 
phosphate, calcium silicate-based biomaterials exhibit 
better biodegradability, and osteoinductive properties. 
Huang et al.[42] found that Si2+ release and calcium silicate-
based materials accelerated the formation of bone-like 
apatite layers by printing hinokitiol-modified wollastonite 

slurry and that hinokitiol-modified scaffolds were also 
effective in suppressing cellular inflammatory responses. 
By adding different ratios of graphene to calcium silicate 
powder, Shie et al.[43] showed that the Young’s modulus 
was increased by 47.1% with the addition of 1 wt% of 
graphene to calcium silicate, and the proliferation and 
expression of alkaline phosphatase (ALP), osteogenic, 
and osteogenic-related proteins in hMSCs were superior 
to the expression results of pure calcium silicate.

2.2. Polymers
Polymers are long-chain organic materials linked by 
covalent bonds[44], mainly including natural polymers 
and synthetic polymers such as COL, which are more 
hydrophilic and can form hydrogels with high water 
content[45-47]. The use of polymers in 3D printing not 
only achieves more precise customization of the scaffold 
geometry, but also minimizes processing costs compared 
to other traditional molding methods. At the same 
time, due to the lack of mechanical strength and single 
function of natural polymers, research in the field of bone 
repair has focused on material selection and preparation 
methods for advanced polymer composites[48,49].

Natural polymers are more widely used in 3D 
printing by virtue of their better bioactivity[50], mainly 
including COL, silk proteins, cellulose, and alginates[51]. 
COL is the most abundant protein in the human body, and 
different types of COL bodies are distributed in different 
tissues according to their structure and hierarchical 
organization. Its unique triple helix structure is the basis 
for the good stability and mechanical properties of COL 

Table 1. Summary of the characteristic of different materials in 3D bioprinted biodegradable bone repair scaffolds

Materials Features References
Bioceramics Calcium 

phosphate
Excellent osteosimilarity, osteoinductive, biocompatibility, 
mechanical properties
Hard to degrade, poor toughness

[27-33]

Bioglass Eximious osteogenic properties, biocompatibility
Insufficient mechanical strength

[34-37]

Silicate High biocompatibility, osteoinductivity, pro-hard tissue 
regeneration ability
Poor fracture toughness, too fast degradation

[38,39]

Polymers Natural 
polymers

Good biocompatibility, degradability, printability, high 
modulus of elasticity
Poor mechanical strength, fast degradation rate, single 
material function

[46-52]

synthetic 
polymers

Wide range of material sources, gallows biocompatibility, 
high mechanical strength
Some materials are difficult to degrade and have no 
obvious osteogenic properties

[53-54]

Composites Functional diversity, combination of excellent 
performance of various materials, wide range of material 
selection

[62-72]
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scaffolds[52]. In the past few years, researchers have 
developed COL-containing hybrid printing and sacrificial 
material printing methods to improve the rheological 
properties of bioink by improving the printability of 
the slurry[53,54]. Shim et al.[55] prepared a scaffold for 
application in cartilage tissue regeneration using COL, 
supramolecular hyaluronic acid and PCL loading 
(hTMSCs), bone morphogenetic protein 2 (BMP   2) 
and transforming growth factor-beta (TGF-β), and the 
results showed that the hydrogel/PCL layered printing 
method successfully prepared multilayer cell-carrying 
scaffolds with high mechanical stability, circumventing 
the negative effects of chemical cross-linking agents and 
physical cross-linking while showing higher bone repair 
performance than pure hydrogel scaffolds in animal 
experiments. Alginate, a natural polymer derived from 
algae, has properties similar to extracellular matrix with 
good biocompatibility and printability, and has many 
applications in the field of 3D printed bioinks. Almarza 
et al.[56] used scaffolds prepared by adding polyglycolic 
acid to natural alginate for culturing temporomandibular 
joint cells, and found that a large amount of COL was 
produced by the cells inside the scaffold after 4  weeks 
of incubation, confirming the good biocompatibility of 
alginate.

To date, polymer materials and their composites 
have been commonly used in clinical treatment of 
bone defective diseases. These materials are widely 
available and have good biocompatibility and excellent 
mechanical properties. Natural polymer materials are 
limited in clinical use because of different sources and 
forms. Their chemical structures are more complex, and 
their physicochemical properties are highly variable. 
Compared to natural polymer materials, many synthetic 
polymer materials have received attention due to their 
superior mechanical strength and processing flexibility. 
At present, the common synthetic polymer materials 
used in bone tissue engineering are poly (lactic acid-
hydroxyacetic acid) (PLGA), PCL, PLA, silicone, 
polyurethane (PU), and so on. These materials have 
superior biocompatibility, biodegradability, and usually 
the degradation products which belong a class of green 
eco-polymers are non-toxic.

PCL has good biodegradability, biocompatibility, 
and non-toxicity and is typically used as a medical 
biodegradable material. It has high crystallinity and 
low melting point, and its excellent rheological and 
viscoelastic properties endow it with good melt 
printability. In addition, scaffolds prepared from PCL have 
high mechanical strength and are popular in bone tissue 
engineering systems. Li et al.[57] achieved simultaneous 
repair of bone and cartilage tissue defects by coating a 
self-assembled peptide hydrogel on a PCL scaffold and 
blank controls, and confirmed that PCL scaffolds lacked 

the ability to promote cell adhesion ability to promote cell 
adhesion. Mahdi et al.[58] modified the hydrophobicity 
and surface properties of PCL scaffolds by coating them 
with peptide hydrogel or polydopamine to improve cell 
adhesion. Another candidate bone tissue engineering 
material PLA is an aliphatic polyester, mainly derived 
from plant starch, with good biocompatibility and 
degradability, which survives in the human body as 
soluble lactic acid after hydrolysis. Its main advantages 
are low melting point, low-viscosity, and excellent 
mechanical properties, but there are problems such as 
high brittleness and high glossiness. Yi et al.[59] modified 
HA using poly(L-lactide)/β-cyclodextrin/citrate (PLA/β-
CD/citrate), and the modified HA had significantly 
improved bioactivity and mechanical properties, with 
better cell adhesion and higher viability for rat bone 
marrow mesenchymal stem cells (MSCs). Silicone 
elastomer can be formulated to have low elastic modulus, 
high extensibility and toughness, excellent thermal and 
oxidative stability, and chemical inertness[60,61]. Luis 
et al.[62] used a two-part Ecoflex silicone resins for 3D 
printing a bionic scaffold for meniscus structure using 
a thermosetting extrusion method. The results of the 
quantitative cell proliferation test showed low cytotoxicity 
and good biocompatibility of silicone.

2.3. Composites
The structure of scaffolds prepared from any single 
material can be affected by the defects that exist in the 
material itself. For example, ceramic scaffolds may 
undergo very fast or difficult in vivo degradation and 
have poor sintering quality due to material differences, 
and polymer scaffolds have insufficient mechanical 
strength and may collapse during printing, resulting in 
low porosity[63,64]. The emergence of composite materials 
has provided a new strategy to solve this problem, and 
researchers have developed a series of composites with 
excellent properties through extensive experiments[65]. 
The results showed that the performance of composites is 
superior and more comprehensive than that of individual 
components, and they are rapidly attracting widespread 
attention in the field of bone repair[66,67]. Among them, 
bioceramic materials and polymeric materials are favored 
for their material properties; the former have good 
biocompatibility, excellent bone regeneration properties, 
and high mechanical strength, whereas the latter have 
high printability, notable toughness, and the ability to 
encapsulate cells for bioprinting[29].

Composites are constructed from two or more 
different materials (e.g.  bioceramics and bioceramics, 
polymers and bioceramics, and polymers and 
polymers.)[68-70]. BCP, which is a new composite 
bioceramic material, was synthesized by HA and β-TCP. 
The degradation rate of β-TCP is too fast, resulting in the 
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inability to provide structural support for new bone after 
degradation, so it is especially important to control the 
degradation rate and mechanical strength by synthesizing 
two materials[71]. By comparing the compressive strength 
of BCP scaffolds with different ratios, Zyman et al.[72] 
showed that the compressive strength of the material 
increased with the increase of β-TCP content. Sánchez-
Salcedo et al.[73,74] investigated the degradation rate of 
BCP slurry in an in vitro test by testing different ratios of 
BCP slurry and showed that the dissolution rate of BCP 
material was between HA and β-TCP, and the dissolution 
rate increased with increasing β-TCP content.

Polymer-ceramic composites combine the excellent 
properties of two different chemical compositions, 
including the high wear resistance of ceramic materials 
and the high toughness of polymers[75-78]. The incorporation 
of ceramic particles and bioglass particles into the initial 
material effectively enhances the mechanical strength of 
the composite, and its bioactivity gives the material the 
ability to regenerate bone[79]. This can also be applied 
in the fabrication of biphasic porous scaffolds to repair 
the regenerated damaged tissues. Inzana et al.[80] used 
Darvan821-A as a size controlling agent and dispersant 
for the 1st  time during HA synthesis to prevent the 
formation of particle aggregates throughout the COL 
matrix, resulting in COL-nHA scaffolds with excellent 
rheological properties and great potential for precise 
tailoring of scaffold shape. Li et al.[81] incorporated COL 
into calcium phosphate slurry at low temperature to 
maximize the cytocompatibility and mechanical strength 
of the scaffold. Compared to the difficult degradation 
problem of conventional HA powder, nano-scale HA 
(nHA) possesses a faster degradation rate in vivo without 
affecting osteogenesis[82]. However, nHA single-phase 
materials are not able to mimic the composition, structure 
and properties of natural bone, and researchers need 
to compensate this deficiency by introducing another 
material. Wang et al.[83] prepared the scaffold by adding 
polyamide (PA) to HA which has excellent mechanical 
properties, and the addition of PA did not produce adverse 
effects in in vitro experiments. In vivo experiments 
showed that the nHA/PA composite scaffold had good 
biocompatibility and osteoconductivity with host bone. 
High water content, low-viscosity hydrogels provide a 
superior environment for cell growth, but the mechanical 
strength properties they provide are often insufficient to 
support in vivo analysis. Therefore, attempts have been 
made to create composite bioinks that can integrate 
the mechanical strength of viscous hydrogels with the 
biocompatibility provided by low-viscosity hydrogels.

3. Scaffold filament structure
With the development of technology and the demand of 
clinical applications, the overall performance requirements 

of 3D printed bone repair scaffolds are also increasing. 
In addition to the need for continuous improvement, 
mapping and configuration of printing materials, the 
spatial filament structure of 3D printed scaffolds which 
can directly affect the porosity and mechanical properties 
of the scaffolds has drawn much attention, indicating that 
the structure could be used in biomaterials. Therefore, 
it is important to design and develop microfilament 
structured scaffolds that are appropriately sized and meet 
clinical needs[84]. This section explores the latest state 
of research on the filament structure of 3D printed bone 
repair scaffolds and summarizes and lists the physical 
structure as well as the application characteristics of bone 
repair scaffolds (Table 2).

3.1. Classic structure
The classical scaffold structure defined in this paper is 
the most widely used 3D printed bone repair scaffold 
structure, in which the scaffold fibers are single 
cylindrical and cross-arrayed at a certain angle between 
layers, and assembled into a 3D scaffold after the 
printing parameters are regulated. The classical scaffold 
structure is characterized by easily adjustable printing 
parameters, simple scaffold preparation, high printability, 
high potential for secondary processing, and good 
development prospects. However, the classical structure 
of the scaffold type is single and cannot simulate the tissue 
structure more accurately. The printing slurry is mostly 
prepared by direct mixing, and thus, the performance of 
the material cannot be maximized, and it is still necessary 
to improve the scaffold performance by improving the 
printing technology.

Classical monolayer scaffold structures are mostly 
based on bioceramic materials with the auxiliary addition 
of certain binders or dispersants to the slurry. Shao 
et  al.[85] conducted a detailed study of the composition-
structure-strength relationship of the ceramic scaffold 
process using a one-step/two-step method (Figure 1A), 
which showed that the overall mechanical strength of the 
scaffold could be better balanced and the degradability 
could be adjusted using a two-step sintering method. 
Treatment of cartilage defects remains a great challenge in 
clinical practice, and Deng et al.[86] successfully prepared 
bioactive (BRT) scaffolds with controlled surface 
micro/nanostructures (Figure  1B), which significantly 
improved the scaffold’s compressive strength and 
promoted the simultaneous regeneration of cartilage and 
subchondral bone tissue, providing a sensible strategy for 
inducing cartilage regeneration. Wei et al.[87] successfully 
constructed hexagonal microarrays on the surface of 3D 
printed HA porous scaffolds by hydrothermal reaction 
and added Sr2+ to replace the crystal phase of HA in the 
surface microarrays (Figure 1C) to improve the surface 
morphology and chemical properties of the scaffolds, and 
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cellular experiments showed that the early osteogenic 
gene expression level of the scaffolds modified by Sr2+ 
was much higher than that of the blank group, and 
significant osteogenic effects can be observed. Li et al.[88] 
developed a scaffold structure for stereographic projection 
lithography based on micro mask image of HA/TCP slurry 
(Figure 1D) and found that the HA/TCP scaffold with 30 
wt% content exhibited superior mechanical properties and 
porosity with good biocompatibility in terms of biological 
characteristics and layered porosity. In their study, Wang 
et al.[89] prepared bone tissue engineering scaffolds 

(Figure 1E) with mechanical strength similar to that of 
human bone by cryogenic 3D printing of β-tricalcium 
phosphate and PLA/dichloromethane in osteogenic 
peptide (OP) emulsion slurry, and the angiogenic peptide 
(AP) containing COL type I hydrogel was coated on the 
scaffold surface to further provide angiogenic capability 
of the scaffold, and the sustained OP release significantly 
accelerated the rate of new bone formation. Pae et al.[90] 
investigated the biocompatibility and osteogenic effect of 
PCL scaffolds by adding β-TCP and COL membrane (M) 
to PCL material by high temperature printing (Figure 1F), 

Table 2. Summary of the characteristic of different structures in 3D bioprinted biodegradable bone repair scaffolds

Structure Features References
Classic Structure Easy parameter adjustment, simple preparation process, 

secondary processing potential
[82-86]

Double layer structure Effectively improve the mechanical strength of the stent 
and enrich the function of the stent

[5],[88-91]

Hollow structure Large pore structure for nutrient delivery and drug 
loading, providing space for blood vessel growth

[92-97]

Core-shell structure Ensures material independence, adjustable scaffold 
degradation rate

[98-101]

Bionic structures and 
others

Free shape customization based on defects, easy to load 
cells

[103-107]

Figure 1. Schematic diagrams of classical scaffold structures. (A) Optical images and Micro-CT images of CSi-Mg/TCP scaffold after 
sintering[85]. (Reprinted from Journal of the European Ceramic Society, 36, Shao H, He Y, Fu J, et al., 3D printing magnesium-doped 
wollastonite/β-TCP bioceramics scaffolds with high strength and adjustable degradation, 1495-1503, Copyright (2016), with permission 
from Elsevier) (B) Schematic diagram of the micro-nanostructure surface fabrication process of BRT scaffold[86]. (Reprinted from Deng C, 
Lin R, Zhang M, et al., Advanced Functional Materials, Copyright© 1999-2021 John Wiley and Sons, Inc). (C) Schematic diagram of HA 
scaffold surface morphology[87]. (from ref[87] licensed under Creative Commons Attribution 4.0 license) (D) Local SEM images of bionic 
HA/TCP[88]. (Bio-Design and Manufacturing, 3D printing of hydroxyapatite/tricalcium phosphate scaffold with hierarchical porous structure 
for bone regeneration, 3, 2020, 15-29, Li X, Yuan Y, Liu L, et al., © 2021 Springer Nature Switzerland AG. With permission of Springer). 
(E) Schematic diagram of low-temperature 3D printed and AP and OP cross-linked TCP/PLGA scaffolds[89]. (from ref.[89] licensed under 
Creative Commons Attribution 4.0 license). (F) Finished PCL (left) and PCL/β-TCP (right) scaffolds[90]. (Reprinted from Pae H, Kang J, 
Cha J, et al., Journal of Biomedical Materials Research Part B: Applied Biomaterials, Copyright © 1999-2021 John Wiley and Sons, Inc).
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and in vivo experiments showed that new osteogenesis 
could be observed on PCL+β-TCP, PCL+ β-TCP+M 
scaffolds, and the largest area of new osteogenesis was 
observed on the PCL+β-TCP+M scaffolds.

3.2. Double layer structure
In contrast to the classic support structure in the previous 
section, the two-layer structure can be realized by adjusting 
the printing parameters based on single-layer printing. That 
is, the printhead prints two layers in the same direction 
and then switches the angle and repeats the print. Unlike 
the single-layer structure printing, multi-material can only 
be printed by the way of mechanical mixing of the paste 
before printing, and double-layer printing can be achieved 
through multi-jet printing or direct stacking method to 
avoid the degradation of material properties caused by the 
mixing of multiple pastes.

Lin et al.[5] prepared a COL-HA scaffold by low-
temperature printing technique (Figure 2A) and analyzed 

to determine the optimal printing parameters, selecting a 
rod structure with a pore size at 600 μm to maintain the 
properties of most raw material, and the experimental 
results showed that the scaffold promoted the proliferation 
of bone marrow stromal cells in vitro and could be 
incubated for 7  days with significantly higher levels of 
osteogenic gene transcription than the blank control. 
Shao et al.[91] investigated the effect of one-step/two-
step sintering method on the physicochemical properties 
of Mg ion-doped CS scaffolds on the basis of bilayer 
printing (Figure 2B), the bilayer scaffolds had increased 
degradation rate due to their large pore diameter but 
slightly weaker compressive properties than the monolayer 
scaffolds, and then the two-step sintering significantly 
improved the scaffold compressive strength (~25104 
MPa) and flexural strength (~618 MPa). Jin et al.[92] doped 
calcium silicate powders with different mass fractions of 
Mg ions and used a bilayer printing (Figure 2C), and its 
compressive strength increased from 11.2 MPa to 39.4 
MPa and 80 MPa with the increase of Mg ions content. To 

Figure 2. Schematic diagram of bilayer scaffold structure. (A) Schematic diagram of CHA scaffold printing[5]. (Reprinted with permission 
from Lin K F, He S, Song Y, et al. Low-Temperature Additive Manufacturing of Biomimic Three-Dimensional Hydroxyapatite/Collagen 
Scaffolds for Bone Regeneration. ACS Applied Materials and Interfaces. 2016; 8(11):6905-6916. Copyright© 2016 American Chemical 
Society). (B) Schematic diagram of scaffold printing by LBL method[91]. Reprinted with permission from Shao H, Ke X, Liu A, et al., 
Biofabrication,2017; 9(2):025003, ©Copyright 2021 IOP Publishing (C) Schematic diagram of cell-carrying α-TCP/collagen scaffold 
printing[92]. (Reprinted from Journal of the European Ceramic Society, 36, Shao H, He Y, Fu J, et al., 3D printing magnesium-doped 
wollastonite/β-TCP bioceramics scaffolds with high strength and adjustable degradation, 1495-1503, Copyright (2016) with permission 
from Elsevier). (D) Schematic diagram of CSi+PVA+Metal ion bilayer scaffold[93]. (Reprinted from Journal of the Mechanical Behavior of 
Biomedical Materials, 104, Alksne M, Kalvaityte M, Simoliunas E, et al. In vitro comparison of 3D printed polylactic acid/hydroxyapatite 
and polylactic acid/bioglass composite scaffolds: Insights into materials for bone regeneration, Copyright© 2021, with permission from 
Elsevier) (E) Schematic diagram of PLA/PLA+HA/PLA+BG bilayer scaffold[94]. (From ref.[94] licensed under Creative Commons Attribution 
4.0 license).
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achieve higher osteoinductivity of bioceramic materials, 
Alksne et al.[93] prepared two bilayer scaffolds, that is, PLA 
+ HA and PLA + BG (Figure 2D); PLA + BG scaffolds 
were 15% more absorbent than other controls, provided 
better nutrient and protein uptake, and induced the earliest 
onset of ALP activity and the highest cellular activity, and 
a large amount of protein deposition was found on the 
surface of PLA + BG scaffold. Due to the high process 
ability of cell-carrying bioceramic scaffolds, Kim et al.[94] 
prepared α-TCP/COL scaffolds with ceramic volume 
fraction over 70% by modulating printing parameters 
using preosteoblasts (Figure  2E), which had a higher 
elastic modulus (~0.55 MPa) compared to the control 
group and a cell survival rate of over 91% (within 4 h), 
concluding that cell-laden ceramic scaffold is a potentially 
viable solution for bone regeneration.

3.3. Hollow structure
Compared with the conventional bone repair scaffolds 
with cylindrical filament structure or rectangular filament 
structure, the hollow structure scaffold possesses one 
or more pores that completely run through both sides 
of the scaffold, and the pores are usually distributed in 

parallel. The advantage of the hollow structure is that the 
scaffold has large porosity to facilitate the growth and 
flow of osteoblasts and growth factors, transport nutrients 
and load drugs, and its internal structure also provides a 
suitable space for the development of vascular growth.

Feng et al.[95] successfully prepared a lotus root-like 
bone repair scaffold with parallel multichannel structure 
(channel-struts-packed, 1-4CSP) using Mg yellow 
feldspar (Figure  3A). The porosity (80%) and specific 
surface area (~3.86 m2g−1) of the mimetic material were 
significantly higher, and micro-computed tomography 
results showed that the BV/TV values were significantly 
higher in the 3CSP group (12.6%) after 12  weeks of 
implantation. They found that the porous scaffold is more 
suitable for cell delivery and regeneration of large bone 
defects. The complexity of the hierarchical structure, 
the mechanical properties required and the diversity of 
bone resident cells are the major challenges in building 
bionic bone tissue engineering scaffolds. Zhang et al.[96] 
successfully fabricated a mimic havers bone scaffold 
with magnesium yellow feldspar as the raw material 
– an internal mesh structure with cylindrical pores, 
accompanied by multiple regularly distributed havers 

Figure  3. Schematic diagram of hollow structure scaffold. (A) Schematic diagram of Lotus-like structure scaffold[95]. (from ref.[95] 
licensed under Creative Commons Attribution 4.0 license). (B) Schematic diagram of Haversian-like bone scaffold structure[96]. (from 
ref.[96] licensed under Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC) (C) Schematic diagram of non-porous, 
monoporous and porous scaffold prepared from apatite material[97]. (Reprinted with permission from Wang X, Lin M, Kang Y. Engineering 
Porous β-Tricalcium Phosphate (β-TCP) Scaffolds with Multiple Channels to Promote Cell Migration, Proliferation, and Angiogenesis. 
ACS Applied Materials and Interfaces. 2019; 11(9):9223-9232. Copyright© 2019 American Chemical Society) (D) Schematic diagram 
of nut-like scaffold structure prepared from NICE bioink[98]. (Reprinted with permission from Chimene D, Miller L, Cross L M, et al. 
Nanoengineered Osteoinductive Bioink for 3D Bioprinting Bone Tissue. ACS Applied Materials and Interfaces. 2020; 12(14):15976-
15988. Copyright© 2020 American Chemical Society) (e) Schematic diagram of scaffold composed of highly microporous hollow filament 
structure[99]. (Reprinted from Journal of the European Ceramic Society, 35(16), Moon Y W, Choi I J, Koh Y H, et al., Macroporous alumina 
scaffolds consisting of highly microporous hollow filaments using three-dimensional ceramic/camphene-based co-extrusion, 4623-4627., 
Copyright © 2015, with permission from Elsevier) (F) Schematic diagram of GelMA porous gel scaffold[100]. (From ref.[100] licensed under 
Creative Commons Attribution 4.0 license).

D

C

B
F

A E



Lin, et al.�

	 International Journal of Bioprinting (2021)–Volume 7, Issue 4� 51

tubes (Figure 3B), and the compressive strength (9.67 – 
26.72 MPa) and bending strength (15.21 – 21.12 MPa) 
of the scaffold could be well controlled by changing the 
parameters of the bone-mimicking structure to simulate 
the bone growth process, and the scaffold demonstrated 
the ability to induce new bone formation, angiogenesis 
and neurogenic differentiation and accelerate the growth 
of blood vessels in in vitro experiments, indicating that 
multi-cellular delivery has great potential. Wang et al.[97] 
prepared a porous β-tricalcium phosphate scaffolds with 
channel less, single-channel, and multi-channel structures 
based on a single-layer cylindrical scaffold (Figure 3C), 
which can achieve better cellular penetration and 
enhanced vascularization using interconnected channels 
and pores in the scaffold to facilitate nutrient transport. 
The macrostructure and microsurface topography of the 
implant play an important role in bone tissue regeneration. 
Chimene et al.[98] developed a gelatin methacrylate 
(GelMA) slurry based on nanoengineered ionic-
covalent entanglement in a nut-like scaffold structure 
(Figure 3D). With the increasing GelMA concentration, 
the compressive strength and toughness also increases 
(103  kPa, 78  kJ/m3  (7.5 wt%). It also showed high 
printability, excellent enzymatic degradability (no more 
than 20% degradation in 60  days), and osteoinductive 
properties. Moon et al.[99] designed 3D printed scaffolds 
with hollow structures using alumina powder with a 
particle size of 0.3 μm and camphene (Figure 3E), and 
the scaffold had a compressive strength of approximately 
5.4 MPa and a porosity of up to 86%, and the resulting 
alumina filaments exhibited a highly microporous 
structure that could effectively stimulate cell-matter 
interactions to induce new bone shapes. Ye et al.[100] 
prepared hollow-structured gel scaffolds using GelMA 
(Figure  3F) to assess biocompatibility and neuronal 
differentiation by culturing PC-12 cells and neural crest 
stem cells in vitro, and coculture experiments showed 
that the average cell viability of nerve guidance conduits 
with different inner diameters was 97.2%, 95.6%, and 
95.1%, and close to 100%, respectively, and PC-12 cells 
on GelMA scaffolds did not show any cytotoxic effects.

3.4. Core-shell structure
Adopting a physical structure similar to that of fiber optic 
cables, the core-shell structure consists of two types of 
slurry – internal and external, and is divided in different 
tubes and extruded in the form of a shell material closely 
covering the core material. Most of the common core-
shell structured supports are manufactured by coaxial 
dual-jet printing devices. The core-shell structure is 
characterized by the independence of the printing paste in 
the pre-printing process and inside the molded scaffold, 
which allows the scaffold to have degradability and 
bioactivity with adjustable fast and slow rates.

Ke et al.[101] prepared scaffolds with core-shell 
structure using β-tricalcium phosphate/β-calcium 
silicate (Figure 4A) with different combinations (CaSi@

CaP, CaP@CaSi, CaSi, and CaP), and by adjusting the 
composition distribution, it was found that CaSi@CaP 
showed a faster degradation rate within 7 – 14  days 
(35%), while CaP@CaSi microspheres showed excellent 
surface bioactivity and osteogenic activity (BV/TV, 
33%). Pistry et al.[102] used alginate gel or alginate/
poly(ethylene glycol) diacrylate hybrid hydrogel as the 
scaffold shell in coaxial printing, and the core material 
was separately used in three hydrogels encapsulating 
different cells (3T3-GelMA, HepG2-COL, and human 
umbilical vein endothelial cells [HUVEC]-Matrigel) 
(Figure  4B). The experimental results showed that 
the scaffold had good mechanical properties (elastic 
modulus up to 500 kPa) after the addition of PRGDA to 
the alginate gel, and the cells on the scaffold as a whole 
exhibited high biological activity, which remained above 
90% after 28 days of in vitro culture. Taymour et al.[103] 
developed a core-shell structure scaffold using alginate 
and methylcellulose to loaded hepatocytes through a 3D 
extrusion-based bioprinting method (Figure 4C), which 
effectively constructed a microenvironment that allowed 
coculture of hepatocytes with other liver-specific cells. 
Jin et al.[92] prepared a calcium silicate core-shell structure 
scaffold containing different mass fractions of Mg ions 
by a coaxially aligned bilayer nozzle device (Figure 4D), 
and the presence of Mg increased the compressive 
strength of the scaffold from 39.4 MPa (CSi-Mg4) to 80 
MPa (CSi-Mg10), and the degradation rate of CSi-Mg10 
after 6 weeks was only 4.3%. Hong et al.[104] prepared a 
gelatin-polyethylene glycol-tyrosamine-based core-shell 
structure based on a coaxial extrusion device using a one-
step gel bioprinting method (Figure  4E), and achieved 
radial distribution of multiple vascular cells by loading 
HUVECs with human dermal fibroblasts in tyramine, 
demonstrating that one-step generation of the idea of 
vascular structures is feasible.

3.5. Bionic structures and others
In addition to the four main structures mentioned above, 
the overall structure of the scaffold can be customized 
to fit the shape of the defect or to simulate the organ 
contour, depending on the skeletal defect and the need 
for functionality of the scaffold. For example, to repair 
bone defects more efficiently and precisely, designers try 
to print scaffolds into bionic structures such as meniscus-
shaped and ear-shaped. To address the defects in patients’ 
bodies more specifically, scaffolds are often designed into 
special structures such as boat-shaped, spring-shaped, 
and scroll-shaped, which can easily encapsulate cells and 
growth factors or load other drugs[105].

Inspired by the rosette structure, Han et al.[106] prepared 
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a porous structures encapsulating deferoxamine (DFO)
liposomal hydrogel microspheres using a combination 
of microfluidic and light-curing techniques (Figure 5A). 
About 36% of DFO was released within the first 6 h and 
69% after 7  days, and the expression of osteogenesis-
related proteins such as HIF1-α, CD31, OPN, and OCN 
in the rat femoral defect model were effectively promoted, 
thereby significantly cutting down the time of bone 
repair. Meanwhile, Gao et al.[107] attempted to prepare 
3D hydrogel vascular structures with multi-level fluid 
channels by extruding hollow structured sodium alginate 
filaments loaded with fibroblasts and smooth muscle cells 
through a coaxial nozzle (Figure  5B), which improved 
the overall mechanical strength of the scaffold, and L929 
mouse fibroblasts encapsulated in the structures attained 
over 90% survival within 1  week. In addition to the 
encapsulation of cells or drugs in the slurry, researchers 
have used different post-processing methods to explore 
the structural and performance aspects of 3D printed 
scaffolds. Ma et al.[108] developed a high-precision rapid 
3D bioprinting technique using biohydrogel (GelMA) as a 
substrate to combine two types of cells in a complementary 
mode, and constructed a bionic 3D liver tissue model by 

photopolymerization of the hydrogel matrix (Figure 5C). 
The scaffolds exhibited good biocompatibility with only 
9% reduction in cell survival after 1  week of printing. 
In addition, the liver genes in 3D cultivation mode were 
higher than two-dimensional (2D) monolayer culture. 
Xie et al.[109] prepared a complex 3D structure such as 
ear-like, nasal, and multi-hollow chamber-like using 3D 
bioluminescent printing (Figure 5D) that possesses higher 
biocompatibility and combines GelMA with conventional 
microfluidic chips in a double cross-linking method. In 
addition, scaffolds can also be used as suitable models for 
in vitro drug screening, cell interaction studies, etc. By 
encapsulating cells in a chip, Xue et al.[110] successfully 
prepared a graphene oxide/chitosan/calcium silicate (GO/
CTS/CS) bioactive scaffold by a “bottom-up” approach 
(Figure 5E), and the interaction between the GO/CTS/CS 
laminar microstructure interfaces and the multilayer helical 
columnar structure of the calcium silicate biomaterials 
resulted in high bending strength, compressive strength, 
toughness, and specific strength. The expression level of 
osteogenic genes was higher than those of the blank group 
(~150%), and significant osteogenic effects could be seen 
after 8 weeks of in vivo experiments.

Figure 4. Schematic diagram of the core-shell structure scaffold. (A) SEM images of CaSi, CaP core-shell structure[101]. (Reprinted with 
permission from Ke X, Zhuang C, Yang X, et al. Enhancing the Osteogenic Capability of Core-Shell Bilayered Bioceramic Microspheres 
with Adjustable Biodegradation, ACS Applied Materials and Interfaces. 2017; 9(29):24497-24510, Copyright © 2017 American Chemical 
Society) (B) Schematic diagram of GPT-50 and HUVEC hybrid scaffold printing[102]. (Reprinted from Pistry P, Aied A, Alexander M, 
et al., Macromolecular Bioscience, Copyright © 1999-2021 John Wiley and Sons). (C) Printed schematic of the cell-loaded hydrogel 
core-shell structure scaffold[103]. (from ref.[103] licensed under Creative Commons Attribution 4.0 license). (D) Schematic diagram of the 
CSi+PVA+Metal ion core-shell structure scaffold[92]. (Reprinted from Journal of the European Ceramic Society, 36, Shao H, He Y, Fu J, et 
al., 3D printing magnesium-doped wollastonite/β-TCP bioceramics scaffolds with high strength and adjustable degradation, 1495-1503, 
Copyright (2016), with permission from Elsevier) (E) Printed schematic of the GelMA-loaded dual-cell scaffold[104]. Reproduced from 
ref.[104] with permission from The Royal Society of Chemistry.
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4. Composite function
With the development of tissue engineering technology, 
biomedical scaffolds used in clinical practice are 
constantly updated[111-116]. 3D printed scaffolds are widely 
used in regenerating tissues and organs such as skin, 
nerve, bladder, bone, and blood vessels[117-119]. However, 
it is still difficult to prepare ideal 3D printable scaffolds 
that promote tissue regeneration[120]. 3D bioprinting, 
a recently developed biomanufacturing technology, 
addresses this challenge by providing unprecedented 
manufacturing precision by a highly controllable 
mechanical manufacturing mechanism[121]. Bioprinting 
technology is controlled by a computer-aided design 
system and can manufacture a variety of complex 
microstructures layer by layer. Cell printing is one of 
the more widely used 3D bioprinting methods that 
can overcome the drawbacks of conventional cell-free 
printed 3D scaffolds by loading cells in bioink. Using 

a cell-filled hydrogel as the bioink, cell printing can 
print any cells needed directly within the scaffold area to 
prepare 3D cell scaffold structures with cell proliferation 
and differentiation[122-127].

However, bioprinting of cellular structures faces 
significant obstacles, including the impact of different 
materials on maintaining mechanical properties at 
micro- and macro-scopic scales, achieving tissue designs 
with biological specificity, developing methods to 
obtain and expand functional cells from stem cells, and 
connecting bioprinted tissues to the physiological vascular 
system. The initial success of clinical applications of 
3D bioprinting for the preparation of active tissues 
was attributed to the relatively simple geometry of the 
prepared active tissues. Based on this perspective, we 
provide an overview of recent advances in bio-3D printed 
active scaffolds and a generalized enumeration of their 
main functions.

Figure  5. Schematic diagrams of other scaffold structures. (A) Schematic diagram of GML+TGL material mimic lotus pod scaffold 
structure[106]. (From ref.[106] licensed under Creative Common Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-
ND 4.0) (B) Schematic diagram of cell-carrying spring-like scaffold structure[107]. (Reprinted with permission from Gao Q, Liu Z, Lin 
Z, et al., 3D Bioprinting of Vessel-like Structures with Multi-level Fluidic Channels, ACS Biomaterials Science and Engineering. 2017; 
3(3):399-408. Copyright© 2017 American Chemical Society) (C) Schematic diagram of hexagonal mimic scaffold structure[108]. Reprinted 
with permission from Ma X, Xin Q, Wei Z, et al. Deterministically patterned biomimetic human iPSC-derived hepatic model via rapid 3D 
bioprinting. Proceedings of the National Academy of Sciences. 2016; 113(8):2206. (D) Light microscope images of multi-shape GelMA[109]. 
Adapted from Xie, M., Yu, K., Sun, Y., Shao, L., Nie, J., Gao, Q., Qiu, J., Fu, J., Chen, Z., He, Y. Protocols of 3D Bioprinting of Gelatin 
Methacryloyl Hydrogel Based Bioinks. J. Vis. Exp. (154), e60545, doi:10.3791/60545 (2019) (E) Schematic diagram of multi-layered helical 
cylindrical scaffold structure[110]. Reprinted with permission from Xue J M, Feng C, Xia LG, et al. Assembly Preparation of Multilayered 
Biomaterials with High Mechanical Strength and Bone-Forming Bioactivity. Chemistry of Materials. 2018; 30(14):4646-4657, Copyright© 
2018 American Chemical Society.
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4.1. Cartilage
The skeletal system consists primarily of bones, cartilage, 
and bands of fibrous connective tissue (i.e.  tendons and 
ligaments). Cartilage is a highly specific tissue with no 
blood supply, nerve tissue, or lymphatic vessels, and 
once injured, it cannot regenerate spontaneously in the 
body[128]. Calcified cartilage is found in the deepest part of 
the natural cartilage tissue, connecting the cartilage to the 
underlying subchondral bone[129]. Cartilage defects usually 
include damage to surface articular cartilage, intermediate 
calcified cartilage, and deep subchondral bone[130]. Driven 
by the growing medical demand, the number of patients 
requiring functional bone grafting is also increasing, with 
at least 500,000  patients receiving bone defect repair 
annually worldwide[131]. Therefore, bioprinting of skeletal 
tissues such as cartilage is one of the main areas of 
interest in the field of tissue engineering and regenerative 
medicine. In contrast, traditional treatment methods are 
complicated and not only lead to a lack of biomechanical 
function of fibrocartilage, but also have limitations in 
terms of cost and side effects. With the development of 
cartilage engineering, the construction and grafting of 
cartilage composites is considered an effective method to 
treat osteochondral (OC) defects[132,133].

Recently, Chen et al.[134] designed and successfully 
fabricated a three-layer gradient cartilage scaffold by 
physical cross-linking, photo-cross-linking, and chemical 
cross-linking for the 1st  time, and the addition of nHA 
effectively improved the tensile properties of the scaffold 
(up to 160 kPa). With the increase of nHA concentration, 
the compressive strength of the scaffold also increased, 
and the compressive strength of nHA scaffold with 70% 
nHA content can reach 0.65 MPa, which is about 5 times 
of 40% nHA content. The ICRS (International Cartilage 
Repair Society) score was the highest in the 70% nHA 
+ BMSC group. Sun et al.[135] printed gradient scaffolds 
with PCL and wrapped BMP 4 and TGF-β3 into PLGA 
microspheres, and encapsulated them into hydrogels along 
with bone marrow MSCs (BMSCs), which were injected 
into the PCL fiber gap. To better simulate the full cartilage 
structure, the deepest layer was the hydrogel wrapped with 
BMP4, while the upper layer was the hydrogel wrapped 
with TGF-β3. The characterization results showed that the 
scaffold had well connectivity and biocompatibility, and 
the PCL support structure provided a suitable environment 
for cell distribution, nutrient supply, and proliferation and 
differentiation. In addition, the gradient scaffold formed 
bone-like tissue (4 times that of the non-gradient scaffold) 
in whole layers after 12 weeks of in vitro culture, and its 
Young’s modulus and mechanical properties were close 
to those of normal cartilage tissue. Diloksumpan et al.[136]  
integrated hydrogel, ceramic, and polymer materials to 
fabricate a calcium phosphate-based bioceramic ink into 
a subchondral bone substitute using extrusion printing, 

followed by a near-field direct writing technique to prepare 
polymer meshes immobilized in the ceramic ink and 
embedded in cell-laden GelMA (Figure 6C). The several 
microfiber structures prepared as crosslinker resulted 
in more than 6.5-fold increase in bond strength at the 
hydrogel-ceramic interface, and the Melt Electrowriting 
lattices imparted cartilage structures with compressive 
properties close to those of natural cartilage (20 times that 
of the original hydrogel), in addition, cells remained viable 
within the microfiber reinforced GelMA and the deposition 
of cartilage-like extracellular matrix was observed in both 
structures after 6 weeks of culture. Kim et al. and Hong 
et al.[137,138] synthesized a light-curable bioink material, that 
is, glycidyl methacrylate modified silk protein (Sil-MA), 
for the 1st time. It was found that the compressive modulus 
increased about 2.6 times for every 10% increase in Sil-
MA concentration, and the compressive breaking stress 
was up to 910 kPa and the tensile fracture stress was up 
to 50 kPa for a 30% concentration of Sil-MA hydrogel; an 
extended epithelial matrix was found around the Sil-MA 
hydrogel in rabbit tracheal defect experiments, confirming 
that the Sil-MA hydrogel replaced the defective part of the 
trachea part of the trachea and guided the regeneration of 
the trachea.

4.2. Vascular
Bone tissue repair requires nutrient and oxygen delivery 
and the ability to remove waste products in a timely 
manner to maintain necessary functions and nutrient 
supplies[139-141]. Therefore, the introduction of vascular-
like structures is a prerequisite for the successful 
design of functional tissues suitable for regeneration 
and the construction in in vitro models[142]. Achieving a 
directed design of vascular growth structures remains 
a great challenge, and pre-creating microstructures 
with customized microtissues (e.g.  interconnected 
microchannels) to mimic the vascular system that 
provides a survival environment for the surrounding 
stromal cells remains a feasible solution.

To achieve this goal, researchers have explored cell-
laden printing techniques to ensure precise control of the 
spatial arrangement of vascular cells in the matrix. Jia 
et al.[143] used bioinks made of GelMA, sodium alginate 
and 4-arm poly(ethylene glycol)-tetra-acrylate to deposit 
implantable vascular structures with highly ordered 
arrangements in one step by a coaxial extrusion device. 
The percentage of surviving cells under UV experiments 
exceeded 80%, and longer UV irradiation reduced the 
scaffold degradation rate. Suntornnond et al.[144] designed 
and fabricated highly printable hydrogel composites 
using Planic-127 and GelMA to prepare mimic vascular-
like scaffold structures by 3D extrusion-based printing 
method, and in vitro evaluation showed that after 7 days 
of co-culture, the highest number of cells survived 
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(nearly 20% more) at a Planic-GelMA ratio of 2:1, and 
the hydrogel composite with this ratio provided a good 
platform for cell attachment and proliferation. Non-
scaffold vascular-like structures are evolving as potential 
vascular alternatives through 3D bio-direct printing 
technology. Zhang et al.[145] used sodium alginate solution 
as a printing ink and formed vascular-like structures 
through coaxial printing by physical cross-linking using 
calcium chloride solution. Compared to conventional 
scaffold structures with a 21% reduction in volume, 
the lubricin gene PRG-4 also showed over a twofold 
higher expression in hollow fibers after encapsulation of 
cartilage progenitor cells.

4.3. Drug-carrying antibacterial
Malignant bone tumors mainly include osteosarcoma, 
chondrosarcoma, and Ewing sarcoma[146-148]. At present, 
a combination of surgical resection, chemotherapy, and 
radiotherapy is often used for malignant bone tumors, 
and this treatment has significantly improved the overall 
survival rate of patients in the last 5 years[149]. However, 
surgical resection cannot completely eliminate tumor 
cells and can lead to bone defects, and chemotherapy 
and radiotherapy may induce side effects such as drug 
resistance and radiation resistance in normal tissues. 
To address these long-standing challenges for patients, 
researchers have worked to develop bone repair scaffolds 
that have antimicrobial properties and inhibit the growth 
of tumor cells.

Bioceramic materials are widely used in the repair 
of tissue defects in bone, teeth and skin due to their 
ability to induce tissue regeneration and regulate cell 
growth and functional differentiation. In recent years, 
it has been found that composite scaffolds made of 
bioceramic materials and materials which containing 
tumor growth inhibitors can not only keep the growth of 
tumor cells, but also further repair bone defects caused by 
surgery[150-152]. Mehdi et al.[153] prepared a gelatin/β-TCP 
composite scaffold, and in vivo experiments showed that 
the rate of new bone formation throughout the defective 
area was more than 75% after 3 – 4 months, the scaffold 
was further treated by adding zoledronic acid which 
inhibits tumor cell growth and the gelatin/β-TCP scaffold 
structure could modulate the release of drugs in vivo for 
therapeutic effect.

In recent years, photothermal therapy (PTT), 
a minimally invasive and highly effective antitumor 
approach, has been shown in numerous clinical trials to 
improve the effectiveness of tumor treatment and reduce 
side effects[154-156]. PTT requires ablation of tumor tissue 
by induced thermotherapy with the help of photothermal 
agents. Wang et al.[157] developed a new bifunctional 
biomaterial (MS-AKT scaffold) with photothermal 
therapeutic ability and bone regeneration ability, and 

based on the in vivo experiments, 89% of tumor cells 
in the MS-AKT group were necrotic, which was much 
higher than other controls. This bifunctional scaffold was 
able to treat tumors and promote bone growth, providing 
a promising clinical strategy for the treatment of tumor-
induced bone defects. Liu et al.[158] used Darvan821-A 
as a size controlling agent and dispersant for the 1st time 
during HA synthesis to prevent the formation of particle 
aggregates throughout the COL matrix, resulting in COL-
nHA scaffolds with excellent rheological properties and 
great potential for precise tailoring of scaffold shape. 
In addition, inhibition of tumor cell growth can also be 
achieved by incorporating materials with photothermal 
properties in the scaffold to control temperature changes 
under infrared irradiation. Wang et al.[159] prepared a series 
of black bioceramic powders with good biocompatibility 
by magnesium thermal reduction, and the presence of 
a large number of oxygen vacancies inside the crystals 
improved the degradation properties of the scaffold 
materials and the adhesion effect for osteoblasts and skin 
cells. Under low-power infrared irradiation, the black 
bioactive ceramic scaffolds demonstrated a significant 
photothermal warming effect, and the survival rate of 
LM8  cells was only 0.98% at 25  min after irradiation. 
Bo et al.[160] combined copper ion-ligated meso-Tetra(4-
carboxyphenyl) porphine (Cu-TCPP) with tricalcium 
phosphate ceramic scaffold material to make Cu-TCPP-
TCP composite scaffold, and based on the in vitro 
experiments on PTT, 20Cu-TCPP-TCP scaffold had only 
10% bone tumor cell activity under near-infrared light 
irradiation.

5. Conclusions
In summary, this paper points out that the standard of 
bone repair scaffolds within the field of tissue engineering 
is getting higher. Conventional bone repair scaffolds can 
no longer meet the high standards and requirements of 
clinical applications in terms of preparation process and 
service performance. A  wide range of researchers are 
dedicated to exploring the diversity of scaffold structures 
and functions and developing bioprinting technologies to 
improve the filament structure, material composition and 
scaffold functions in terms of printing paste, preparation 
process, and scaffold structure in order to build bone 
repair scaffolds that meet modern clinical requirements. 
In terms of material composition, bioceramics as the 
traditional bone repair scaffold material have been the 
first choice of researchers, but the unchanging ceramic 
scaffold cannot meet the clinical needs of contemporary 
society. The introduction of polymeric materials has 
greatly improved the biocompatibility and printability 
of scaffolds. Some materials in polymers, such as 
hydrogel, COL, and PLA, have good viscoelasticity 
as well as biocompatibility, and it can be introduced 
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into the scaffold as an outer membrane to wrap growth 
factors and functional cells with different functions. 
In terms of spatial structure, attempts were made to 
improve the classical structure by creating microporous 
or hydrothermally generating nano-layers on the scaffold 
surface; bilayer structure can improve the mechanical 
properties as well as ensure the independence of the slurry 
while printing multiple materials; core-shell structure 
can intelligently adjust the degradation rate of the 
scaffold materials; and hollow structure provides more 
space for the growth of blood vessels and nerve tissues 
on the basis of increasing the porosity. There were also 
some specific scaffolds designed on the basis of bionic, 
which can repair human bone defects more precisely 
and efficiently after implantation. In terms of biological 
functions, to meet the growing clinical demands, bone 
repair scaffolds are endowed with antibacterial, tumor 
suppressive, slow drug release, and tissue regenerative 
properties in addition to meeting the basic osteogenic 
requirements, which help facilitate maximal recovery 
while meeting the requirements of bone repair.

The market scale of bone repair devices sees a 
continuous expansion while the patients’ requirements 
for post-operative living standards and the structural 
and functional diversity of bone repair scaffolds have 
gradually increased. The future development can be 
concluded in different aspects:
1.	 In future, the bone repair scaffold is not only similar 

to bone tissue in terms of chemical composition 
(e.g.  bioceramics, polymers, cells, and growth 
factors), but also in terms of physical structure which 
can simulate the shape of bone defects and human 
tissue mechanism from a bionic perspective to 
achieve precise repair and shorten osteogenesis time 
(e.g. more microscopic Haver’s canal, and vascular 
tract).

2.	 Building a balance between mechanical and 
biological properties of the scaffold. Scaffolds with 
good mechanical properties have a high specific 
gravity of bioceramics, which is detrimental to cell 
viability; scaffolds with eximious cell viability tend to 
be polymer-based and require sacrificing mechanical 
properties.

3.	 Composite materials have become the first choice 
for the preparation of bone repair scaffolds. With 
the gradual increase in the number of scaffold 
components, it remains a challenge to ensure that 
the advantageous properties of each material and the 
value of the material are maximized.

4.	 More functions are given to the bone repair scaffold 
according to sites and physiological regions. For 
example, the function of loading drugs can cure bone 
tumors with long-lasting stability; the function of 
scaffold can be expressed under microenvironmental 

changes such as pH, electric field, magnetic field, and 
temperature.

5.	 After continuous optimization and efforts to bring 
bone repair scaffolds into clinical treatment, a 
marketable clinical application of bone repair 
scaffolds will be of interest in the future in the field 
of tissue engineering.

6.	 The concept of four-dimensional (4D) printing, which 
gives the scaffold structure the property of changing 
over time, opens up a new vision of scaffold function 
from a new dimension, and the customized spatial 
arrangement of cells and the activity of cells during the 
printing process, will be the topics of future research.
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Abstract: The development of three-dimensional (3D)-printable inks is essential for several applications, from industrial 
manufacturing to novel applications for biomedical engineering. Remarkably, biomaterials for tissue engineering applications 
can be expanded to other new horizons; for instance, restoration of rigid living systems as coral reefs is an emergent need derived 
from recent issues from climate change. The coral reefs have been endangered, which can be observed in the increasing bleaching 
around the world. Very few studies report eco-friendly inks for matter since most conventional approaches require synthetic 
polymer, which at some point could be a pollutant depending on the material. Therefore, there is an unmet need for cost-effective 
formulations from eco-friendly materials for 3D manufacturing to develop carbonate-based inks for coral reef restoration. Our 
value proposition derives from technologies developed for regenerative medicine, commonly applied for human tissues like 
bone and cartilage. In our case, we created a novel biomaterial formulation from biopolymers such as gelatin methacrylate, poly 
(ethylene glycol diacrylate), alginate, and gelatin as scaffold and binder for the calcium carbonate and hydroxyapatite bioceramics 
needed to mimic the structure of rigid structures. This project presents evidence from 2D/3D manufacturing, chemical, mechanical, 
and biological characterization, which supports the hypothesis of its utility to aid in the fight to counteract the coral bleaching that 
affects all the marine ecosystem, primarily when this is supported by solid research in biomaterials science used for living systems, 
it can extend tissue engineering into new approaches in different domains such as environmental or marine sciences.
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1. Introduction
Biomaterials have been essential elements in developing 
technologies that counteract the current issues in the 
biomedical field[1]. On the other hand, there is a strong 
interest from the industry to create new technologies based 
on eco-friendly biopolymers that can be cost-effective 
for the current needs in the market[2]. Therefore, several 
studies coming from the development of biomaterials are 

a trending topic for medical applications. Researchers 
commonly look for natural sources that could potentially 
be chemically and physically modified to surpass their 
ground state behavior[3]. A couple of examples are gelatin 
and alginate as one of the classic materials for tissue 
regeneration. Gelatin comes from inexpensive natural 
sources; on the other side, alginate has ionic-crosslinking 
behavior that permits crosslinking with cations such 
as calcium. Both biopolymers are used for cartilage 

© 2021 Avila-Ramírez, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution 
and reproduction in any medium, provided the original work is cited.
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replacements, bone regeneration, drug delivery, and even 
exciting uses for molecular gastronomy. Gelatin usually 
works as a viscous platform to bind other elements of 
interest.

Nevertheless, to expand the functionality of these 
materials in tissue engineering, the methacrylation 
reaction has been studied; in this case, the 
functionalization of gelatin can be photo-crosslinked by 
different wavelengths, depending on the photoinitiator 
(PI) used. This physicochemical improvement has 
permitted the usage of novel biofrabrication techniques[4]. 
Besides applications in wound dressings and hard 
tissues, cartilages or bones have been implemented with 
gelatin methacrylate (GelMA), with reinforcements with 
bioceramics as hydroxyapatite and other sort of inorganic 
particles[5,6]. In addition, poly (ethylene glycol diacrylate) 
(PEGDA) has been widely implemented due to its fast 
end effective crosslinking behavior, which can work as 
a complement to other photo-cross-linkable polymers[7].

Innovation should not be stuck in just a particular 
direction; conversely, there are other biological issues 
that our world is currently facing. Therefore, it is crucial 
to take action to adopt eco-friendly applications that could 
counteract problems derived from climate change. Thus, 
we aim to expand tissue engineering applications into a 
broader range of goals in this project. For instance, one of 
the most significant burdens from the environmental and 
marine sciences is coral bleaching, that in other words can 
be considered the disruption of a symbiosis that consists 
of a robust and rigid system of calcium carbonate with the 
living beings, which are mainly species of polyps derived 
from heat wave and changes in the marine ecosystem 
that bleaches the colonies and have strong effects in the 
marine biota[8,9]. For this reason, many groups around 
the world has started to take an interest in creating and 
developing new formulations and taking advantage of 
new innovative materials to counteract environmental 
problems as a way of preventing more extensive 
problems that will jeopardize the lives of human beings in 
the future[10,11]. Therefore, in this project, biopolymers as 
gelatin, alginate, gelatin methacrylate (GelMA), and poly 
(ethylene glycol diacrylate) (PEGDA) are reinforced with 
bioceramics as calcium carbonate and hydroxyapatite. 
This unique formulation can assist the growth of hard-
living systems, like corals, as an innovative technology 
that ionic/photo-crosslink, which makes it adaptable to 
new 3D manufacturing technologies and can withstand 
under wet conditions (Figure 1).

2. Materials and methods
The following materials and reactants are necessary for 
obtaining the biopolymer base and bioceramics to develop 
the final paste and subsequently realize the fundamental 
characterization. The final formulation is homogenized 

into two main parts. The initial one is the biopolymer 
base that works as a binder and crosslinking material. 
The second is the bioceramics side that will reinforce the 
paste and mimic the paste hard-living structure, a standard 
coral. The materials used include GelMA (synthesized), 
gelatin from porcine skin (Sigma-Aldrich), alginic acid 
(Merck), PEGDA (Sigma-Aldrich), lithium phenyl-2,4,6 
trimethyl-benzoyl phosphinate (Sigma-Aldrich), 
milli-Q water, hydroxyapatite (Sigma-Aldrich), calcium 
carbonate (Sigma Aldrich), dimethyl sulfoxide (DMSO) 
(Sigma-Aldrich), Dialyzer Maxi, molecular weight cut 
off (MWCO) 12 – 14 kDa (Merck), 0.22 µm bottle top 
vacuum filter (Corning), DMSO for Nuclear Magnetic 
Resonance (NMR) (Sigma-Aldrich), phosphate-buffered 
saline (PBS), pH 7.4 (Sigma-Aldrich), and syringe pump 
(Harvard Apparatus).

2.1. High GelMA (H-GelMA) synthesis
For a high degree of methacrylation of GelMA (Figure S1), 
that is, 10  g of gelatin, 100  mL 1 × PBS (sterile) was 
added. The mixture was dissolved with the aid of a 
heating plate (~240 rpm at 50°C). 8 mL of methacrylic 
anhydride was added dropwise with the assistance of a 
syringe pump and let emulsion rotate (240 rpm) at 50°C 
for 2 h. 100 mL of sterile PBS (50°C) was preheated to 
dilute GelMA solution for 10 min at 50°C. The dialysis 
membrane (MWCO 12-14,000  kDa) was prepared at 
40°C, and GelMA solution was inserted inside them; 
dialysis was allowed to go on for a minimum of 5 days 
with constant stirring. The water was changed from 1 
to 2  times a day to eliminate the excess methacrylate 
ions and dispose of the residue in a regulated container. 
A  sterile vacuum (0.22 µm) filtration cup was used to 
filter the liquid. Sterilized polymer was transferred into 
Falcon tubes. Semi-closed tubes were submerged in 
liquid nitrogen and freeze-dried for at least 5 days to get a 
sponge-like freeze-dried GelMA sample[12].

2.2. Biopolymer-base preparation
Depending on the volume required to prepare and the 
percentages stated in Table  1, freeze-dried H-GelMA, 
gelatin, alginate, and PEGDA were dissolved in Milli-Q 
with constant stirring to dissolve the final solution. 
Using a heath bath is recommended to melt the solution 
at a temperature of the maximum of 50°C. A  higher 
temperature can modify the molecular behavior of the 
four polymer chains and jeopardize the accuracy of 
printability. Then, the PI was added (Lithium phenyl-2,4,6 
trimethylbenzoylphosphinate) to the previous solution. To 
avoid the interaction with light that triggers crosslinking 
reaction, it is recommended to cover it with aluminum 
foil. This base can be kept at −20°C for more extended 
periods if there is no interaction with light that could 
trigger gelation.
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2.3. Bioceramics reinforcement
The quantity of bioceramics needed for the formulation 
is presented in Table  1, imbued at the biopolymer-
based solution prepared previously. Solid and 
constant stirring with a thin spatula is crucial as the 
final homogenous product will be viscous, similar 
to a commercial bone paste. It is recommended to 
start 3D printing protocols with the fresh material to 
avoid premature crosslinking with the light or natural 
desiccation of water. The formulation is intended to be 
cost-effective because the biopolymer part from the 
formulation was designed at minimal concentrations 
without compromising its crosslinking properties and 

printing fidelity, relying on inexpensive materials for 
commercial 3D manufacturing technologies.

2.4. Manufacturing
Two methodologies were used for 3D manufacturing. The 
first one was molding of a flexible resin; it is designed in 
different designs derived from real branched and brain 
corals obtained in the red sea. The second one is 3D 
printing based on the implementation of two systems: 
A pressure-based bioprinter Inkredible from the Cellink 
company and the designed 6-°-of-freedom robotic arm 
system developed for bioprinting applications at our 
research group[13].

Table 1. Formulation from the complete ink.

Biopolymer base Percentage W/W Weight by 
cartridge sample

Purpose

High gelatin methacrylate 
(H-GelMA)

2.50% 0.25 g. Photo-crosslinking and printability

Poly (ethylene glycol diacrylate) 
(PEGDA) 700 MW

2.50% 0.25 g. ≈ 0.25 mL Increase speed rate of photo-crosslinking

Alginic acid (Alg) Low MW 2.50% 0.25 g Ionic-crosslinking with calcium 
Gelatin (Gel) 2.50% 0.25 g Viscosity for pre-crosslinked paste
Lithium phenyl-2,4,6 
trimethylbenzoylphosphinate (LAP)

0.15% 0.015g Photoinitiation 365(UV) – 405 (blue) nm 

Bioceramics Percentage W/W Weight in 10 mL. Purpose
Hydroxyapatite (HA) 40% 4 g Density for under wet conditions
Calcium carbonate (CaCO3) 40% 4 g Mimic coral chemical Structure
Solvent Quantity Quantity Purpose
Milli-Q water 10 mL 10 mL Dissolve 

Figure  1. Explanation from the project’s scope. (A) Integration of biopolymers gelatin, alginate, gelatin methacrylate, poly (ethylene 
glycol diacrylate), and bioceramics calcium carbonate and hydroxyapatite for potential rigid-living systems. (B) Schematics from the two 
primary sources of crosslinking to enhance printability, ionic-crosslinking with cations such as calcium and photo-crosslinking with a 
wavelength range from 365 nm to 405 nm. (C) The proposal for a potential future application with this material for rigid-living systems can 
be manufactured with extrusion-based 3D printing technologies.
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2.5. Image processing for 3D printing
The similarity structural index measurement (SSIM) was 
measured by comparing pixels between images (Figure S2); 
it can be visually seen how the comparison is made between 
two fixed figures to get this numerical value[14]. The response 
surface methodology (RSM) was applied to evaluate the 
effect of enhancing the developed ink with hydroxyapatite 
and calcium carbonate over the structural similarity index 
from the printed structure. According to the statistical 
modeling reported in recent studies[15,16], the elaboration 
of the RSM was performed with the MATLAB® software, 
and the model’s constants were obtained with the Minitab 
18 software (Minitab® LLC, USA). The general model is 
presented in Equation 1, and the simplified resulting model 
is shown in Equation 2.

γ δ δ α δ β δ α δ β δ αβ ε= ± ± ± ± ± ( ) +0 1 2 3

2

4

2

5 ijk 	 (1)

Equation 1. A  general model for the effect of 
hydroxyapatite and calcium carbonate over the structural 
similarity index of the printed structure; where Y is the 
response and α,β are the factors of the model, δ0,1,2,3,4,5 
represent the constants of the model, and εijk is the total 
error.
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Equation 2. A  simplified model for the effect of 
hydroxyapatite and calcium carbonate over the structural 
similarity index of the printed structure; where Y is the 
response and α,β are the factors of the model, δ0,1,2,3,4 the 
constants of the model, i represents any of the two factors, 
and φi the solved values from the partial derivatives.

2.6. Morphological imaging
The scanning electron microscope FEI Magellan extreme-
high-resolution imaging was applied to a grid of the 3D 
printed formulation, crosslinked, and dried overnight, 
with an accelerating voltage of 3 kV. The dried peptides 
were sputter-coated with 5  nm Ir before imaging. An 
optical microscope was used to obtain the macrography 
with a source of light in the upper side from the sample.

2.7. Chemical characterization
For Fourier-transform infrared (FTIR) spectroscopy, a 
Thermo Nicolet iS10 FTIR Spectrometer (Thermofisher) 
was used; the samples were prepared and crosslinked by 
two different sources individually compared to control 
with exposure at room conditions. For Solid-State NMR, 
the 13C Magic Angle Spinning (MAS) NMR spectra were 
recorded using Bruker Avance 400 MHz spectrometer 
(Bruker, USA) at room temperature. The sample was 

lyophilized. Bruker Topspin 3.5pl7 software (Bruker 
BioSpin, Rheinstetten, Germany) and MestReNova 
(Mestrelab Research, Spain) were used for data collection 
and analysis. In addition, Solution-State NMR, the NMR 
spectra (1H and 13C) of biopolymer-base were recorded 
using Bruker Avance 400 MHz spectrometer (Bruker, 
USA) at room temperature. The sample was prepared to 
dissolve 5 mg powder in 500 µl of d6-DMSO (Cambridge 
Isotope Laboratories, USA) and then transferred into 5 mm 
NMR tubes. Bruker Topspin 3.5pl7 and MestReNova 
software were used for data collection and processing, 
respectively, of NMR of H-NMR, C-NMR for the solid 
and liquid state, the PI was not added as it behaves similar 
to paramagnetic species; therefore, the equipment will not 
detect any significant signal. A complete sample of a printed 
coral was ground for X-ray diffraction compared with 
bioceramics spectra. For thermochemical characterization, 
both thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) (TA Instruments), the final 
printed inks were ground and analyzed by both instruments. 
Around 20 mg of material were used for each sample. The 
ranges of temperatures used, were 25-850°C for TGA and 
25-400°C for DSC.

2.8. Viscoelastic characterization
The mechanical properties of non-crosslinked ink were 
analyzed using TA Ares-G2 Rheometer equipped with 
Advanced Peltier System. A  freshly prepared ink was 
measured using an 8  mm parallel plate with a 1.8  mm 
gap at 25°C. The stiffness was analyzed through a time-
sweep test for 5  min with angular frequency and one 
rad/s and 0.1% strain, respectively. A temperature sweep 
was subsequently performed on the sample by applying 
a gradual temperature increase from 25°C to 50°C with 
similar angular frequency and strain.

The viscosity of the ink before crosslinking was 
determined using 25  mm parallel plate geometry with 
a 0.5  mm gap at 25°C. Three replicate samples were 
measured using a 25  mm parallel plate geometry with 
a gap of 0.5 mm at 25°C. The flow experiment was set 
up by starting the shear rate from 0.001 to 300 s−1 for a 
600-s duration. The value of the shear rate that we choose 
for our printing system was calculated using the equation 
below[17,18]:

			   γ
π

= 8
3

Q
d

� (3)

Equation 3. γ: shear rate (s−1); Q: flow rate (2 µL/s); 
d: diameter of needle (0.84 mm).

2.9. Biological assessments
Undifferentiated mesenchymal stem cells (MSCs) were 
seeded at a density of 15.5E3  cells/cm2 and incubated 
for 7 days (5% CO2, 37°C) in supplemented DMEM-F12 
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medium. The media were changed on the 4th day. Then, 
the treated cells were cultivated together with a droplet 
of 10 µL of crosslinked bioink. As a blank, a droplet was 
incubated in the same conditions, with no cells. As a 
control, cells were cultured without a droplet of bioink. 
The cells proliferation was measured using Alamar 
Blue (Invitrogen, CAT: DAL1025) by adding 1/10th  of 
the volume directly to the cells, followed by 2  h of 
incubation. Fluorescence was read in a PheraStar plate 
reader (Ex/Em: 485/520). The cell viability was evaluated 
using the Live/Dead assay (Invitrogen, CAT: L3224).

3. Results and discussion
The ink was printed in an extrusion-based 3D printing 
at a pre-crosslinked state with the aid of the robotic arm 
system. In this example, several layers can be printed one 
over another without collapsing. Moreover, with the aid of 
blue light, crosslinking can aid in printing to invent more 
complex structures. For this case, we demonstrated that 
it could be done even at the ground state behavior from 
the formulation. For instance, with the incidence of blue 
light, the printed structure can be easier to manufacture 

and is more stable in the air or under wet conditions. An 
underwater printing test was done; a 2D structure of a grid 
and another at undersea water of the KAUST (Figure 2C) 
was printed and kept after 12  weeks in seawater. The 
printed structure did not have visible degradation and 
was derived from the photo-crosslinking of PEGDA and 
GelMA and ionic-crosslinking of alginate with calcium 
ions found in the filtered water obtained from the Red 
Sea, permitting the appliance of this material directly in 
damaged coral reefs.

In addition, as printing takes significant amounts of 
time, we established a 3D molding protocol. The ink was 
directly poured into the negative molds obtained from 
natural coral structures, where these samples were dried 
at room temperature overnight. These structures coming 
from the mold were rigid and complex. Consequently, 
this is a cost-effective methodology that does not require 
robust equipment.

During the formulation development, we noticed 
that the ink was enhanced by adding hydroxyapatite 
(to improve the under-water stability property) and 
calcium carbonate (to increase the stiffness from the 

Figure  2. 2D/3D fabrication. (A-A”) 3D printing of a 50-layer cylindric structure with the aid of an assembled 6-degree-of-freedom 
robotic arm system coupled with an extrusion-based bioprinter. (B) The image processing technique that is used to obtain a SSIM. (C-C”) 
Manufacturing under wet conditions of structure KAUST one-layer structure and a squared-grid. (D) Molded structures dried at room 
temperature overnight. (E) Squared grid printed and details at millimetric scale after crosslinking and desiccation. Videos from A and C are 
included in the supplementary file.
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printed or molded objects). It was observed that the 
integration of these two components to the original ink 
composition affected the overall structural definition 
of the printed objects (Figure  2). The contour plot 
representation of the surface response graph can be 
found as part of the supplementary material (Figures 
S3 and S4). The original ink exhibited a structural 
definition between 0.92 and 0.94; however, it was found 
that the definition could be improved (SSIM >0.95) by 
the addition of 0.1 g/cm3 – 0.6 g/cm3 of hydroxyapatite 
(Figure 2). On the other hand, the addition of calcium 
carbonate resulted in a lower structural definition (Soil-
structure interaction [SSI] <0.92). Nevertheless, it 
was found that when adding both: calcium carbonate 
and hydroxyapatite, the structural definition from the 
printed object could be preserved (SSIM >0.92), even 
with the presence of the calcium carbonate in ink, 
possible when simultaneously adding 0.1 g/cm3 – 0.2 g/
cm3 of calcium carbonate and 0.1  g/cm3 – 0.6  g/cm3 
of hydroxyapatite (Figure  2). Similarly, the addition 
of 0.8  g/cm3  g of calcium carbonate and 0.2  g/cm3 – 
0.6 g/cm3 of hydroxyapatite resulted in a high structure 
definition. It is essential to highlight that adding beyond 
0.7 g/cm3 of hydroxyapatite in the presence of calcium 
carbonate reduces the structure definition (SSI <0.875) 
of the printed object (Figure S3 and S4). Therefore, 
the development of enhanced inks for under seawater 
printing without losing their printing definition can be 
carried by adding these two components to the original 
ink according to the previously described maximization 
conditions.

It is essential to clarify that due to the loss of 
solvent derived from room temperature desiccation, 

the structure was slightly deformed; however, as the 
solvent corresponds to a minimal portion compared to 
the rest of the constituents. For this reason, a fast image 
processing test was done, arrowing 97.5% similarity 
between a 3D printed cylinder of 50 layers after 
crosslinking and desiccation (Figure 2B). This analysis 
is an innovative way to characterize printing fidelity. 
Nevertheless, more improvements in the technique 
could be made in further studies to get more accurate 
results.

This ink was designed to a helpful a carrier for 
biological cargo in different orders of magnitude, 
depending on the biological species of interest that could 
go from 50  mm (corroborated at Figure  7) until the 
printing resolution of the assembled 3D printing system 
that experimentally was 1 mm (Figure 3). In the scanning 
electron microscope images (Figure  3B), the binding 
from the polymer can be an attachment from the calcium 
carbonate and hydroxyapatite round crystals; GelMA 
and gelatin offer the porous platform to get the crystals 
incrusted due to its long polymer chains at a molecular 
level[19-21].

FT-IR corroborated the two crosslinking behaviors 
from the ink (Figure 4A); one clear result from the ionic-
crosslinking comes from the OH peak observed at 3300 
cm−1, that states the covalent bonding between hydroxyl 
groups in alginic acid polysaccharides. The photo-
crosslinked material and the exposure at room conditions 
are similar because the photoinitiation with a wavelength 
in the spectrum related to blue light can come from 
regular exposure to light; therefore, crosslinking occurs 
at a lower rate. Evidence from this is the peaks from N-H 
and C-H at 2950 cm−1 and 2990 cm−1. Finally, carbonate 

Figure 3. Morphological studies of a 3D dried printed grid. (A) Demonstration of the feasibility of printing at a resolution of approximately 
1 mm, with the aid of a commercial extrusion-based bioprinter. (B) Scanning electron microscope (SEM) image of the same grid at the 
microscale at different sizes. To see the morphology of the surface and the binding from the bioceramics crystals to the polymer.

BA
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and phosphate ions appear in the 1400 cm−1 and 1000 
cm−1 peaks, referring to bioceramics in the sample.

The peaks from XRD (Figure  4B) represent 
the mixture of bioceramics components from the ink. 
This study helped us understand ceramics’ chemical 
interaction with the natural base polymer to corroborate 
its crosslinking behavior and binding with the polymer 
base[22,23]. Therefore, in the final formulation analysis, both 
calcium carbonate and hydroxyapatite peaks remained 
unaltered compared to the crystals from both bioceramics 
components, stating no crystal rearrangement or direct 
modification contact with the polymer source. Besides, 
the calcium carbonate peaks at 23°, 29°, 36°, 39°, 43°, 
47°, 48°, and 58° correspond to a crystal structure reported 
in the literature as calcite, remarkably seen at the strong 

peak from 29°[24]. On the other side, hydroxyapatite’s 
most representative signals appear at 26°, 32°, 39°, and 
49° highlighting the intensity of the ones in between 
30 and 35 that usually appears stronger according to 
the literature, and both of them can be observed in the 
supplementary measurements (Figure S5) where XRD 
was done just to each independent bioceramics[25].

The biopolymer structure was investigated using 13C 
solid-state NMR spectroscopy. The differences between 
13C MAS NMR spectra (Figure  4C) of the sample 
without and with bioceramics can be distinguished. The 
most significant result is the double peak (blue box) 
appears between 155 and 135 ppm, which correspond to 
C=CH that result of the interaction of a C group from the 
polymer attached to carbonate ions from the sample[26]. 

Figure 4. (A) Fourier-transform infrared spectra from the formulation under different crosslinking conditions, initially in room temperature 
conditions, with the incidence of blue-light at 405 nm and ionic-crosslinking with calcium chloride at 6% solution. (B) XRD-P spectra from 
ink formulation of the biopolymers and bioceramics. (C) 13C magic angle spinning nuclear magnetic resonance spectra of biopolymers 
without (above) and with (below) bioceramics.

Figure 5. Thermal Analysis. (A) TGA and (B) DSC thermograms of bioceramics incorporated in the biopolymer base.
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The rise in the orange box, at 50  ppm, and the green 
box, between 35 and 25  ppm, disappears when there 
are bioceramics; therefore, these signals are a piece of 
evidence from the interaction of binding from inorganic 
components of calcium, phosphate, and carbonate ions to 
the biopolymer side from the formulation. This data can 
be corroborated in future studies with 31P MAS NMR and 
43Ca MAS NMR[27,28]. Besides, in 1H-NMR (Figure S6), it 
can be complemented the presence of the methacrylation 
functionalization of the GelMA synthesis and PEGDA 

integration as the methacrylate ions can be observed 
between 6 and 6.5 ppm[28,29].

In the TGA (Figure  5A), there is a reduction 
of 13% of weight from 90°C to 100°C due to the loss 
of H2O-coordinated ions remaining in the crystalline 
arrangements of ceramics compressed with the polymer. 
From 100°C to 642°C, there is a loss of 10% from the 
sample, equivalent to the biopolymers that were calcined 
under this procedure; this variation comes from the 
different polymeric ionic/photo-crosslinking behaviors 

Figure 6. Rheological characterization of non-crosslinked ink. (A) Storage modulus (G’) and loss modulus (G’’) were measured for 5 min at 
1 rad/s angular frequency, 0.1% strain, and 25°C. (B) Temperature sweep test at 1 rad/s and 0.1% strain. (C) Viscosity at different shear rates.

Figure 7. Biological assessments. Growth of MSCs cultured in direct contact with the developed ink during (A) 1, (B) 4, and (C) 7 days. 
The cells were also cultured in 2D for the same amount of time; (D), (E), and (F) served as the control. (G) Amount of metabolically active 
MSCs during 1, 4, and 7 days. These cells were cultured with the ink (treatment) and with growth media (control). The assay was quantified 
in terms of relative fluorescence units (RFU).
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of the components. The final loss from the 39% of the 
material comes from the calcium carbonate in the sample; 
the rest comes from some residues from hydroxyapatite; 
which is the strongest component to decompose by heat 
in this formulation[23]. In the DSC (Figure 5B), as several 
distinct chemical behaviors are coming from different 
sources of crosslinking and the inorganic composition, 
the initial broad peak corroborates the TGA statement 
of dehydration. Furthermore, it can be stated that a glass 
transition (Tg) can be observed in the shoulder at 175°C, 
a slight crystallization point (Tc) can be observed at the 
exothermic downslide at 225°C, and finally a melting 
point (Tm), presumably all organic compounds coming 
from biopolymers, can be detected at 260°C in the 
endothermic peak[30].The viscoelastic properties of the ink 
were determined using an oscillatory rheology test. The 
mechanical stiffness of the non-crosslinked ink was found 
to be 5.80 kPa, which was assessed from the average of 
storage modulus (G’) in 5 min measurement (Figure 6A). 
The ink with a higher G’ value compared to the loss 
modulus (G’’) usually provides good shape fidelity for 
the printed construct[18]. The thermal stability of the ink 
was also investigated using a temperature-dependent 
rheological test (Figure  6B). The result suggests that 
the stiffness of the ink can be tuned by increasing the 
temperature. The viscosity of the ink during the extrusion 
was found to be 117 Pa·s, which was determined from the 
calculated shear rate of the nozzle of 8.60 s−1 (Figure 6C).

The biological assessment results in Figure  7A-F 
show the biocompatibility of the developed ink with 
biological organisms, such as the MSCs. It was observed that 
during the initial 4 days of interaction with the developed 
ink, an accelerated growth was achieved by the MSCs 
when cultured in the presence of the ink, in comparison 
to when only being cultured in media. Moreover, after 
7 days (Figure 7G), the amount of metabolically active 
cells was higher in the presence of the ink in comparison 
to using media. These findings demonstrate the excellent 
biocompatibility of the developed ink with biological 
entities and highlight the potential of this ink to be used in 
tissue engineering applications.

4. Conclusions
This project expanded the frontiers of biomaterials 
commonly used in regenerative medicine to assist in 
finding the solution for the latent problem in the marine 
environmental ecosystem – coral bleaching. Therefore, 
we developed an eco-friendly ink that can potentially 
be used to restore rigid living systems. Based on a wide 
range of previous investigations in biomaterials applied 
for bone and cartilage tissue regeneration, our ink is 
composed of biopolymers as gelatin, alginate, GelMA, 
and PEGDA with the integration of bioceramics as calcium 
carbonate and hydroxyapatite, which are fundamental 

for mimicking the structures of corals. We demonstrated 
the effectiveness of the ink to be manufactured by 3D 
molding and printing technologies, which is a crucial 
step to develop complex figures that could mimic a coral 
and serve as a scaffold for biological systems as polyps. 
Furthermore, we implemented an image processing and 
surface analysis to find a more accurate concentration 
of ceramics imbued in the biopolymers. This innovative 
analysis provides a new opportunity to mitigate the lack 
of characterization methods to improve the printability 
fidelity of novel bioinks. The photo-crosslinking behavior 
coming from GelMA, PEGDA, and ionic-crosslinking of 
alginate make the ink stable for complex physicochemical 
conditions, as the seawater ecosystem, in which there is an 
excess of cations are coming from calcium sources. This 
presents a possibility for in situ appliances in coral reefs 
with the aid of diverse 3D manufacturing technologies, as 
shown in the schematic overview in Figure S7.

Furthermore, the chemical characterization 
corroborates the interaction of the materials and the 
crosslinking behavior seen at the infrared spectra peaks for 
ionic-crosslinking at 3300 cm−1 and photo-crosslinking at 
2950-90 cm−1. In addition, X-Ray diffraction clearly shows 
the convergence of calcium carbonate and hydroxyapatite 
without altering its ground state crystal structure, 
corroborating that no other chemical or physical methods 
are needed for its preparation. Using this method, the 
product can be easily produce in a cost-effective manner. 
Moreover, NMR corroborates the interaction of calcium, 
phosphate, and carbonate ions from the bioceramics 
in the biopolymer matrix. Besides, thermochemical 
characterization with TGA and DSC gives us an initial 
insight into how the material works with the temperature 
appliance, which works perfectly for our final scope. In 
addition, discussion related to the mechanical properties 
of the ink, with different tests of rheology to evaluate 
storage/loss modulus in terms of time and temperature, and 
its viscosity versus shear rate, corroborates the potential 
printability of the precrosslinked ink for manufacturing 
complex structures. Finally, a biological assessment 
was done with MSCs to demonstrate the material’s 
biocompatibility with living MSCs; we suggest that the 
material could potentially be used for different living 
systems. In conclusion, the material can withstand harsh 
conditions, and the degradation rate can be controlled with 
the specific behavior from each constituent of the ink. This 
formulation is the beginning of future investigations as it 
has potential use for rigid living systems with interesting 
tunable properties that could fulfill different directions 
regarding the final user’s needs.
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Abstract: The development of lateral flow immunoassay (LFIA) using three-dimensional (3D) printing and bioprinting 
technologies can enhance and accelerate the optimization process of the fabrication. Therefore, the main goal of this study is 
to investigate methods to speed up the developing process of a LFIA as a tool for community screening. To achieve this goal, 
an in-house developed robotic arm and microfluidic pumps were used to print the proteins during the development of the test. 
3D printing technologies were used to design and print the housing unit for the testing strip. The proposed design was made 
by taking into consideration the environmental impact of this disposable medical device.
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1. Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the causative virus of coronavirus disease 
2019 (COVID-19), and the first case was reported in 
China in December 2019[1]. SARS-CoV-2 is a RNA 
virus that belongs to the coronavirus family and has 
multiple structural proteins on its surface, including 
spike, nucleocapsid, membrane, and envelope proteins[2]. 
The virus causes severe respiratory symptoms requiring 
mechanical ventilation and intensive care unit admission, 
and contributes to high mortality rates[3]. Moreover, 
the virus had high transmissibility between humans, 

and for that, the World Health Organization declared 
COVID-19 as a pandemic on March 11, 2020[4]. Since 
then, huge efforts to identify people with active infection 
of SARS-CoV-2 were implemented in order to stop the 
spread of the virus. Detecting individuals with active 
infection require polymerase chain reaction testing in 
nasal or throat swab samples, and the test results are used 
to identify and isolate positive cases so as to limit the 
transmission of the virus[5]. Antibodies against the viral 
spike and nucleocapsid surface proteins are developed 
and can be detected in the serum of infected 14 days after 
the infection[6]. Thus, testing serum or blood samples for 
antibodies against the viral surface proteins, especially 
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IgG, would provide information about people who had 
a history of prior infection and have recovered from the 
disease[6]. Therefore, antibody testing has an important 
role in epidemiological assessment of community spread 
of the virus and to guide policy-makers when designing 
and introducing protective measures[7].

A recent study by Dan et al. reported that people 
who recovered from COVID-19 have immunity 
lasting for 6-8 months after the infection in which IgG 
antibodies could be detected by serology testing[8]. 
Screening for COVID-19 antibodies could provide 
valuable information about the level of immunity in the 
community. The screening can also be an important part 
in identifying who is immune and who is not when a 
majority of people return to work and transition to the 
new normal[7]. Furthermore, the detection of antibodies 
against SARS-CoV-2 can be used as a tool to monitor 
immunity against SARS-CoV-2 acquired through 
vaccines, which can be done using laboratory-based 
immunoassays such as chemiluminescence and enzyme-
linked immunosorbent assay, or rapid tests such as lateral 
flow immunoassay (LFIA)[9]. Indeed, a cost-effective 
diagnostic tool would be beneficial for wide community 
screening. Rapid tests offer comparable outcomes to the 
laboratory-based tests and can be used when there is a 
need to identify people with immunity against the virus 
within a few minutes while having the advantages of 
being user-friendly, portable, and not requiring expensive 
instruments[10].

A LFIA is a point-of-care diagnostic device that 
offers a rapid and inexpensive test that targets analytes in 
the samples by providing qualitative or semi-quantitative 
results[11]. It consists of four essential parts, namely, the 
sample pad, conjugate pad, nitrocellulose membrane, and 
the absorption pad, which are assembled and placed in a 
housing cassette. One of the most predominant advantages 
of LFIA is the simplicity of the device as it can be used 
in the field without the need for any special equipment or 
sample processing. Moreover, since the beginning of the 
COVID-19 pandemic, there has been a tremendous effort 
to develop LFIA that can be used to detect viral antigens 
or serum antibodies for the identification of infected 
individuals or immune individuals, respectively[12,13]. As 
more research is being conducted to optimize and develop 
more accurate tests, there is a need for a rapid method to 
prototype and construct these LFIA.

Technologies such as three-dimensional (3D) 
printing and bioprinting can be used as tools to aid in the 
development of LFIA where time is of the essence such 
as global pandemic[14]. A  material extrusion-based 3D 
bioprinting technique was utilized during the testing strip 
development where microfluidic pumps and a robotic 
arm were used to print different antibodies for screening. 
The microfluidic pump system was used to dispense the 

capturing material on the nitrocellulose membrane as it 
offers an easier and efficient way to test multiple proteins. 
Furthermore, the robotic arms provide fine control of the 
nozzle when dispensing the material, while the pumps 
ensure consistent volume of the material to be dispensed 
on the nitrocellulose membrane to capture antibodies 
against SARS-COV-2.

Another component of the LFIA is the cassette 
used to house and protect the testing strip from damage. 
Since the LFIA test can be used to detect different types 
of analytes, billions of LFIA tests and cassettes are 
manufactured annually[11]. Recently, there has been an 
increase in awareness regarding the environmental impact 
of medical devices, especially disposable devices[15-17]. 
Thus, the environmental impact should be taken into 
consideration when designing medical devices to limit 
this negative impact[16]. Since the LFIA cassette is made 
of polymers, it would be beneficial to consider how it 
can be designed in a way to decrease its environmental 
impact. Furthermore, using computer simulation for the 
3D design, these iterations could be tested before the 
fabrication process. Furthermore, the simulation could be 
utilized to design and 3D print cassette with minimum 
polymeric material using different technologies.

In the past two decades, 3D printing technologies 
have been developed as essential prototyping techniques, 
industrially known as additive manufacturing technology, 
which are used as the primary prototyping technology 
in many applications today[18]. 3D printing provides an 
accessible method for fabrication of a customized design 
solution in a rapid controlled manner. Due to its high 
utility, it has developed tremendously in many fields, from 
aeronautics to sustainability, as well as medicine[19-21]. In 
this study, 3D printing was used to fabricate cassettes for 
rapid in-field assays. 3D printing technology provides 
the freedom to fabricate and prototype any designs in a 
standard laboratory setting, and saves the time and effort 
of many researchers. Overtime, different types of 3D 
technologies have been developed, including material 
extrusion 3D printing and vat photopolymerization 3D 
printing. These 3D technologies were used to prototype 
and print the housing unit.

During the pandemic, there has been a massive 
increase in the innovations and application of 3D printing 
technologies. 3D printing technologies offered a wide 
range of on-demand solutions during a time where 
supply chains were constrained. Some of the applications 
of 3D printing during COVID-19 pandemic include 
the production of medical devices, personal protective 
equipment, and other devices that aid in controlling the 
spread of the virus[22]. With the evolutionary mutations 
of SARS-CoV-2 virus, we are facing new variants such 
as Delta variant[23,24]. Since the virus is changing at a 
fast pace, we need to utilize technologies that allow us 
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to adapt to these changes and provide rapid solutions to 
protect our community.

The advantage of using 3D printing over the 
traditional methods, such as laser cutting, is that 3D 
printing offers a prototyping method to test multiple 
designs in short period of time. In addition, ease of 
accessibility to 3D printers makes them suitable for 
prototyping in a laboratory setting. Once the design is 
tested and finalized using 3D printing technology, it can 
be sent out for mass production.

Here, we developed a LFIA test using multiple 
technologies to efficiently optimize the testing strips. 
Bioprinting and 3D printing techniques were used 
during the development of a rapid test for the detection 
of antibodies against COVID-19. A  material extrusion-
based bioprinting setup utilizing a robotic arm was 
used during the construction of the strips to aid the 
dispensing of the capturing materials. In addition, an 
additive manufacturing technology was used to build a 
housing unit for the strip in a layer-by-layer manner using 
photopolymerization technique. The design of the cassette 
was modified as needed to adapt with the rapid changes 
in the testing strip during the optimization process. Using 
finite element analysis (FEA), we were able to simulate 
the physical strains on the designed cassette to determine 
its minimum thickness while ensuring the practicality of 
use and durability when conducting the test.

2. Materials and methods
2.1. Materials
Forty nanometers Gold NanoSpheres 2 mM citrate (OD=1) 
was purchased from nanohybrids. SARS-CoV-2  (2019-
nCoV) Spike S1-His Recombinant Protein (HPLC-
verified) (Cat. No.: 40591-V08H) and Normal Rabbit 
Control IgG (Cat. No.: CR1) were purchased from Sino 
Biological. SARS-CoV-2 Spike Protein (S-ECD/RBD) 
Monoclonal Antibody (bcb03) (Cat. No.: MA5-35950) 
and Goat Anti-Rabbit IgG (H+L) Superclonal Secondary 
Antibody (Cat. No.: A27033) were purchased from Fisher 
Scientific. Mouse monoclonal (JDC-10) Anti-Human 
IgG Fc (HRP) (Ab99759) was purchased from Abcam. 
1×Phosphate-buffered saline (PBS), sucrose, TWEEN 20, 
and bovine serum albumin (BSA), potassium carbonate, 
and Tris buffer were purchased from Sigma-Aldrich. All 
chemicals were used as received, without purification 
or modification. Cellulose fiber sample pads, glass fiber 
conjugate pads, and high-flow nitrocellulose membrane 
were purchased from EMD Millipore Corporation. 
Sample pads, conjugate pads, and absorbent pads of 
different sizes were purchased from Ahlstrom-Munksjo. 
Backing cards KN-2211 were purchased from Kenosha. 
FormLabs Photopolymer Resin White (FLGPWH04) was 
purchased from FormLabs.

2.2. Conjugation of the gold nanoparticles
To conjugate the gold nanoparticles (AuNP) with S1 
spike protein (40591-V08H, Fisher) and Rabbit antibody, 
as shown in Figure 1A, 1 ml of 1 OD AuNP solution was 
used and the pH was adjusted to 8.5-9 using potassium 
carbonate (K2CO3). The protein was added to the AuNP 
suspension at a ratio of protein solution: AuNP solution 
of 1:100 (v:  v) with a final protein concentration of 
10 μg/ml, and the suspension was incubated for 2 h while 
mixing. Then, 250 μl of 5% BSA in TRIS buffer was 
added and mixed for an additional 15  min. Afterward, 
100 μl of 1% TWEEN 20 in TRIS buffer was added to 
the suspension and centrifuged for 10 min at 8000×g and 
4°C. The supernatant was removed, and the precipitate 
was resuspended in 1  ml of Tris buffer (pH  8.5) + 1% 
BSA + 1% TWEEN 20 and centrifuged as before. Finally, 
the precipitate was resuspended in 100 μl of Tris buffer 
(pH 8.5) + 1% BSA + 1% TWEEN 20 + 20% sucrose to 
achieve a conjugated AuNP concentration of 10 OD. The 
same process was used when conjugating the S1 spike 
protein and rabbit antibodies to the AuNP.

To confirm the conjugation of the protein to the 
gold nanoparticles, UV–Vis Spectrometer (PerkinElmer 
Lambda 1050) was used to compare the UV–Vis spectra 
of the conjugated AuNP with ligand-free AuNP. We 
assessed the red shift in peak absorbance between the 
conjugated AuNP and ligand-free AuNP which can 
be used to confirm the conjugation. The sample was 
scanned from 800 nm to 250 nm with a data interval of 
1 nm and a scanning speed of 266.75 nm/min. To assess 

Figure 1. (A) Schematic representation of the physical conjugation 
process between the gold nanoparticles and the proteins of interest. 
(B) Detection of conjugated AuNP with antibodies and proteins by 
UV/VIS spectroscopy.

A
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the attachment of the proteins to the gold nanoparticles, 
we performed UV–VIS absorption scan in which we 
compared AuNP-S1, AuNP-rabbit antibody conjugates to 
ligand-free AuNP. The conjugated nanoparticles showed 
a 3 nm shift compared to the ligand-free nanoparticles, 
as shown in Figure  1B, indicating the success of the 
functionalization of the 1 mL gold nanoparticles to the 10 
μg of the S1 protein, and rabbit antibody[25]. The red shift 
in peak absorbance is an indication of the enlargement 
of the gold nanoparticle size from the attachment of the 
proteins to the nanoparticle[26].

2.3. Assembly of the strip
To assemble the strip, first, the high-flow nitrocellulose 
membrane was mounted on the backing cards. Dispensing 
of the antibodies to the nitrocellulose membrane was 
done using a setup consisting of a robotic arm (Dobot 
Magician, Dobot, China) and a microfluidic pump (ExiGo, 
Cellix, Ireland), as depicted in Figure 2; this setup could 
be considered as material extrusion-based bioprinting. 
Dispensing of the antibodies onto the nitrocellulose 
membrane was done using a 21 G needle attached to the 
robotic arm. The antibodies were dispensed at a rate of 
200 µl/min and the robotic arm was programmed to move 
at a speed of 17 mm/s; antibodies were diluted in 1×PBS 
to be dispensed at a concentration of 200 µg/ml. These 
parameters ensured that antibodies were dispensed in 
a thick and continuous line. In particular, two antibody 
lines were printed on the nitrocellulose membrane. A test 
line was printed with anti-human antibodies (Abcam, 
Ab99759) and a control line was printed with anti-rabbit 
antibodies (Fisher, A27033). A video demonstrating the 
printing process is provided as the supplementary file. 
The strip was then dried at room temperature for 1  h. 
Then, the absorption pad was added to the backing card 
with a 2-3 mm overlap with the nitrocellulose membrane. 
Finally, the assembled backing card, nitrocellulose 

membrane, and absorbent pad were cut into 5 mm wide 
strips.

2.4. Designing and 3D printing of the LFIA strip 
cassettes
NX computer-aided design (CAD) software was used in 
designing the housing units, along with SolidWorks as a 
supporting program. NX CAD was mainly used to design 
several iterations due to its capability in designing small 
features. NX CAD provided the simulation tools needed 
to test the assembly of the design before printing; the 
simulation of the designed structure was needed to design 
the locking mechanism as it requires a precise sizing to 
ensure proper locking after printing.

Multiple 3D printing technologies were used to 
ensure the design’s maximum potential in prototyping 
these small housing units. Material extrusion 3D 
printing is the traditional 3D printing method, and vat 
photopolymerization 3D printing was used in prototyping 
the cassette designs. Using vat photopolymerization, 3D 
printing was about its ability to print a small housing unit 
with fine features in a short period of time. Furthermore, 
cassettes were printed with FormLabs white liquid resin 
and commercially available thermoplastic filament 
to keep the housing unit price reasonable. The vat 
photopolymerization 3D printer, FormLabs (Form 3), 
which was used in printing the housing unit, is capable of 
printing a hundred units a day.

We have devolved several design iterations to 
complement the rapid changes that we encounter during 
the test development. The first iteration of the designs 
started with mimicking the commercially available rapid 
tests[27]. While modifying the test, the cassette design 
was modified as well leading to the final iteration design. 
Using different 3D printing technologies allowed us to try 
and change different features while developing the test.

2.5. FEA simulation for the final iteration of the 
cassette

LFIA test strips are usually single-use tests, and the 
housing units are there to protect the strip. Our aim during 
the designing process was to reduce the amount of material 
needed to build the cassette, thus reducing wasted and 
discarded material from each cassette used. FEA simulation 
was used to study the proposed design before printing to 
ensure that the design can sustain handling forces without 
breaking. The durability of the cassette is not essential in 
single-use devices; however, a minimum thickness for the 
proposed cassette is required to prevent it from breaking 
during the test and handling when polyethylene is used as 
a material for the designed cassette.

The FEA simulation was conducted using NX 
software. As NX was the CAD software used to design the 

Figure 2. The printing setup consists of a robotic arm, microfluidics 
pumps, and dispensing nozzle.
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cassette, it was also used to perform the FEA simulation 
to ensure accurate simulations results for the proposed 
design. Furthermore, before FEA simulation, the two 
sides of the cassette were assembled without restricting 
the locking mechanisms to mimic the printing assembly. 
This setting gave a better understanding of the behavior 
of the dipsticks while exerting force (F). The type of 
element applied during this simulation was tetrahedral, 
with an element size equal to 1.43  mm. During the 
simulation, one side of the cassette was fixed, while the 
other side was the location of the applied force to the 
negative z-axis (Figure S1).

2.6. Testing of the assembled strip
The assembled strip was added to the cassette. A solution 
of AuNP-S1 and AuNP-rabbit antibody at a concentration 
of 10 OD was mixed together at a ratio of 1:1. The 
solution was then used by adding 10 μl of the mixture 
into an Eppendorf tube, as shown in Figure 3. Afterward, 
a 1 μl sample was added to the mixture and vortexed for 5 
s. Here, we used SARS-CoV-2 Spike Protein Monoclonal 
Antibody (MA5-35950) at a concentration of 200 ug/ml 
as a positive sample and 1×PBS was used as a negative 
sample. Then, the strip was submerged into the AuNP 
mixture until the strip fully absorbed the solution. Finally, 
it was submerged into another tube that contains 1×PBS 
as a running buffer to wash strips from any remaining 
particles.

3. Results and discussion
Here, we developed by assembling all the components 
a successful LFIA test that detects IgG antibodies. 
First, we conjugated SARS-CoV-2 spike protein to 

gold nanoparticles to capture SARS-CoV-2 antibodies 
in the sample tube. Then, the testing lines consisting of 
secondary antibodies were printed on the nitrocellulose 
membrane to capture primary antibodies, and the strip 
was placed in a 3D-printed housing cassette after careful 
design and strain simulation.

3.1. LFIA cassette designs and 3D printing
The housing unit design went through different iterations 
for adapting the changes and requirements for the 
test. These iterations were designed, fabricated, and 
assembled in the laboratory using specific requirements. 
The first two iterations are illustrated in the supplemental 
documents (Figures S2 and S3). These designs were 
made for testing using a full strip setup which includes 
the conjugate pad. Alternatively, the third iteration was a 
dipstick design which was made to house a strip that does 
not contain a conjugate pad. This provides a faster way 
to test the strip by removing an extra step that adds the 
conjugated AuNP to the conjugate pad.

In this study, we used two 3D printing technologies 
to print the proposed cassettes. Material extrusion 3D 
printing technology using thermoplastic filament was 
developed in the early 1990’s[28]. In the material extrusion 
3D printing technique, a thermoplastic filament is fused 
using a mounted motor, which heats and melts the 
filament to be extruded during the printing process. On 
the other hand, vat photopolymerization technique uses 
a liquid photopolymer resin as a printing material, which 
is subjected to polymerization initiated by a projected 
laser. This process would selectively solidify the liquid 
resin against the platform, creating a 3D construct in a 
layer-by-layer fashion[29]. The advantages of using vat 
photopolymerization over material extrusion 3D printing 
are the higher printing resolution and smoother finish 
surface[30]. Table  1 provides a summary comparing the 
two 3D printing technologies. Figure 4 demonstrates a 
schematic of the process used to fabricate our cassettes 
using these two printing methods.

3.2. Dipstick housing unit
The dipstick housing unit design consists of a smaller unit 
with an opening from one side to be used for dipping the 
strip in the test solution as demonstrated in Figure 5A. 
This unit was engineered and designed by taking into 
consideration the security of the testing strip, as shown in 
Figure 5B. Since this design has a wide opening, it was 
essential to secure the strip, especially during the testing 
process. Therefore, a pressing locking mechanism was 
designed inside the housing unit, as shown in Figure 5C. 
Furthermore, the dipstick design was 3D printed using 
Form 3 printer (FormLabs) while taking into consideration 
the resolution of the used material.

Figure  3. Illustration of an assembled dipstick test using the 
conjugated gold nanoparticles.
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Figure 4. Schematic demonstration of the process used to fabricate the cassettes printed using material extrusion and vat polymerization 
3D printing.

3.3. FEA simulation for the final iteration of the 
cassette
As the simulation was conducted on the same software, it 
made the process of changing and modifying the design 
more straightforward. During this experiment, we have 
changed the thickness of the dipstick several times to 
reduce the use of any unnecessary material in the printing 
process. We concluded that a cassette with thickness of 
0.8  mm can be used and printed, and is the minimum 
thickness needed considering the simulation result.

The mass applied on the edge of the cassette during 
the simulation was set to be twice the normal handling 
force, where the normal handling force was assumed 
to be 2.5N. The assumption and location of the applied 
force were selected based on the actual state of a person 
applying pressure using one hand (Figure 5D). Figure 5E 
illustrates the dipstick cassette deformation for the pressing 
simulation. The maximum deformation value was observed 
to be 13.4  mm. Comparing the deformation result to the 
dimension of the model, the value range of the deformation is 
acceptable. Figure 5F illustrates the von Mises distribution 
of stress in the pressing simulation of the dipstick. From this 
result, it can be seen that the maximum stress of von Mises 
was 69.2 MPa. This is slightly lower than the yield strength 
of the material used in 3D printing which was approximately 
70 MPa. Under these conditions, the results suggest that our 
dipstick design will tolerate the expected use.

Figure 5. (A and B) CAD of the dipstick housing unit design. (C) 
CAD of the housing unit design with the bed pressing locking 
mechanism for securing the bed, the dipstick housing unit was 3D 
printed using vat photopolymerization. (D) The assumption and 
location of the applied force used in the simulation. (E) Simulation 
of the displacement for the dipstick cassette measured in mm when 
5 N force was applied. (F) Simulation of the von Mises stress 
measured in MPa on the dipstick cassette when 5 N force was 
applied.

A B
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Table 1. Summary of the differences between material extrusion and vat photopolymerization 3D printing technologies.

Additive manufacturing 
technologies

Materials Speed Average cost of 
materials (kg)

Printing 
resolution

Limitation

Material extrusion[31,32] Plastic filaments (PLA, ABS, 
ASA, PETG, and nylon)

Fast Affordable; $40 Low Support material

Vat photo 
polymerization[32,33]

Liquid photopolymers and 
resins

Slow Average; $100 High Support material and 
post-curing required

PLA: Polylactic acid; ABS: Acrylonitrile butadiene styrene; ASA: Acrylonitrile styrene acrylate; PETG: Polyethylene terephthalate glycol

3.4. Testing of the assembled strip
LFIA dipstick strips were assembled to be tested with 
commercial SARS-CoV-2 antibodies to simulate positive or 
negative tests. Figure 6A shows a schematic of the test without 
the housing cassette. In this setup, if only the control line shows 
a red signal, then the sample is negative. If both control line and 
test line show a red signal, then the sample is positive. Figures 
6B and 6C depict two LFIA strips that were used as a dipstick 
in our testing. Figure 6B shows a negative sample in which a 
clear band is visible on the control line and no band is visible 
on the test line. On the other hand, Figure 6C demonstrates a 
positive sample containing anti-spike antibodies in which both 
the test and control lines are visible.

Using a dipstick design in prototyping, the LFIA 
provides a faster way to assess the test and ensure that 
all the test components are working as desired. When 
designing a new protein or modifying an existing one to 
enhance the sensitivity of the test, it is time-efficient to 
test the conjugated material using a dipstick LFIA before 
proceeding with further optimization processes to be used 
as a standard LFIA.

4. Conclusions
In this study, we demonstrated that the prototyping, 
printing, and assembly of an LFIA test are feasible 

using an in-house developed setup. We showed that the 
test cassette could be prototyped to sustain mechanical 
stress applied to it by hand even if it was designed to 
be printed with minimum thickness to reduce material. 
To support the full functional capabilities of the device, 
we also demonstrated that bioprinting of the test lines 
with a robotic arm and microfluidic pump was accurate 
enough to detect IgG antibodies, when tested with 
protein-conjugated AuNP and commercially available 
antibodies.

Additive manufacturing technologies can be a great 
tool for prototyping and fabricating medical devices and 
diagnostics tools. These technologies can accelerate the 
optimization process by quickly adjusting to the designs 
and then 3D printing the device as needed. During 
the development phase of a new medical device and 
diagnostic tools, 3D printing can provide on-demand 
solutions despite the challenges.
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3D Bioprinting of Biomimetic Bilayered Scaffold 
Consisting of Decellularized Extracellular Matrix and 
Silk Fibroin for Osteochondral Repair
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Abstract: Recently, three-dimensional (3D) bioprinting technology is becoming an appealing approach for osteochondral 
repair. However, it is challenging to develop a bilayered scaffold with anisotropic structural properties to mimic a native 
osteochondral tissue. Herein, we developed a bioink consisting of decellularized extracellular matrix and silk fibroin to 
print the bilayered scaffold. The bilayered scaffold mimics the natural osteochondral tissue by controlling the composition, 
mechanical properties, and growth factor release in each layer of the scaffold. The in vitro results show that each layer of 
scaffolds had a suitable mechanical strength and degradation rate. Furthermore, the scaffolds encapsulating transforming 
growth factor-beta (TGF-β) and bone morphogenetic protein-2 (BMP-2) can act as a controlled release system and promote 
directed differentiation of bone marrow-derived mesenchymal stem cells. Furthermore, the in vivo experiments suggested that 
the scaffolds loaded with growth factors promoted osteochondral regeneration in the rabbit knee joint model. Consequently, 
the biomimetic bilayered scaffold loaded with TGF-β and BMP-2 would be a promising strategy for osteochondral repair.

Keywords: Tissue engineering; Three-dimensional bioprinting; Osteochondral repair; Extracellular matrix; Silk fibroin; 
Polycaprolactone 

1. Introduction
Osteochondral defects, which occur due to inflammation, 
trauma or aging, involve lesions of cartilage and 
subchondral bone and constitute a significant healthcare 
burden[1,2]. Current treatment strategies include 
microfracture, autologous chondrocyte implantation, 
and mosaicplasty. Nonetheless, there are still failures 
and undesirable complications in the above-mentioned 
treatment strategies[3-6]. In recent years, tissue engineering 
that provides suitable biomaterials to support the growth 
and differentiation of cells provides a promising strategy 
for osteochondral regeneration[7,8]. The application of 
bilayered scaffolds that concerned physical structure of 
osteochondral tissue has been the focus of osteochondral 

regeneration research[9,10]. Ideal bilayered scaffolds should 
be equipped with biological and physical properties that 
can match the native tissues[11,12]. However, traditional 
tissue engineering strategies have not been able to develop 
a bilayered scaffold with anisotropic structural properties 
to mimic a native osteochondral tissue[13]. Furthermore, 
each layer of the current bilayered scaffolds is usually 
fabricated separately and then joined together, resulting 
in a poor integration between two layers of the bilayered 
construction[11,14,15]. Recently, 3D bioprinting has 
emerged as a continuous way to fabricate biomimetic and 
complex tissue structure, such as osteochondral bilayered 
structure[11,13,16]. Three-dimensional (3D) bioprinting 
technology integrates equipment manufacturing industry, 
biomaterial science, and computer aided to fabricate 
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“living” engineered tissue or organ using bioink 
containing living cells, and thus has great potential in 
regeneration medicine[17-20].

3D bioprinting techniques can be classified into 
three distinct process categories: (i) Material extrusion[21], 
(ii) material jetting[22], and (iii) vat polymerization 
bioprinting[23]. Of these, extrusion-based bioprinting 
is the most prevalent employed research approach to 
fabricate 3D cell-laden scaffolds due to its accessibility, 
cost-effectiveness, and capacity to replicate tissue 
complexity[21]. For extrusion-based bioprinting, various 
biomaterials, such as gelatin, HA, or alginate, have been 
extensively used as bioink sources[24-28]. However, some 
problems remain, such as the cell toxicity of the chemical 
cross-link process, poor cell-material interactions, and 
inferior tissue formation[29,30]. In addition, only a small 
percentage of cells in these materials could drive cell 
differentiation towards target cell lineage[30,31]. Moreover, 
these materials cannot represent the complexity of 
extracellular matrices of repaired natural tissue. 
Therefore, there is an urgent need to develop a bioink that 
is sufficient to create a tissue-specific microenvironment 
with 3D cellular organization and cell-to-cell/cell-to-
matrix communication that are typical of natural tissues.

Decellularized extracellular matrix (dECM) has been 
developed as bioink to fabricate 3D bioprinted tissues and 
organs[32,33]. Both biologically and functionally, dECM is 
more representative of the natural extracellular matrix 
(nECM) than other kinds of biomaterials. dECM provides 
a native-mimicking microenvironment for the migration, 
proliferation, and differentiation of bone marrow-derived 
mesenchymal stem cells (BMSCs)[34,35]. Furthermore, 
BMSCs encapsulated in cartilage dECM (DCM) or 
bone dECM (DBM) hydrogel can recognize and interact 
with surrounding matrix that specifically enhanced 
chondrogenic/osteogenic differentiation and tissue 
maturation[36]. However, the mechanical strength of DCM 
and DBM is insufficient because of the loss of cartilage/
bone native tissue structure during the homogenization 
and solubilization process[36,37]. Silk fibroin (SF) is a 
natural biopolymer that is widely investigated for various 
3D bioprinting and tissue engineering applications due to 
its remarkable mechanical properties, biocompatibility 
and biodegradation nature[38,39]. In our previous study, we 
reported the use of a cross-linker-free DCM-SF bioink 
in printing 3D construct which had similar mechanical 
properties compared with native cartilage tissue[37].

Since dECM-based bioink most likely retain 
endogenous growth factors than other kinds of bioink, it 
will lead to enhancement of osteochondral regeneration 
that incorporates additional exogenous growth factors 
in dECM bioink. The previous studies have shown that 
dECM acts as an excellent growth factor delivery system 
since the extracellular matrix (ECM) itself is a natural 

reservoir for growth factors which have a natural affinity 
to ECM[40,41]. Transforming growth factor-beta (TGF-β) 
is regarded as a highly efficient chondrogenic factor[42]. 
Bone morphogenetic protein-2 (BMP-2) plays a key 
role in driving osteogenesis of BMSCs[43]. Hence, the 
combination of such a bioink with TGF-β and BMP-2 is 
effective to enhance osteochondral regeneration.

Therefore, on the basis of our previous study, we 
employed dECM-SF bioink to fabricate 3D-printed 
bilayered constructs. First, polycaprolactone (PCL) was 
first extruded to print frame of bone layer, and the DBM 
bioink was printed to fill the space. The DCM bioink was 
used to print the cartilage layer on the bone layer. Next, 
we evaluated the mechanical strength and degradation 
rate of the two layers to confirm the properties of 
constructs. Furthermore, the delivery capacity of growth 
factors and the potential of constructs for chondrogenesis 
or osteogenesis were measured in vitro. Finally, we 
implanted bilayered constructs containing TGF-β1 and 
BMP-2 into the osteochondral defect and determined the 
osteochondral regeneration efficacy in vivo.

2. Materials and methods
All experimental procedures involving animals have been 
approved and implemented in accordance with the animal 
use guidelines outlined by the Medical College of Nanjing 
Medical University (IACUC-2005033). All animal 
subjects were treated in accordance with the National 
Laboratory guidelines for Laboratory Animal Nursing.

2.1. Preparation of decellularized cartilage/ 
bone ECM
Decellularized DCM and DBM were prepared based 
on our previously reported method[37]. Briefly, articular 
cartilage and cancellous bone segments were harvested 
from female goats (n = 12) within 6  h after sacrifice. 
These cartilage and bone segments were washed, 
freeze-dried, and immersed in liquid nitrogen and cut 
into small pieces (1~2 mm3). The cartilage pieces were 
rinsed with phosphate-buffered saline (PBS), while the 
bone pieces were demineralized using an adaptation of 
previously reported methods by submerging in 0.5 M 
hydrochloric (HCL) under agitation for 24  h, and then 
degreased with 1:1 mixture of chloroform and methanol 
for 2–3  h[44]. Cartilage and demineralized bone pieces 
were washed thoroughly with PBS and lyophilized 
before decellularization. The cartilage and bone pieces 
were homogenized, milled, and soaked in PBS containing 
0.1%  w/v ethylenediaminetetraacetic acid (EDTA; 
Sigma-Aldrich, St. Louis, MO, USA) and 3.5%  w/v 
phenylmethyl sulfonylfluoride (PMSF; Beyotime, 
Shanghai, China) for 24  h to inhibit protease activity. 
These cartilage and bone granules were treated with a 1% 
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solution of Triton X-100 in a protease inhibitor cocktail 
(0.1% w/v EDTA, 3.5% w/v PMSF in Tris-HCl, pH = 7.5) 
for 24  h. Next, the cartilage and bone granules were 
washed and digested with 50 U/mL deoxyribonuclease 
and 1 U/mL ribonuclease (Sigma-Aldrich, St. Louis, MO, 
USA) for 12 h. To obtain DCM and DBM, the granules 
were lyophilized and solubilized using a previously 
reported protocol with modifications[30]. In brief, 10 mg 
decellularized granules were mixed with 1 mL of 0.1 mol 
HCl containing 1 mg of pepsin powder (Sigma-Aldrich, 
St. Louis, MO, USA) at room temperature for 2  days. 
After solubilization, 1 Mol NaOH was added to adjust the 
pH to 7.4. The solution was centrifuged at 10,000 ×g for 
3 min to remove undigested particles and the supernatant 
was lyophilized and stored at −80℃ for longer storage.

2.2. Preparation of TGF-β1-loaded DCM/SF 
bioink
Solubilized and lyophilized SF protein (SF, molecular 
weight >100  kDa) was purchased from Simatech 
Inc. (Suzhou, China). Polyethylene glycol (PEG 400; 
molecular weight 380~420 Da) was provided by Aladdin 
Inc. (Shanghai, China). About 10% w/v of SF, 5% w/v 
DCM, and 4 μg/mL of TGF-β1 (PeproTech, Rocky Hill, 
USA) were dissolved in PBS to prepare SF/DCM blends. 
The blends were then mixed with an equal volume 
of 80%  v/v PEG for gelation of the DCM/SF bioinks 
(5%  w/v final SF concentration; 2.5%  w/v final DCM 
concentration; and 2 μg/mL final TGF-β1 concentration).

2.3. Preparation of BMP-2-loaded DBM/SF 
bioink
About 10% w/v of SF, 5% w/v DBM, and 4 μg/mL of 
BMP-2 (PeproTech, Rocky Hill, USA) were dissolved in 
PBS to prepare SF/DBM blends. The blends were then 
mixed with an equal volume of 80% PEG for gelation 
of the DBM/SF bioinks (5% w/v final SF concentration; 
2.5%  w/v final DBM concentration; and 2 μg/mL final 
BMP-2 concentration).

2.4. Cell isolation and encapsulation
BMSCs were harvested and isolated as we previously 
described[45,46]. Briefly, bone marrow aspirate was 
isolated from the medullary cavity of femur bone in New 
Zealand rabbits. The mixture of cells was separated by 
gradient density centrifugation in 1.073 g/ml lymphocyte 
separation solution (Gibco, NY, USA). The mononuclear 
fraction interphase was collected and washed twice in 
sterile PBS. The cells were resuspended in low-glucose 
DMEM containing 100 U/ml penicillin, 100 U/ml 
streptomycin, and 10% fetal bovine serum (HyClone, 
UT, USA), and subsequently incubated at 37°C with 
5% CO2. The culture medium was changed to remove 

suspension cells after 48 h, and the adherent cells were 
expanded up to passage 3. To encapsulate cells for 3D 
bioprinting, BMSCs were trypsinized after reaching 
approximately 80% confluence and then washed with 
low-glucose DMEM containing 10% fetal bovine serum. 
After centrifugation at 1200 rpm for 5 min, BMSCs were 
resuspended in bioinks at a density of 1.0 × 107 cells mL−1.

2.5. Fabrication of bilayered scaffolds
3D bioprinting system (3D Discovery, Regenhu, Villaz-
St-Pierre, Switzerland) provided by Bioexcellence Inc. 
(Beijing, China) was used to fabricate the bilayered 
scaffolds. DBM bioink and DCM bioink were prepared 
and loaded into 10  mL plastic containers at room 
temperature. FDA-approved PCL (molecular weight 70–
90 Kda) provided by Polysciences Inc. (PA, USA) was 
loaded into metal container with temperature control, and 
the container temperature was set to 60°C. The parameters 
related to the process of printing are listed in Table 1.

For the fabrication of the bone layer (4  mm in 
diameter, 4.5 mm in height), PCL was first extruded to 
print outline, and then, the DBM/SF bioink was printed 
to fill the space. DCM/SF bioink was used to print the 
cartilage layer (4 mm in diameter, 0.5 mm in height) on 
the bone layer (Figure  1). The thicknesses of cartilage 
layer and bone layer were adjusted to 2 mm for in vitro 
investigation.

2.6. Fourier-transform infrared (FTIR) 
spectroscopy

The infrared spectra of DCM/SF and DBM/SF 
hydrogels were evaluated using Thermo Scientific 
Nicolet iS5 FT-IR Microscope (Waltham, MA, USA). 
The samples were prepared by lyophilization for FTIR 
analysis. Scanning was conducted in the spectral range 
from 1000 cm−1 to 2200 cm−1.

Table 1. Parameters of the designed construct and 3D bioprinting.

Parameters Cartilage layer Bone layer
DCM/SF 

bioink
DBM/SF 

bioink
PCL

Container 
temperature

15°C 15°C 60°C

Nozzle diameter 0.25 mm 0.25 mm 0.25 mm
Size (length * 
width * height)

4 mm* 
4 mm*0.5 mm

4 mm*4 mm*4.5 mm

Interlayer spacing 0.25 mm 0.25 mm 0.25 mm
Line spacing 0.20 mm 0.20 mm 2 mm
Printing speed 4 – 7 mm/s 3 –  

5 mm/s
1 . 8 ~ 2 . 7 
mm/s

Print pressure 0.20–0.30 MPa 0 . 2 0 –
0.30 MPa

0.50~0.60 
MPa
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Figure 1. Schematic illustration of the bilayered scaffold loaded with transforming growth factor-β and bone morphogenetic protein-2 for 
osteochondral repair.

2.7. Rheological analysis
Thermo Scientific HAAKE MARS 40 Rheometer 
(Waltham, MA, USA) was used to investigate rheological 
properties fitted with 25 mm parallel geometry. Frequency-
dependent loss modulus (G’’), storage modulus (G’), and 
dynamic viscosity of DCM/SF and DBM/SF hydrogels 
were determined by the frequency sweep in the shear rate 
range of 0.1~100 Hz at 15℃.

2.8. Growth factor releasing
To investigate release of growth factors, cartilage layer 
and bone layer construct samples were encapsulated with 
2 μg/mL TGF-β1 and 2 μg/mL BMP-2, respectively. To 
evaluate the release rate of TGF-β1, pre-weighed cartilage 
layer samples were rinsed with 2  ml PBS solutions 
containing 0.05% EDTA, 0.1% heparin, 0.02% sodium 
azide, and 0.1% BSA at 37°C. The PBS solution was 
replenished and harvested every 48  h for 21  days. The 
harvested PBS samples were then assessed by TGF-β1 
ELISA Kit assay (PeproTech, RH, USA). To evaluate the 
release rate of BMP-2, pre-weighed bone layer samples 
were rinsed with 2  ml PBS solutions containing 0.05% 
EDTA, 0.1% heparin, 0.02% sodium azide, and 0.1% BSA 
at 37°C. The PBS solution was replenished and harvested 
every 48 h for 14 days. The harvested PBS samples were 
then assessed by BMP-2 ELISA Kit assay (PeproTech, 
Rocky Hill, USA). All samples were analyzed in triplicate.

2.9. Cell viability
For the observation of cell viability, LIVE/DEAD cell 
staining kit (Molecular Probes, OR, USA) was used to 

stain cells. Cell-scaffold construct samples were incubated 
in low-glucose DMEM containing 2 μM calcein AM 
(live) and 4 μM ethidium homodimer-1 (dead) reagents 
at 37°C for 45 min. Fluorescence images were obtained 
from a fluorescence microscope (Zeiss, Nanjing, China). 
Calcein AM (green) and ethidium homodimer-1 (red) 
were detected by excitation wavelengths of 495 nm and 
560 nm, respectively. The cell survival rate at 1 and 3 days 
was analyzed using ImageJ software. Cell proliferation 
and viability in construct samples were examined using 
CCK8 assay (Beyotime, Nanjing, China) after 1, 4, and 
7 days of culture.

2.10. Degradation of 3D bilayered scaffolds
For the analysis of degradation of bilayered scaffolds, 
the rates of weight loss were performed with treatment 
of protease XIV enzyme at several time points over 
24 days. The weight loss test of cartilage layer and bone 
layer was conducted separately. The initial dry printed 
scaffold was weighed as W0 and the enzyme solution 
was changed every day. Scaffolds were taken out from 
the enzyme solution and weighed at dry state at each time 
point (Wd). The degradation rate was defined as 100% × 
(W0 – Wd)/W0.

2.11. Comprehensive stress
For the investigation of comprehensive properties, 
cartilage layer and bone layer construct samples were 
loaded on an Instron Tensile Force Tester (Instron, HW, 
UK). A  displacement rate of 0.1  mm/min was set to 
obtain stress-strain curve. The compression modulus was 
determined from the linear region of the stress-strain curve.
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2.12. mRNA expression
For mRNA expression analysis, cell-scaffold construct 
samples were cultured for 7 and 14  days (n = 3). For 
mRNA extraction, the samples were homogenized and 
lysed in TRIzol (Yeasen, Shanghai, China) before being 
centrifuged at 12,000 rpm at 4°C. Subsequently, a cDNA 
reverse transcription kit (Yeasen, Shanghai, China) was 
used to reverse-transcribed total RNA into cDNA. The 
expression levels of cartilage-related markers (COL II, 
type-2 collagen; ACAN, aggrecan; SOX-9, SRY-box 
transcription factor 9) and osteogenic-related markers 
(COL I, type-1 collagen; OCN, osteocalcin; ALP, alkaline 
phosphatase; RNUX2, runt-related transcription factor 
2) were analyzed by real-time qPCR system (Applied 
Biosystems, CA, USA). The target mRNA was normalized 
to a housekeeping control (glyceraldehyde 3-phosphate 
dehydrogenase mRNA) and determined using the ΔΔCt 
method. The sequences are listed in Table S1.

2.13. In vivo surgical operation
To determine the osteochondral regeneration effect in 
vivo, New Zealand white rabbits weighted 2.0 – 3.0 kg 
were chosen to create osteochondral defect models. After 
general anesthesia, osteochondral defects (diameter: 
4 mm, depth: 5 mm) were caused on the patellar groove 
of right knee joints. In the control group (n = 6), the 
defect was left blank without material added. In the 
pristine-bilayered construct group (PB group) (n = 6), 
the constructs without bioactive growth factors were 
implanted into the defects. In the GF-bilayered construct 
group (GB group) (n = 6), bilayered constructs containing 
TGF-β1 and BMP-2 were implanted in the osteochondral 
defect (Figure S2A and B). The rabbits were anesthetized 
and executed 3 months after operation.

2.14. Histological and immunohistochemical 
analysis
For histological assessment, rabbit femurs were fixed 
overnight in 4% paraformaldehyde at 4°C and then 
decalcified with decalcification solution for about 30 days. 
The decalcified constructs were dehydrated with a graded 
series of ethanol and embedded in paraffin for sectioning. 
The deparaffinized paraffin sections were stained with 
safranin O and Masson’s trichrome, and imaged with an 
Olympus microscope. To further observe the expression 
of COL II and OCN, immunohistochemical staining 
was performed as we previously described[47]. The ICRS 
Visual Histological Assessment Scale was carried out to 
score the morphology and the degree of metachromatic 
staining, respectively. The total score ranged from 0 to 
18, including semi-quantitative scales to rate the surface, 
matrix, cell distribution, viability of the cell population, 
subchondral bone, and cartilage mineralization.

2.15. Biochemical analysis
We analyzed the contents of collagen and sulfated-
glycosaminoglycan (sGAG) of samples. Samples were 
dissolved in papain digestion (125 μL/mL papain, 100 mM 
EDTA, and 5 mM L-cysteine; Sigma-Aldrich, MO, USA) 
at pH 6.5 at 60°C under rotation for 18 h. Collagen content 
was examined by quantifying hydroxyproline concentration. 
Briefly, the hydroxyproline content of the solution 
was determined by the chloramine-T assay after acidic 
hydrolyzation in 38% HCl for 18 h at 110°C. Collagen content 
was calculated by assuming a hydroxyproline:  collagen 
ratio of 1:7.69. The total sGAG content was analyzed by 
the 1,9-dimethylmethylene blue (DMMB; Sigma-Aldrich, 
MO, USA) assay. The sGAG and collagen content were 
normalized by dry weight of construct.

2.16. Statistical analysis
All data are expressed as the mean ± standard deviation 
(SD), and P < 0.05 was considered statistically significant. 
For statistical analysis, intergroup differences were 
calculated by analysis of variance (ANOVA) after testing 
for homogeneity of variance. All statistical analysis 
was performed using Statistical Package for the Social 
Sciences (SPSS) version  19.0 software (IBM SPSS 
Statistics for Windows, Armonk, NY, USA).

3. Results and discussion
3.1. Preparation and characterization of DCM/
SF and DBM/SF bioinks
To estimate the ECM component change, we determined 
the collagen and glycosaminoglycans (GAGs) contents 
before and after decellularization (Figure S1A and B). 
A  significant loss of collagen and GAGs in DCM and 
DBM was observed after decellularization. The reason 
behind the reduction of the collagen and GAGs is the 
treatment with the enzymes during the trypsinization 
and decellularization including deoxyribonuclease , 
ribonuclease and pepsin[30,48]. Quantification of DNA 
content from native ECM (NCM and NBM) and dECM 
(DCM and DBM) revealed the significant reduction 
(~96%) in the case of dECM as compared to the native 
ECM before decellularization.

We investigated rheological behavior to explore 
flow properties of DCM/SF and DBM/SF bioinks. The 
frequency sweep indicated that viscosity of DCM/SF 
and DBM/SF bioinks decreased in response to linearly 
increasing shear rate (Figure  2A), indicated that the 
bioinks exhibited shear-thinning flow behavior, which 
are similar to most polymer gels[36]. Furthermore, the G’ 
values exceeded the G’’ values over the whole angular 
frequency range (G’ > G’’; Figure  2B), indicating the 
formation of a typical gel structure[49].
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FTIR spectroscopy was done to analyze the 
crystallization of SF in DCM/SF and DBM/SF bioinks 
(Figure  2C). The pure SF control group showed a 
major peak at 1,650.8 cm−1 in the amide I region (C=O 
stretch), suggesting the presence of a higher proportion 
of random coils than β-sheet structure[50]. The major 
peak of DCM/SF and DBM/SF bioinks in the amide-I 
region shifted to a lower wavelength at 1628–1632 cm−1 
(Figure 2D), indicating that the mixture was dominated 
by β-sheet structure[51].

3.2. One-step 3D-bioprinting and 
characterization of a bilayered scaffolds
We printed the bilayered scaffolds as shown in Figure 3A. 
PCL was first extruded to print frame of bone layer, and 
the DBM bioink was printed to fill the space. The DCM 
bioink was used to print the cartilage layer on the bone 
layer. The PCL frame not only provided a mechanical 
support in the bone layer but it is also favorable for the 
cell migration and exchange of nutrients because the 
DCM/SF hydrogel take up more space than PCL frame 
in the bone layer.

For the analysis of degradation of bilayered scaffolds, 
the rates of weight loss were performed with treatment of 
protease XIV enzyme at several time points over 24 days 
(Figure 3B). Bone layer constructs showed a significantly 
lower degradation rate than cartilage layer constructs. The 
reason lies in the slow degradation characteristics of PCL 
frame in the bone layer. For measurement of compressive 
strength, 3D-printed constructs were subjected to 

mechanical tests. We performed the stress-strain curve 
to investigate the relation between compressive stress 
and strain (Figure  3C). The compressive stress finally 
reached the maximum before yielding for bone layer 
construct, bone layer construct without PCL frame, and 
cartilage layer construct at the compressive stress of 310 
kpa, 47 kPa, and 44 kPa, respectively. The compressive 
modulus was significantly higher in bone layer construct 
than in the bone layer construct without PCL and cartilage 
construct, with about 9-fold enhancement (Figure 3D). 
Ding et al. reported that the difference in compressive 
modulus is approximately 5–20  times between natural 
cartilage and bone[52].

We then observed the viability of BMSCs in 
printed cartilage and bone layers by live/dead staining 
assay (Figure 4A and B). The survival rates of BMSCs 
in the printed cartilage and bone layer were over 80% 
(Figure  5C). CCK8 cell proliferation assay was also 
carried out to ascertain the viability of BMSCs in both 
layers at different time points (Figure 5D). The optical 
density (OD) value increased over the 7 days of culture 
and did not differ significantly between cartilage and 
bone layer. The results indicated that the cartilage and 
bone layers promoted the proliferation of BMSCs and 
exhibited low cytotoxicity.

3.3. Release of growth factors from the scaffolds 
promoted differentiation of BMSCs in vitro
Growth factors such as TGF-β and BMP-2 play an 
important role in promoting directed differentiation of 

Figure 2. (A) Frequency sweep of the DCM/SF and DBM/SF bioinks. (B) Dynamic viscosity measurement of the DCM/SF and DBM/SF 
bioinks. (C, D) FTIR absorption spectra of the DCM/SF and DBM/SF bioinks.
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Figure 3. (A) PCL was first extruded to print frame of bone layer, and the DBM bioink was printed to fill the space. The DCM bioink was 
used to print the cartilage layer on the bone layer. (B) Degradation rate of cartilage layer and bone layer in protease XIV. (C) Stress-strain 
curve that was used to investigate the relation between compressive stress and strain. (D) Comprehensive modulus calculated by linear 
region of the stress-strain curve (n = 3; *P < 0.05).
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Figure 4. Viability of BMSCs in the printed constructs. Fluorescence microscopy findings of the LIVE/DEAD assay of BMSCs cultured in 
the (A) cartilage layer and (B) bone layer. (C) Quantification of cell viability. (D) Cell viability results obtained by the CCK-8 assay on 1, 
4, and 7 days of cell culture (n = 3; *P < 0.05).
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BMSCs[53,54]. Although dECM-based bioink most likely 
retain endogenous growth factors than other kinds of bioink, 
the pure dECM is always insufficient for the effective 
treatment of osteochondral defects due to the loss of 
bioactive factors during decellularized process. Datta et al. 
reported the reduction of BMP-2 in decellularized bone 
matrix due to decellularization[55]. Almeida et al. reported 
that the addition of exogenous TGF-β in dECM promoted 
the chondrogenesis of fat pad-derived stromal cells[41]. 
Moreover, the previous studies have shown that dECM 
acts as an excellent growth factor delivery system since 
the ECM itself is a natural reservoir for growth factors 
which have a natural affinity to ECM[40,41]. In this study, 
we developed a controlled release system by encapsulating 
TGF-β1 and BMP-2 into the bilayered construct.

We evaluated the TGF-β1 and BMP-2 release using 
ELISA to determine the capacity of scaffolds to support 
the controlled release of growth factors. The printed 
cartilage layer suggested a relatively fast release of 
TGF-β1 about 65.91 ± 3.29% in the beginning 9 days, 
with a slow release reached to 88.51 ± 1.51 % in the 
following days (Figure 5A). BMP-2 in the printed bone 
layer displayed an initial burst release to 59.39 ± 7.36% 
within the first 9 days (Figure 5B). BMP-2 exhibited a 
sustained release profile after being released for more 
than 12 days. The cumulative release of BMP-2 reached 
to 82.45 ± 8.26% after being released for 21 days. The 
results indicated that the bilayered construct exhibited 
sustained long-term release of growth factors.

Next, we investigated whether the release of TGF-β 
has an effect on chondrogenic differentiation potential of 
BMSCs in cartilage layer in vitro. To answer this question, 
we examined the mRNA expression levels of collagen I 
(COL I), collagen II (COL II), aggrecan (ACAN), and 
SOX-9 by real-time quantitative polymerase chain reaction 
(qPCR) on days 7 and 14 of culture (Figure 5C-F). The 
reverse transcription polymerase chain reaction (RT-PCR) 
analysis showed that the mRNA expression levels of COL 
I in C+TGF-β group were comparable to that in C group. 
The mRNA expression levels of COL I were significantly 
decreased from day 7 to day 14. The expression of COL 
II and ACAN in the C+TGF-β group was significantly 
higher than that in the C group at 2  time points. In 
addition, the expressions of COL II and ACAN in the 
C+TGF-β group and C group at day 14 were significantly 
increased as compared with day 7. SOX-9, a member of 
the Sry-type HMG box (SOX) gene family, is expressed 
to activate the expression of cartilage ECM-related gene 
(COL II and ACAN) and suppress the expression of 
fibrotic-related gene (COL I)[56]. SOX-9 plays a key role 
in the chondrogenic differentiation process of stem cells. 
The previous studies reported that SOX-9 is activated 
during very early events in chondrogenesis of BMSCs, 
and directly or indirectly maintains its regulation during 
the differentiation and maturation of chondrocytes[57]. The 
RT-PCR analysis showed that the SOX-9 transcription 
level was similar at the 2 time points. Significantly higher 
SOX-9 transcription occurred in the C+TGF-β group 

Figure  5. (A) Release kinetics of TGF-β1 from printed cartilage layer. (A) Release kinetics of TGF-β1 from printed cartilage layer. 
(B) Release kinetics of BMP-2 from printed bone layer. mRNA expression level of cartilage-related genes, including (C) collagen type I 
(COL I, a fibrotic marker gene), (D) collagen type II (COL II), (E) aggrecan (ACAN), and (F) SOX-9 in cartilage layer group (C group) and 
cartilage layer loaded with TGF-β1 group (C+TGF-β group) on days 7 and 14 (n = 3; *P < 0.05).
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than in the C group, suggesting that a higher extent of 
signaling cascade was activated during the chondrogenic 
differentiation of BMSCs over the C+TGF-β group than 
C group.

Furthermore, to investigate the osteogenic 
differentiation of BMSCs in the bone layer, the expression 
levels of COL I, RUNX2, OCN, and ALP were measured 
by RT-PCR (Figure  6A-D). The result showed that 
mRNA expression levels of COL I, RUNX2, and OCN 
for B+BMP-2 group were obviously higher than those for 
B group after culture for 14 days. The mRNA expression 
levels of ALP did not differ significantly between the 
B+BMP-2 group and the B group at day 7. On the other 
hand, the expression of ALP in the B+BMP-2 group was 
significantly higher than that in the B group at day 14. As 
a transcription factor, RUNX2 is expressed to activate 
the expression of bone-related gene (COL I, OCN, and 
ALP). The activation and expression of RUNX2 peak in 
the early stage of osteogenic differentiation of BMSCs[11]. 
The RT-PCR suggested that the RUNX2 expression 
level showed no significantly difference at the 2  time 
points. Meanwhile, the RUNX2 transcription level was 
significantly higher in the B+BMP-2 group than in the 
B group at days 7 and 14, indicating that a higher extent 
of signaling cascade was activated during the osteogenic 
differentiation of BMSCs in the B+BMP-2 group than 
in the B group. The result indicated that the B+BMP-2 
constructs were able to enhance osteoinductive abilities 
in vitro.

3.4. The scaffolds loaded with growth factors 
promoted osteochondral regeneration in vivo
To investigate whether the composite constructs stimulate 
osteochondral regeneration in vivo, regenerative efficacy 
was further observed in a rabbit osteochondral defect 
model. No deaths occurred during the whole observational 
period. The grafts were sampled 3 months after operation. 
The gross macroscopic observations suggested that the 
regenerated tissues of the PB and GB groups seemed 
smooth and similar to the surrounding normal tissues 
(Figure 7A). The defects of the PB and GB groups were 
completely covered with excellent integration, whereas 
the repaired tissues of the control group only partially 
filled the defect and showed incomplete integration with 
the native cartilage tissues.

Histological and immunohistochemical staining 
analyses were conducted to evaluate repair efficacy. 
Compared to the control group and PB group, the GB 
group had smoother and more homogeneous neocartilage 
which had a considerable number of typical cartilage 
lacunae structures (Figure 7B). The cells in neocartilage 
of GB group were in a typical linear arrangement and 
similar to normal chondrocytes. Masson (blue staining) 
and safranin O (red staining) staining were carried out 
to evaluate the proportion of collagen and proteoglycan 
content, respectively (Figure 7C and D). Compared to 
other groups, the collagen and proteoglycan deposition in 
the neocartilage of GB group was abundant and uniform. 

Figure 6. mRNA expression level of bone-related genes, including (A) collagen type I (COL I, a fibrotic marker gene), (B) RUNX family 
transcription factor 2 (RUNX2), (C) osteocalcin (OCN), and (D) alkaline phosphatase (ALP) in bone layer group (B group) and cartilage 
layer loaded with BMP-2 group (B+BMP-2 group) on days 7 and 14 (n = 3; *P < 0.05).
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Coll II immunohistochemical staining demonstrated 
more intense staining in the GB group compared to other 
two groups (Figure  8A). A  high expression of Coll II 
surrounding the chondrocytes could be observed in the 
neocartilage of GB group. Neovascularization, trabecula 
structure (Figure  8B and C), and higher intensity of 
staining of OCN (Figure  8D) could be observed in 
the neo-bone of GB group. While in the control group, 
incompletely calcified cancellous bone could be found in 
the bone layer. Furthermore, we performed a histologic 
score according to the ICRS Visual Histological 
Assessment Scale (Figure S2C). The histologic score 
was significantly higher in the GB group than in the PB 
and control groups.

Regenerated cartilage was further investigated by 
quantifying sGAG and collagen contents. The sGAG 
content of neocartilage was 9.36 ± 1.279 μg/mg in 
control group, 16.03 ± 0.784 μg/mg in PB group, and 
24.83 ± 1.866μg/mg in GB group, with statistically 

significant differences (P < 0.05). The collagen content 
of neocartilage was 72.95 ± 5.82 μg/mg in control 
group, 106.50 ± 7.84 μg/mg in PB group, and 115.50 ± 
11.28 μg/mg in GB group. The collagen content of GB 
group and PB group was significantly higher than that 
of control group. There was no significant difference 
between collagen content in the GB group and PB 
group.

In the current study, we demonstrated that a 3D 
bioprinted bilayered scaffolds can be used as a controlled 
released system, which leads to the reconstruction of 
osteochondral tissue. Each layer of bilayered scaffolds 
had a suitable mechanical strength and degradation rate. 
Furthermore, the scaffolds encapsulating TGF-β1 and 
BMP-2 can act as a controlled release system and promote 
osteochondral regeneration. Although the mechanical 
strength of the bilayered scaffolds needs to be further 
enhanced, this method does provide a novel strategy for 
osteochondral regeneration.

Figure 7. The bilayered constructs facilitated the regeneration of osteochondral tissues in vivo (n = 6). The grafts were sampled 3 months 
after operation. (A) Gross observations of defect repair at 3 months for the control group, pristine-bilayered construct group, and GF-
bilayered construct group (scale bar: 4 mm). (B) Hematoxylin and eosin (H & E) staining of repaired cartilage at 3 months (N, normal 
cartilage; R, repair cartilage; blue arrows, typical cartilage lacunae structures; black arrows, the repair boundary of the cartilage surface; 
scale bar: 200 μm). (C) Masson staining of repaired cartilage at 3 months (scale bar: 200 μm). (D) Safranin-O/fast green staining of repaired 
cartilage at 3 months (scale bar: 200 μm).
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4. Conclusions
The present study has shown that each layer of scaffolds 
had a suitable mechanical strength and degradation rate. 
Furthermore, the scaffolds encapsulating TGF-β1 and 
BMP-2 can act as a controlled released system and promote 
directed differentiation of BMSCs. The in vivo experiments 
suggested that the scaffolds loaded with growth factors 
promoted osteochondral regeneration in the rabbit knee joint 
model. Altogether, the biomimetic bilayered scaffolds offer 
a novel option for application in osteochondral regeneration.
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Abstract: The rapid development of scaffold-based bone tissue engineering strongly relies on the fabrication of advanced 
scaffolds and the use of newly discovered functional drugs. As the creation of new drugs and their clinical approval often cost 
a long time and billions of U.S. dollars, producing scaffolds loaded with repositioned conventional drugs whose biosafety 
has been verified clinically to treat critical-sized bone defect has gained increasing attention. Carfilzomib (CFZ), an approved 
clinical proteasome inhibitor with a much fewer side effects, is used to replace bortezomib to treat multiple myeloma. It 
is also reported that CFZ could enhance the activity of alkaline phosphatase and increase the expression of osteogenic 
transcription factors. With the above consideration, in this study, a porous CFZ/β-tricalcium phosphate/poly lactic-co-glycolic 
acid scaffold (designated as “cytidine triphosphate [CTP]”) was produced through cryogenic three-dimensional (3D) printing. 
The hierarchically porous CTP scaffolds were mechanically similar to human cancellous bone and can provide a sustained 
CFZ release. The implantation of CTP scaffolds into critical-sized rabbit radius bone defects improved the growth of new 
blood vessels and significantly promoted new bone formation. To the best of our knowledge, this is the first work that shows 
that CFZ-loaded scaffolds could treat nonunion of bone defect by promoting osteogenesis and angiogenesis while inhibiting 
osteoclastogenesis, through the activation of the Wnt/β-catenin signaling. Our results suggest that the loading of repositioned 
drugs with effective osteogenesis capability in advanced bone tissue engineering scaffold is a promising way to treat critical-
sized defects of a long bone.
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1. Introduction
To date, regeneration of long bone with critical-size 
defects induced by steroid-induced osteonecrosis, tumor 
resection, osteoporotic fractures, or accidental trauma 
is still challenging. Among various bone regeneration 
therapies, autologous bone transplantation is recognized 
as the gold standard[1,2]. However, its mass application is 
severely restricted due to insufficient donor sources. In 
the past decade, scaffold-based tissue engineering has 
gained increasing attention in treating bone defects[4-7]. In 
addition to the required biocompatibility, biodegradability 
and appropriate mechanical properties, capability of 
promoting osteogenesis and angiogenesis should also be 
imparted to the bone tissue engineering scaffolds[3].

Calcium phosphate has been widely used for the 
producing artificial protheses with a dense structure due to 
its high compositional similarity to bone apatite and high 
bioactivity[4]. Animal studies and clinical experiments 
have shown that calcium phosphates have excellent 
repair effects on bone regeneration[5-7]. To improve the 
repair capability of calcium phosphates, porous scaffolds 
made of calcium phosphate/biodegradable polyester 
composites which are structurally similar to native 
cancellous bone tissue have been developed[8]. The porous 
structure of scaffolds facilitates cell growth, migration, 
and transportation of nutrients and metabolites[9]. To 
further improve the osteogenic capability of bone tissue 
engineering scaffolds, growth factors and drugs related to 
osteogenesis and/or angiogenesis can be incorporated[10].

Additive manufacturing has gained increasing 
attention in making bone tissue engineering scaffolds as 
it is advantageous in producing scaffolds with customized 
shape, pore size, porosity, and interconnectivity[11]. 
Cryogenic 3D printing is a new type of additive 
manufacturing technology that uses polymeric water-
in-oil emulsions as printing inks to deposit three-
dimensional (3D) patterns below 0°C[12]. The emulsion 
inks immediately solidify when they contact the cryogenic 
substrate, allowing a layer-by-layer material deposition. 
After cryogenic 3D printing, as-printed 3D patterns 
are lyophilized to remove solvents to obtain stabilized 
scaffolds with a hierarchical structure[10].

The success of scaffold-based bone tissue 
engineering not only relies on the employment of 
advanced scaffolds but also depends on the use of newly 
discovered functional drugs. However, creation of new 
drug and its clinical approval cost a long time and a lot of 
money. Therefore, producing advanced scaffolds loaded 
with repositioned conventional drugs with effective 
osteogenesis capability, whose biosafety has been verified 
clinically, has gained increasing attention in the treatment 
of critical-sized defect in long bone. Carfilzomib (CFZ) 
is an approved clinical proteasome inhibitor with a 
much fewer side effects, replacing bortezomib in the 

treatment of multiple myeloma by inhibiting osteoclast 
activity and pathological bone destruction through 
the disruption of receptor activator for Nuclear factor 
kappa B [NF-κB] ligand (RANKL)-induced NF-κB 
signaling[13]. It is also reported that CFZ could induce 
increased alkaline phosphatase activity and upregulated 
expression of the osteogenic transcription factors such as 
osterix, osteopontin, and osteocalcin (OCN) through Wnt 
pathway by activating the β-catenin/T-cell factor (TCF) 
pathway[14-16].

The Wnt pathway is a complex signaling system 
involving the mutual regulation of multiple factors, and 
can interact with other signaling pathways and various 
cytokines. It is known that β-catenin protein in the Wnt 
pathway enters the nucleus and binds to TCF/lymphoid 
enhancer factor transcription factors to regulate the 
expression of genes related to cell proliferation, migration 
and differentiation, which are related to bone formation[17]. 
The Wnt pathway not only indirectly inhibits osteoclasts 
through osteoprotection in osteoblasts but can also directly 
regulate the function of osteoclasts by activating its own 
pathway[18,19]. Activation of the Wnt/β-catenin signaling 
is not only related to aging or directed differentiation 
of mesenchymal stem cells into osteoblasts[20], but also 
involved in the development, maturation, and function of 
osteoblasts[21].

To elucidate the combination effect of CFZ and 3D 
printed bony environment on the bone regeneration in 
long bone with defect and the underlying mechanism, in 
this study, a porous β-tricalcium phosphate/poly lactic-
co-glycolic acid (TCP/PLGA) scaffold incorporated 
with CFZ was fabricated through cryogenic 3D printing. 
The morphological and physical properties of scaffolds 
and release behavior of CFZ were investigated. The 
positive effects of drug CFZ/TCP/PLGA scaffolds on 
the osteogenesis and angiogenesis and the inhibitory 
effect of CFZ on osteoclasts were studied in vivo. 
Significantly improved new bone formation and enhanced 
vascularization were observed in the regenerated tissue 
in radial defects of rabbits. This study suggests that the 
employment of 3D printed porous bone tissue engineering 
scaffolds incorporated with CFZ can effectively treat long 
bone defects by activating the Wnt/β-catenin signaling.

2. Materials and methods
2.1. Scaffold fabrication
The formulation of printing inks and the fabrication 
process of the 3D printed bone tissue engineering scaffolds 
(designated as “cytidine triphosphate [CTP]”) are shown 
in Figure  1. The CTP material was prepared by in situ 
incorporation of CFZ in TCP/PLGA (TP) scaffolds using 
cryogenic 3D printing based on TCP/PLGA (TP) material. 
First, 3 g of PLGA (Shandong Medical Device Company, 
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P.R. China) was dissolved in 10 mL of dichloromethane 
(DCM) and vortex-stirred for 15 min until the PLGA was 
fully dissolved. Then, 1.8  mL of deionized (DI) water 
and 50 µL of Tween 20 water were added to the PLGA 
to prepare 10 mL of PLGA organic solution. Afterward, 
3 g of β-TCP powder mixture was mixed in the solution 
by ultrasonic vibration for 15 min to form TCP/DI water/
PLGA/DCM composite emulsion inks (designated as 
“TP”). To load CFZ in TP inks, 100 mg of CFZ and 4.6 
μL of NaOH (1 N, to neutralize the acidic collagen I 

solution) were dissolved in 200 μL of collagen I solution 
(9 mg/mL) at 4°C, and the CFZ/collagen I solution was 
homogeneously mixed with TP inks to obtain CFZ/TCP/
PLGA/DCM emulsion ink (designated as “CTP”). The 
as-formulated CTP inks were added into a 20 mL syringe 
which was connected to a V-shaped plastic nozzle (inner 
diameter: 0.4 mm) and further loaded into a cryogenic 3D 
printer (Shenzhen Creality 3D Technology Co., Limited, 
P.R. China). Following the CAD file (a cylinder with a 
diameter of 4  mm and a height of 15  mm), porous 3D 

Figure 1. Schematic diagram depicting the fabrication of the 3D-printed β-tricalcium phosphate/poly lactic-co-glycolic acid carfilzomib-
loaded scaffolds.
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cylindrical scaffolds were drawn (each layer consists of 
seven parallel struts, and struts in adjacent layers had a 
cross angle of 90°, Figure S1-A). The printing process 
is shown in Figure S1-B. The emulsion mixture was 
extruded by pushing the plunger of the syringe via an 
electromechanical screw, and the as-printed pattern 
was frozen in 2 s due to the existence of the cryogenic 
environment (−30°C). The printing speed is 6 mm/s and 
the feeding rate of the plunger was set as 0.008  mm/s. 
After the cryogenic 3D printing, the as-fabricated scaffolds 
were freeze-dried to remove water and DCM. Thus, a 
stable cylindrical bone tissue engineering scaffold with a 
diameter of 3 – 4 mm and a height of 15 mm was obtained.

2.2. Morphology observation and structural 
characterization analysis
The surface morphology was observed by scanning 
electron microscopy (SEM) (Gemini, Zeiss, Germany). 
Before SEM, a thin layer of gold was sprayed on 
the surface of the material to improve its electrical 
conductivity. The average pore size of the specimen was 
measured by SEM. On the basis of TP material, TCP/
PLGA slow-release CFZ was prepared by cryogenic 3D 
printing to make CTP material. Micro-CT and SEM were 
used to evaluate the structure of the CTP.

2.3. Mechanical properties of the scaffold
The scaffolds were 15  mm thick, 3.4  mm wide, and 
2.3 mm high. TP and CTP materials were tested by an 
electronic universal testing machine (SUNS, Shenzhen, 
China). The test and load-displacement curve were 
carried out at a speed of 1 mm/min and 40 s. Finally, 
the corresponding values of compressive strength, 
compression modulus, and compressive strain were 
obtained according to the GB/T 1041-92 calculation 
standard.

2.4. In vitro release of the scaffold
To study CFZ release in vitro, preweighed stent samples 
were placed in tubes containing phosphate-buffered 
saline (PBS) solution (0.02% sodium azide for CFZ test). 
The test tube was placed in an oscillating water bath at 
37°C, the test solution was taken out at a predetermined 
interval, and the concentration of CFZ was determined 
using the CFZ Determination Kit (US Biological, USA) 
and the release time was determined.

2.5. Cell culture
Mouse mesenchymal stem cells C3H10T1/2 were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) medium 
supplemented with 10% fetal bovine serum (FBS), 100 
U/mL penicillin G, and 100 mg/mL streptomycin under 
standard conditions. To induce osteogenesis, this medium 

was added with 0.1 mM dexamethasone (Sigma-Aldrich, 
St. Louis, MO. USA), 100 μg/mL ascorbic acid (Sigma-
Aldrich), and 10 mM β-glycerol phosphate (Sigma-
Aldrich). RAW264.7 cell line (ATCC) was maintained in 
DMEM containing 10% FBS. The medium was changed 
every 2 days. For osteoclastic differentiation, cells were 
incubated with medium containing 50 ng/ml RANKL (R 
and D Systems, Minneapolis, MN, USA) for 7 days. In the 
control group and CFZ group, the cells were stimulated 
with dimethylsulfoxide (DMSO) and the extracts of 
scaffolds, respectively.

2.6. Western blot analysis
The cells were lysed in 2% sodium dodecyl sulfate (SDS), 
2 M urea, 10% glycerol, 10 mM Tris-HCl (pH 6.8), 10 mM 
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride. 
Proteins were separated by 10% SDS-polyacrylamide gel 
electrophoresis. After electrophoresis, the proteins were 
transferred to the membrane by wet transfer (Bio-Rad 
Laboratories, Hercules, CA, USA). Each membrane was 
incubated with TBST (100 mM Tris-HCl pH 7.5, 150 mM 
NaCl, 0.05% Tween 20) and 5% non-fat blocking milk 
powder at room temperature for 1 h, and then incubated 
overnight with the primary antibody in a shaking bottle 
at 4°C. The membrane and HRB-conjugated secondary 
antibody were incubated at room temperature for 
1  h. The membrane was then treated with enhanced 
chemiluminescence reagent (ECL Kit, Amersham 
Biosciences, Piscataway, NJ, USA), and the proteins 
were detected using chemiluminescence technology.

2.7. Gene expression and real-time polymerase 
chain reaction (PCR) analysis
The expression of osteogenesis genes, such as Alkaline 
Phosphatase (ALP), bone morphogenetic protein 2 (BMP2), 
collagen type I, Osteocalcin (OCN), transcription factor SP7 
(Osterix), and Runt-related transcription factor 2 (Runx2) in 
C3H10T1/2 cells, and of osteoclastogenic genes, such as 
Cathepsin K (CTSK), Matrix metalloproteinase-9 (MMP9), 
c FBJ osteosarcoma oncogene (c-fos), Nuclear factor of 
activated T cells cytoplasmic 1 (NFATC1) in Raw264.7 cells 
cultured in different treatments was detected by PCR. Total 
RNA was extracted from the cells with Trizol reagent (Life 
Technologies, Carlsbad, CA, USA). The concentration of 
RNA was determined by a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, USA). Primers for real time 
PCR (RT-PCR) are listed in Table 1.

2.8. Alizarin red S staining
C3H10T1/2 cells were seeded into 48-well plates (three wells 
per group). After osteogenic induction for 14 days, the cells 
were fixed in 4% paraformaldehyde, and then rinsed twice 
in PBS. Afterwards, they were stained at room temperature 
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in 40 mM alizarin red S staining solution for 10 min, rinsed 
twice in PBS, and visualized under a light microscope.

2.9. Immunofluorescence analysis
For immunofluorescence analysis, cells were incubated 
first with primary antibodies and then with Alexa Fluor 
594 donkey anti-mouse IgG1 (Life Technologies, 
Carlsbad, CA, USA) and Alexa Fluor 488 goat anti-
mouse IgG2b (Life Technologies) secondary antibodies. 
Cells were washed 3  times in PBS, after which nuclei 
were counterstained with 4’,6-diamidino-2-phenylindole 
(Life Technologies). Images were obtained on a confocal 
laser scanning microscope (Olympus, Tokyo, Japan).

2.10. Animal model and material implantation
Fifteen New Zealand white rabbits (2.5 ± 0.5  kg) were 
provided by the Scientific Experimental Center of 
Youjiang Medical University for Nationalities (YYFY-
TYJ-20200225). The animal experiments were approved 
by the Research Ethics Committee of Youjiang Medical 
College for Nationalities. Pentobarbital sodium (20 mg/
kg) with a volume fraction of 3% was injected through an 
ear vein, and ketamine was injected with 50% ketamine 
mg/kg through intramuscular injection for anesthesia. 
After successful anesthesia, the rabbit was fixed on 
the operating table in the prone position. The bilateral 
forelimbs were facing upward, and the rabbit hair of both 
forearms was removed. The operation area was disinfected 
with a tincture of iodine and alcohol, and laid with a 
sterile towel. The skin, subcutaneous tissue, and deep 
fascia were cut through to the middle and upper radial 
forearm, and the muscle space was separated to expose 
the radius. A section of the radius and periosteum at 2.5 – 
3.0 cm below the radial head was cut off, together with the 
periosteum. The ulnar and radial interosseous membrane 
and the periosteum on both sides of the broken end were 
removed. The broken end of the defect was flattened as 
far as possible with a file. A syringe was filled with 50 mL 
normal saline and used to wash the bone debris and related 
congestion scab and bone marrow tissue in the bone 
marrow cavity. On the experimental side, the CTP material 
was implanted between the broken ends. Corresponding 
control groups (TP group, blank group) were set up. The 
muscle membrane and subcutaneous tissue were sutured 
with 4-0 absorbable sutures, and the skin incision was 
sutured with 0 braided suture to disinfect the wound. 
After the operation, the bilateral forelimbs were not fixed. 
Penicillin 40 kU (1.6 million units, QD) was immediately 
injected intramuscularly. Intramuscular injection of 
penicillin 40 kU/D was performed for 3 consecutive days 
after the operation. The animals were fed by the same 
feeder in separate cages. After the operation, the feeding 
condition of the animals, the appearance of the limbs on 
the operation side, the infection of the surgical incision, 
and the activity function were observed. At 12 weeks after 
the operation, the animals were killed and the original 
incision was opened to observe the formation of local 
callus and growth of the bone defect.

2.11. Micro-computed tomography (CT) scan 
and 3D reconstruction
At 8 and 12  weeks after implantation, the rabbits 
were sacrificed by injecting air into the auricular vein. 
Specimens of the radial defects were collected and fixed 
for 1  week in 10% formalin. Then, micro-CT (Scanco 
Medical, Bassersdorf, Zurich, Switzerland) with a spatial 
resolution of 12 μm and 55 kVp and 145 μA was used 

Table 1. Primer sequences of osteogenic and osteoclastic genes

Genes Primer sequences
ALP Forward: 5’-�CGG ATC CTG ACC AAA AAC 

C-3’
Reverse: 5’-�TCA TGA TGT CCG TGG TCA 

AT-3’
OCN Forward: 5’-�CAC CAT GAG GAC CCT CTC 

TC-3’
Reverse: 5’-�TGG ACA TGA AGG CTT TGT 

CA-3’
Osterix Forward: 5’-�TCT CCA TCT GCC TGA CTC 

CT-3’
Reverse: 5’-�AGC GTA TGG CTT CTT TGT 

GC-3’
Runx2 Forward: 5’-�GAC TGT GGT TAC CGT CAT 

GGC-3’
Reverse: 5’-�ACT TGG TTT TTC ATA ACA 

GCG GA-3’
CTSK Forward: 5’- �CCA GGA AAT GAG CTT GAC 

AAA-3’
Reverse: 5’- �ATA ATT CTC AGT CAC ACA 

GTC CAC A -3’
MMP9 Forward:5’- �CAC TCC CAC CCT GAG ATT 

TGT-3’
Reverse: 5’- �CCCC AGA GAC ATG ATG AAG 

TCA -3’
c-fos Forward: 5’- �TGT CTG TGG CTT CCC TTG 

AT -3’
reverse: 5’- �ATC AAA GGG CTC GGT CTT 

CA -3’
NFATc1 Forward:5’- �CCG TTG CTT CCA GAA AAT 

AAC A -3’
Reverse: 5’- �TGT GGG ATG TGA ACT CGG 

AA -3’
GAPDH Forward:5’-�CAT GTA CGT TGC TAT CCA 

GGC-3’
Reverse: 5’-�CTC CTT AAT GTC ACG CAC 

GAT-3’
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to scan the radial defects in the rabbits. The regions of 
interest were selected and reconstructed. Then, 510 axial 
images were reconstructed into 3D images. In the bone 
tunnel, the residual scaffolds could be distinguished from 
the newly formed bone in the tunnel by setting different 
gray levels. The gray threshold from 40 hu to 60 hu 
represented the implanted composite scaffold, and the 
gray threshold from 80 to 255 represented new bone. The 
changes in stent volume after implantation were analyzed.

2.12. Microfil angiography and micro-CT 
imaging
After the New Zealand white rabbits had been 
anesthetized, their abdomen was fixed on the plate with 
the abdomen facing upward. The skin and muscle layers 
were cut along the midline of the abdomen. The xiphoid 
process was lifted, the diaphragm was cut open, and the 
heart was exposed. The heart was fixed with hemostatic 
forceps, a 23 G needle was inserted into the left ventricle, 
and the right auricle was cut with ophthalmic scissors. 
The perfusion pump was opened. The perfusion pump 
was irrigated with normal saline until no red liquid flowed 
out and was then changed to 4% paraformaldehyde. After 
the muscle tissue was fixed, 40 – 50 ml of mixed microfil 
liquid (solvent: solute = 4:5 and 1 – 2% coagulant) was 
infused. At the end of the perfusion, the small mesenteric 
vessels turned yellow. The rabbit carcass was kept in a 
4°C refrigerator overnight. After the contrast medium 
was fixed, the rabbits’ upper limbs were taken for micro-
CT scanning to observe the vascular development.

2.13. Histology analysis
At 12  weeks, the rabbits were sacrificed by injecting 
air into the ear edge vein. The skin and muscle tissues 
were removed, and the radial specimens were obtained. 
The specimens were fixed in 4% PFA solution for 
2 weeks and then decalcified with 10% EDTA solution 
for 4 – 6 weeks. The decalcification was continued until 
the needle could be easily inserted into the bone tissue. 
Gradient concentrations of ethanol solution were used 
for dehydration, and a xylene soak for 30 min was used 
to clear the tissue. This was repeated twice. The treated 
tissues were immersed in paraffin for 30  min, and the 
paraffin was replaced 3 times. After paraffin solidification, 
the embedded specimens were taken out and cut into 
5-μm slices. They were then put in distilled water, pasted 
to a slide, and baked at 60°C overnight. The prepared 
paraffin sections were used for hematoxylin and eosin 
staining.

2.14. Statistical analysis
All quantitative data were obtained from four or five 
independent experiments. The results are expressed as the 

mean ± standard deviation. One-way analysis of variance 
(ANOVA) was used for statistical analysis, and the data 
are indicated with * if the probability is <0.05 (P < 0.05).

3. Results and discussion
3.1. Scaffold characterization, mechanical 
properties and drug release behavior
The morphology and structure of CTP scaffolds were 
evaluated by SEM. As shown in Figure  2A-D, both 
scaffolds had a porous structure in both the horizontal 
and vertical (cross-sectional) directions, and the 
interconnected gridded pores had a side length of 200 ± 
50 μm. Compared to TP scaffolds, CTP scaffolds had a 
rougher strut surface on which a number of micropores 
and numerous TCP particles with a diameter around 
200 nm can be seen (Figure 2E and F). The mechanical 
properties of the TP and CTP scaffolds were measured 
through compression testing and the results are shown 
in Table  2 and Figure  2G and 2H. The compressive 
strengths of TP and CTP were 1.20 MPa and 1.34 MPa, 
respectively, which are in the low range of trabecular bone 
(1.3 – 4.4 MPa)[22], and hence is suitable for treating bone 
defects. The in vitro release behavior of CTP scaffold 
was also studied. As shown in Figure 2I, 55% level of 
released CFZ was observed on day 5, and the release 
profile achieved a plateau after 10 days of incubation. The 
survival rate of C3H10T1/2 cultured on the TP and CTP 
scaffolds for 3 days (as shown in Figure 2J) was more 
than 90%, indicating that the TP and CTP scaffolds were 
a biocompatible platform for C3H10T1/2 culture.

3.2. CTP scaffolds promote osteogenic 
differentiation of C3H10T1/2 cells
To analyze the effect of CTP scaffold on osteogenesis, 
we treated the mouse mesenchymal cells line C3H10T1/2 
with osteogenic media supplemented with extracts of the 
scaffold. Figure 3A shows the mRNA expression of the 
osteogenic genes in C3H10T1/2  cells stimulated with 
control or CFZ for 7 days. It was seen that the expression 
of osteogenic genes, including ALP, BMP2, Col1α1, 
OCN, Osterix, and Runx2, was all upregulated in CFZ 
group compared with control group. With Western blot 
analysis, we confirmed that the protein level of OCN, 
Col1α1, and Runx2 was increased, and the expression 
of Runx2 and Col1α1 was more pronounced in the CFZ 
group (Figure  3B), which were accordant with the 

Table 2. Compression mechanical results of TP and CTP scaffolds

Scaffold Young 
modulus (E)

Ultimate tensile 
strength (UTS)

Strain

TP 31.52 1.20MPa 9.69%
CTP 33.13 1.34MPa 11.90%
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mRNA expression levels. In addition, we performed 
immunofluorescence staining of OCN in C3H10T1/2 cells 
from control and CFZ groups. As shown in Figure 3C, 
OCN expression in CFZ group was remarkably enhanced 
compared to control group. And within 14 days, alizarin 
red staining confirmed enhanced mineralization of 
the extracellular matrix in CFZ group (Figure  3D). 

Therefore, these data suggest that CTP scaffolds have 
good osteogenic capabilities in vitro.

3.3. CTP scaffolds inhibit osteoclast formation 
in vitro
The role of CFZ in osteoclast activity has been mentioned 
in the previous studies. In this study, we also investigated 

Figure  2. Fabrication of a 3D-printed β-tricalcium phosphate/poly lactic-co-glycolic acid scaffold loaded with carfilzomib 
(CFZ). (A-F) Scanning electron microscopy micrographs of different scaffolds at different magnification. (G) Compressive strengths of 
cytidine triphosphate (CTP) scaffolds and TP controls. (H) Young modulus of the CTP scaffolds and TP controls. (I) Release behavior of 
CFZ from CTP scaffolds in a 30-day test period. (J) Cell viability after seeding C3H10T1/2 in the scaffolds for 3 days. 
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Figure  3. Cytidine triphosphate (CTP) scaffolds promote osteogenic differentiation in C3H10T1/2 mesenchymal cells. (A) mRNA 
expression of osteogenic genes in C3H10T1/2 cells stimulated with osteogenic medium supplemented with (carfilzomib [CFZ] group) or 
without (control group) extracts of the CTP scaffold for 7 days. (B) Western blot results of osteogenic proteins in C3H10T1/2 cells from 
control and CFZ group. (C) Immunofluorescence staining of osteocalcin in C3H10T1/2 cells from control and CFZ group. (D) Alizarin red 
S staining of C3H10T1/2 cells stimulated with osteogenic medium supplemented with (CFZ group) or without (control group) extracts of 
the CTP scaffold for 14 days. Scale bar = 50 μm. *P < 0.05. 
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the effect of CTP scaffolds on osteoclast formation 
in cultured cells. The mouse leukemic monocyte cell 
line RAW264.7 was stimulated with RANKL and 
supplemented with or without extracts of the scaffold. 
As shown in Figure 4A, mRNA expression of osteoclast 
differentiation marker genes (Ctsk and Mmp9), key 
transcription factors (c-fos and NFATc1), and osteoclast 
fusion-related genes (β3-integrin) were all dramatically 
downregulated in CFZ group compared to the control 
group. We ascertained the decreased protein level of 
CTSK, NFATc1, and MMP9 in CFZ group with Western 
blot analysis (Figure 4B). RANKL induces macrophages 
to differentiate into osteoclast through the induction of 
multiple regulatory transcription factors, such as NF‐
κB and NFATc1. Our results suggested that CFZ had 
an inhibitory effect on osteoclastogenesis through the 
RANKL-related pathway. To better understand the 
potential role of CTP scaffolds on actin ring formation in 
osteoclasts, we conducted immunofluorescence staining 
of phalloidine (F-actin) and CTSK in raw264.7  cells. 
Our data showed that in control group, CTSK-positive 
cells, multinucleated osteoclasts, and well‐polarized F‐
actin ring were observed, while all these were inhibited 
in cells of CFZ group (Figure 4C). These data indicate 
that CTP scaffolds inhibit osteoclast formation partially 
through RANKL-related pathway and destroy the actin 
ring formation, which was consistent with the finding of 
a previous study[15].

3.4. CTP scaffolds activate Wnt/β-catenin 
signaling
To determine the underlying mechanism of CTP scaffolds 
on osteogenesis and osteoclast formation, we analyzed the 
effect of CTP scaffolds on the Wnt/β-catenin signaling in 

C3H10T1/2 cells. Western blot analysis indicated that the 
total expression of β-catenin was slightly elevated while 
the increased expression of active β-catenin was more 
pronounced in CFZ group compared to control group 
(Figure  5A). TOP/FOP-Flash luciferase reporter assay 
also confirmed the activity of Wnt/β-catenin signaling was 
significantly upregulated in CFZ group (Figure 5B). Next, 
we detected the expression of β-catenin in C3H10T1/2 cells 
with immunofluorescence staining. As shown in 
Figure 5C, cells in CFZ group exhibited enhanced total 
and nuclear expressions of β-catenin in comparison with 
control. All these results indicated that CTP scaffolds may 
enhance the activity of the Wnt/β‐catenin signaling in 
vitro. We speculated that the effect of CFZ on osteogenesis 
and osteoclast formation may be mediated through the 
activation of Wnt/β-catenin signaling.

3.5. CTP scaffolds promote bone regeneration in 
a rabbit long bone defect model
Next, we analyzed the effect of CTP scaffold in a rabbit 
long bone (radius) defect model. After surgery and stent 
implantation (Figure 6A), the specimens of each group 
were taken out after 12 weeks of cage feeding. With micro-
CT scan, we noticed that the degree of bone formation 
in the CTP scaffolds group was significantly higher than 
in the TP group and the control group (Figure  6B). 
Figure 6C and D shows the bone volume/total volume 
(BV/TV) ratio and bone mineral density of different 
groups. It can be seen that CTP scaffolds induced the 
highest level of BV/TV ratio and bone mineral density 
value. These data suggest that the sustained release of 
CFZ significantly improved bone mineralization. In the 
process of bone regeneration, blood vessel formation 
is essential because vascularization can also facilitate 

Figure  4. Cytidine triphosphate (CTP) scaffolds inhibit osteoclast formation in RAW264.7 cells. (A) mRNA expression of osteoclast 
formation genes in RAW264.7 cells stimulated with RANKL and supplemented with (carfilzomib [CFZ] group) or without (control group) 
extracts of CTP scaffold for 7 days. (B) Western blot results of Ctsk, MMP9 and NFATC1 in raw264.7 cells from control and CFZ group. 
(C) Immunofluorescence staining of F-actin and CTSK in raw264.7 cells stimulated with RANKL and supplemented with (CFZ group) or 
without (control group) extracts of CTP scaffold for 14 days. Scale bar = 50 μm. *P < 0.05.
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bone formation. The 3D image of the neovascularization 
structure in the scaffold area is shown in Figure  6E. 
Neovascularization was significantly enhanced in CTP 
stents in CFZ group compared to the control group, 
which was at least 2 times more than TP stents, and at 
least 4 times more than the blank group. Thus, our data 
indicated that CTP scaffolds can significantly promote 
bone regeneration and neovascularization by showing 
significantly improved vessel length and vessel density 
(Figure 6F and G).

Subsequently, animals were sacrificed and we 
performed H  and  E staining to examine the formation 
of bone in orthotropic segmental defects of each 
group. As shown in Figure  7A, CTP scaffolds showed 
a better effect in new bone formation and blood vessel 
formation compared to others, while the control and 
TP groups showed more fibrous tissue formation than 
mature bones. Next, we labeled the osteoclasts through 
immunofluorescence staining of CTSK in bone samples 
from each group. Compared to the other two groups, CTP 
scaffolds group showed a reduced level of CTSK on the 
surface of the trabecular bone (Figure 7B and E), indicating 
that CTP scaffolds inhibited osteoclasts formation in vivo. 
We also labeled the vessel with immunofluorescence 
staining of CD31 in bone sections from all groups, and as 
expected, the number of vessels around the new formation 
bone in CTP group was more than that in other two 

Figure  5. Cytidine triphosphate (CTP) scaffolds activate Wnt/
β-catenin signaling. (A) Western blot results of β-catenin in 
C3H10T1/2 cells cultured with medium supplemented with 
(carfilzomib [CFZ] group) or without (control group) extracts of 
the CTP scaffold. (B) TOP/FOP-Flash luciferase reporter assay was 
used to analyze the effect of CTP scaffolds on the activity of Wnt/
β-catenin signaling in C3H10T1/2 cells. (C) Immunofluorescence 
staining of β-catenin in C3H10T1/2 cells from control and CFZ 
group. Scale bar = 50 μm. *P < 0.05.
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Figure 6. Imaging results show cytidine triphosphate scaffolds promote bone regeneration in a rabbit long bone defect model. (A) Surgical 
procedure in rabbits with the scaffolds. (B) Micro-CT scan images of the defect area at 12 weeks post-surgery. (C) Bone mineral density of 
regenerated bone tissue. (D) BV/TV ratio of regenerated tissue. (E) Microfil angiography and micro-CT imaging results of the experimental 
animals. (F) Quantification of average vessel length and vessel area (G) of the experimental animals *P < 0.05.
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groups (Figure  7C and F), indicating that the released 
CFZ promoted angiogenesis in the defected area. Further, 
expression of ontogenetic marker OCN and β-catenin was 
detected. We noticed that OCN and β-catenin co-localized 
in the cytoplasm and nucleus. In the CTP scaffolds, the 
expression of both OCN and β-catenin was higher than 
in other groups, suggesting that CTP scaffolds promoted 
osteogenesis and possibly via the activation of the β-catenin 
signaling (Figure 7D, G, and H).

Treatment for large bone defects resulting from 
trauma, tumor, or other diseases is still a major clinical 
challenge. Autologous bone or autograft is still the most 
effective therapeutic approaches for bone regeneration in 
large bone defect[23]. In recent years, bone graft scaffolds 
combined with various growth factors, such as BMPs, 
mesenchymal stem cells, and other agents, have been 
used in the repair of bone defects[24]. The most ideal bone 
graft scaffold should be biocompatible, osteogenic, and 

Figure 7. Histological results show that cytidine triphosphate scaffolds promote bone regeneration in a rabbit long bone defect model. 
(A) H&E staining of the defect area at 12 weeks post-surgery. B: bone, F: Fibrous tissue, NB: New bone; V: Vessel). (B and E)  IF analysis 
and quantification of CTSK in bone sections from different groups. (C and F) Immunofluorescence analysis and quantification of CD31 in 
bone sections from all groups. (D, G, and H) Immunofluorescence analysis and quantification of OCN and β-catenin in bone sections from 
different groups. Scale bar = 50 μm. *P < 0.05. 
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angiogenic and have mechanical properties similar to 
those of bone at the implant site[25].

CFZ, an clinically approved proteasome inhibitor, 
is used to replace bortezomib to treat multiple myeloma, 
due to fewer side effects it causes[26]. The previous studies 
had reported the effect of CFZ in inhibiting osteoclasts 
formation and bone resorption, while enhancing 
osteogenic differentiation and matrix mineralization 
in vitro[15]. In our study, with sustained release of CFZ 
from CTP scaffolds, we confirmed the promotion 
of osteogenesis in cultured mouse mesenchymal 
cells and inhibition of osteoclastogenesis in mouse 
leukemic monocyte cell line. The canonical Wnt/β-
catenin pathway has been found to be tightly linked to 
bone formation. Herein, after being treated with CTP 
scaffolds, the mesenchymal cells exhibited an increased 
expression of active β-catenin, and we noticed that 
β-catenin was translocated into the nucleus. Activation 
of canonical WNT/β-catenin signaling not only promotes 
differentiation of osteoblasts and bone production but 
also suppresses RANKL expression to inhibit osteoclasts 
formation[27]. Thus, we speculated that the effect of CFZ 
on osteogenesis and osteoclastogenesis may be mediated 
through activation of the WNT/β-catenin signaling.

During the progression of bone defect repair, 
osteoclast precursors are attracted from the invading 
blood vessels that are adjacent to the newly formed 
bone trabeculae[28]. The new bone tissue is continuously 
remodeled through the balancing activities of bone-

forming osteoblasts and of bone-resorbing osteoclasts[29]. 
Since the CTP scaffolds showed good biomechanical 
properties and biocompatibility, we consider that the CTP 
scaffolds could be suitable for bone regeneration. In in 
vivo study, the CTP scaffolds-treated animals showed 
increased osteogenesis, decreased osteoclastogenesis, 
and notably improved bone formation. It was interesting 
to note that the vascularization was also enhanced in 
CTP-treated group. Osteogenesis and angiogenesis are 
two closely related processes in bone regeneration; the 
newly formed vessels transport nutrient to the cells and 
metabolic wastes away from the cells, thereby improving 
bone formation[30]. In summary, CTP scaffolds promoted 
osteogenesis, inhibited osteoclastogenesis through 
activation of WNT/β-catenin signaling, and also enhanced 
angiogenesis, thus improving bone regeneration in large 
bone defect (Figure 8A and B).

4. Conclusions
In this study, a porous CTP scaffold was generated by 
cryogenic 3D printing. The sustained release of CFZ 
from CTP scaffolds led to the induction of osteoblastic 
differentiation and inhibition of osteoclast formation 
in  vitro,  which may be mediated by an underlying 
mechanism where the CFZ activates the Wnt/β-catenin 
signaling. In the treatment of rabbit radius bone defects, 
CTP scaffolds improved new bone formation and promoted 
the growth of new blood vessels in the regenerated 
tissues. Overall, this study provides a theoretical basis for 

Figure 8. Schematic diagram of cytidine triphosphate (CTP) scaffolds promoting bone regeneration via activating Wnt/β-catenin pathway. 
(A) Schematic diagram of the preparation process of the CTP scaffold and its effect on angiogenesis and osteogenesis in the bone defect. (B) 
Chemical structure of carfilzomib and mechanism of carfilzomib on the canonical Wnt/β-catenin signaling.
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CFZ-incorporated scaffolds, which are produced by 3D 
printing, in promoting bone regeneration in critical-sized 
bone defects.
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Abstract: The hydrogel formed by polyethylene glycol-aliphatic polyester block copolymers is an ideal bioink and 
biomaterial ink for three-dimensional (3D) bioprinting because of its unique temperature sensitivity, mild gelation 
process, good biocompatibility, and biodegradability. However, the gel forming mechanism based only on hydrophilic-
hydrophobic interaction renders the stability and mechanical strength of the formed hydrogels insufficient, and cannot 
meet the requirements of extrusion 3D printing. In this study, cellulose nanocrystals (CNC), which is a kind of rigid, 
hydrophilic, and biocompatible nanomaterial, were introduced to enhance the hydrogels so as to meet the requirements 
of extrusion 3D printing. First, a series of poly(ε-caprolactone/lactide)-b-poly(ethylene glycol)-b-poly(ε-caprolactone/
lactide) (PCLA-PEG-PCLA) triblock copolymers with different molecular weights were prepared. The thermodynamic 
and rheological properties of CNC-enhanced hydrogels were investigated. The results showed that the addition of CNC 
significantly improved the thermal stability and mechanical properties of the hydrogels, and within a certain range, the 
enhancement effect was directly proportional to the concentration of CNC. More importantly, the PCLA-PEG-PCLA 
hydrogels enhanced by CNC could be extruded and printed through temperature regulation. The printed objects had high 
resolution and fidelity with effectively maintained structure. Moreover, the hydrogels have good biocompatibility with a 
high cell viability. Therefore, this is a simple and effective strategy. The addition of the hydrophilic rigid nanoparticles 
such as CNC improves the mechanical properties of the soft hydrogels which made it able to meet the requirements of 
3D bioprinting.
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1. Introduction
Three-dimensional (3D) bioprinting is a rapid additive 
manufacturing technology which is used in the field of 
tissue engineering[1,2]. As an emerging research direction, 
it has attracted widespread attention. The printing 

methods in this technology are diverse, and material 
jetting, material extrusion, and vat polymerization 
bioprinting are commonly used[3-7]. Among them, 
material extrusion bioprinting is capable of fabricating 
more scaled bio-scaffold compared with the other two 
technologies, exhibiting more potential and prospect in 
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tissue engineering and other biomedical fields. For the 
extrusion-based printing, the inks in the cylinder can be 
extruded under pressure through the nozzle and deposited 
on a substrate layer by layer. Therefore, the ink not only 
can be extruded smoothly but also can be set quickly 
after deposition. The fact that a printable biomaterial 
is required to have the properties of shear thinning, 
fast curing and good biocompatibility presents a huge 
challenge in broadening extrudable biomaterial inks[2,8].

Hydrogels are water-swellable 3D crosslinking 
network with adaptable mechanical strength. Therefore, 
under the premise of retaining the original excellent 
properties of the hydrogel, enhancing its mechanical strength 
to meet the needs of 3D printing is one of the focuses in this 
field[9,10]. Nevertheless, the diverse and complex gelation 
mechanisms of hydrogels are reciprocally restricted 
with technology condition of extrusion-based printing, 
thereby restraining the application in 3D bioprinting. 
Thus, it is an application prospect to develop more 
extrudable hydrogels with easy gelation mechanism[11,12]. 
Temperature-responsive hydrogels are the soft materials 
that can reversibly transit between gel and sol by regulating 
temperature, which are the ideal printable and extrudable 
materials[13]. Unfortunately, the crosslinking network of 
this type of hydrogels is often based on hydrogen bonds 
or hydrophilic-hydrophobic interactions. The weaker 
forces lead to poor structural stability and low mechanical 
strength of the cross-linked networks. Extrusion swelling 
and even structural collapse will occur during printing[14-16]. 
Therefore, the present research focuses on enhancing the 
mechanical strength of the hydrogels while retaining the 
original excellent properties.

At present, the introduction of carbon-carbon double 
bonds in the chemical structure of the materials, and 
subsequently photo-curing is the main means. Among 
them, methacryloyl gelatin (GelMA) is a representative of 
this strategy. In this approach, the chemical modification 
is easy and convenient. The degree of substitution of 
the double bond can be adjusted while the structure of 
the gelatin will not change significantly. The printed 
GelMA object can be fast photo-crosslinking by adding 
a photoinitiator. The mechanical strength of the cured 
hydrogel is remarkably enhanced[17-20]. However, the 
introduction of photoinitiator and its free radical species 
caused by UV irradiation that causes damage to the cells 
affect the cell survival rate[21-23]. We previously reported 
an alternative approach: introducing a crystalline poly(ε-
caprolactone) (PCL) block into the molecular structure to 
construct poly(ε-caprolactone)-b-poly(ethylene glycol)-
b-poly(ε-caprolactone) triblock copolymer. The results 
showed that the crosslinked network of the copolymers 
could partially crystalize in water. Compared with the 
amorphous control group, it showed significantly improved 
strength and thermal stability, which meets the requirements 

of extrusion 3D printing[12]. However, the limitation of this 
method is that the amorphous materials do not have the 
ability to crystallize. Therefore, it is necessary to develop 
more extensive mechanical enhancement strategies.

In this study, cellulose nanocrystals (CNC), kind 
of rigid nanoparticles, were introduced to strengthen the 
amorphous block copolymer hydrogels. CNC is a rod-
shaped rigid nanomaterial made of natural polymers, 
which has a good biocompatibility and can be stably 
dispersed into nanoparticles in an aqueous medium[24-27]. 
As previously reported[28-30], the introduction of CNC 
could mechanically enhance the hydrogels. Therefore, 
we hope to introduce such rigid nanomaterials as 
reinforcing fillers to improve the mechanical strength 
and printability of amorphous hydrogels. Thus, triblock 
copolymers, poly(ε-caprolactone/lactide)-b-poly(ethylene 
glycol)-b-poly(ε-caprolactone/lactide) (PCLA-PEG-
PCLA), were chosen for the study. A  series of PCLA-
PEG-PCLA copolymers with different molecular weight 
were prepared; subsequently, different amounts of CNC 
were introduced, and the mechanical improvement 
effect on the hydrogels was evaluated. It is found that 
the addition of CNC significantly improved the thermal 
stability and mechanical strength of the hydrogels. 
Within a certain concentration range, the improvement of 
hydrogel performance was proportional to the increase of 
CNC concentration. In addition, when a certain amount 
CNC was added, the sol system that cannot form a gel 
state at room temperature has a significant “liquid-solid 
transition” phenomenon. More importantly, the CNC-
enhanced hydrogels could form effectively maintained 3D 
structural objects with high resolution and fidelity during 
the printing process, and no extrusion swelling or structural 
collapse was observed. The strategy of introducing rigid 
nanoparticles such as CNC to the mechanically weak 
hydrogels meets the demand of 3D bioprinting, and is a 
simple and effective way to improve the comprehensive 
performance of the thermal-sensitive hydrogels.

2. Materials and methods
2.1. Materials
CNC (11 wt%) was purchased from Beijing North Tianchen 
Technology Co., Ltd. (Beijing, China). ε-caprolactone 
(98%) was received from Shanghai Aladdin Biochemical 
Technology Co., Ltd. and dehydrated by CaH2 for more 
2 weeks. PEG (Mn = 6 000, 8 000 and 10 000 Da) was 
purchased from Sigma-Aldrich (98%) and dehydrated by 
lyophilization. L-lactide (LLA) was synthesized in our 
lab and recrystallized from ethyl acetate and dried in a 
vacuum oven at room temperature over 3 days. Stannous 
octoate (Sn (Oct)2, 95%) and CDCl3  (99.9%) were also 
obtained from Sigma-Aldrich. All other chemicals 
were obtained from Shanghai Chemical Reagent Co. 
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(Shanghai, China) and used without further purification, 
unless otherwise specified.

2.2. Synthesis of the triblock copolymer
The PCLA-PEG-PCLAs were all synthesized through 
ring-opening polymerization. Taking PCA1 as an example, 
3 g dihydroxyl PEG (Mn = 6 000 Da, 0.5 mmol), 1.14 g 
ε-CL (1.11 mL, 10 mmol), 1.44 g LLA (10 mmol), and 
3% Sn (Oct)2 were added into a blank round-bottom flask. 
The mixture was melted at 60°C and then purified with 
argon under stirring for 3 times. The polymerization was 
conducted under vacuum at 160°C for 8 h. The reaction 
was terminated at –20°C. The obtained crude product was 
dissolved in around 5 mL CH2Cl2 and precipitated in over 
100 mL diethyl ether for 3 times. The solid product was 
then dried in a vacuum oven overnight.

2.3. Characterization of copolymer structure
1H NMR spectra of triblock copolymers were recorded 
using a Brucker Avance-400 nuclear magnetic resonance 
instrument. The solvent was CDCl3. The gel permeation 
chromatography (GPC) was determined through Waters 
PL-GPC-50 instrument. The eluent was THF with a flow 
rate of 1.0 mL/min.

2.4. Vial-inverting test
The enhancement effect of CNC on phase transition 
of hydrogels was evaluated by vial-inverting test. The 
hydrogels of the copolymers were prepared at the 
concentration of 20 wt% while 0, 2.2, 4.4, and 8.8 wt% 
CNC were used. The vials were incubated in a water bath. 
The temperature was regulated from 25 to 70°C with an 
increment of 1°C per step. Each sample was equilibrated 
for 5 min at each temperature and the state was evaluated. 
Once a flowable or dehydrated state was observed after 
inverting the vial, the transition temperature would be 
recorded.

2.5. Rheological experiments
The rheological properties of hydrogels were 
characterized through a TA ARES-G2 instrument using a 
25 mm parallel plate geometry. The samples were loaded 
on the Peltier platform. Temperature sweep experiments 
were conducted at 1 Hz from 25 to 75°C with a ramp rate 
of 3°C/min. Frequency sweep experiments were carried 
out at 25°C from 0.1 to 100 rad/s with a strain value of 
0.5%. Strain sweep experiments (25°C) were performed 
at a strain ranging from 0.01% to 1000% with a frequency 
value of 1  Hz. Shear thinning tests was carried out at 
37°C with a frequency value of 1  Hz. The shear rates 
were from 0.01 to 100 rad/s. The thixotropy experiments 
(25°C) were performed at an alternating strain of 0.01% 
and 100% for 100 s, respectively, per cycle.

2.6. Scanning electron microscopy (SEM)
The copolymers-formed hydrogels (20 wt%) were 
lyophilized at -50°C under 10 Pa (Vacuum freeze dryer, 
FD-1A-50, BiLon, Shanghai, China) overnight, which 
was followed by metal-spraying using an MSP-2S, an 
ion sputtering instrument (EIKO Corporation, Japan) for 
1 min. The SEM images were obtained through a Hitachi 
S-4800 SEM instrument.

2.7. Degradation properties
20 wt% PCA2 hydrogel was chosen to study the 
degradation properties. 0.5  g of PCA2 was added to a 
vial and 1 mL phosphate buffer (PB) containing 0.1 mg 
lipase (Aladdin, Shanghai, China) was subsequently 
added. The experiments were conducted in triplicates at 
37°C and the buffer was refreshed every day. The residual 
samples were taken out and lyophilized at specific time 
intervals. The weight of each sample was recorded and 
the average value of weight ratio of weight loss and the 
original weight before incubation was calculated as the 
degradation rate for the analysis.

2.8. 3D printability of hydrogels
The extrusion-based 3D printing was carried out with 
an instrument of Bio-Architect® PRO (Regenovo). The 
hydrogels were filled into the barrels and then placed into 
an oven at 37°C overnight to eliminate the bubbles. The 
corresponding GCodes and software were supported by 
Regenovo. The filament collapse experiments and micro-
extrusion were performed by adjusting the nozzle size, the 
pneumatic pressure value, and translational speed. Taking 
the 20 wt% PCA2+4.4 wt% CNC gel with the 0.41 mm 
of nozzle as an example, the thickness was set as 0.4 mm 
and the 3D constructs were printed at 37°C under 0.3 
MPa of air pressure with 10 mm/s of transitional speed.

2.9. In vitro cytotoxicity assay
Primary human fibroblasts (HDFs) were used for 
evaluation. HDFs were obtained from discarded human 
foreskin and used until 4–6th  passage. The cell seeding 
density was 500/well. The Dulbecco’s modified Eagle’s 
medium, Sigma, USA was used as culture medium.

The cytocompatibility of the copolymers with 
different concentrations was evaluated through staining 
with cytotoxicity assay kit (KeyGEN BioTECH, 
China). The culture medium was removed and washed 
with PB saline (PBS) for 3  times. The work solution 
(0.5 μL propidium iodide (PI) + 0.5 μL calcein 
acetoxymethyl ester (AM) in 1 mL PBS) was added into the 
samples and then incubated for 45 min at room temperature. 
The fluorescent images were observed through fluorescence 
microscope (Leica, Germany); the living and dead cells 
showed as green and red regions, respectively.
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The cytocompatibility of hydrogels was also 
investigated. 20 wt% PCA2+4.4 wt% hydrogel was 
chosen for the investigation while cells were seeded 
on its surface. The following process was identical to 
the previous procedure. The fluorescent images were 
captured after 12-h co-incubation.

(c) The cell viability was also carried out using Cell 
Counting Kit-8 (CCK-8) cell viability assay. The CCK-8 
stock solution (Dojindo, Kumamoto, Japan) was diluted 
(1:10) in culture medium to form a working solution. 
The human primary fibroblasts and copolymer at a given 
concentration were submerged for 2  h. 100 μL of the 
submerged solution was extracted and transferred into 
a plate of 96 wells. The measurements were conducted 
using a microplate reader (BioTek Instrument, USA) 
with the absorbance at 450  nm. The samples were 
washed with PBS until the working solution was totally 
removed; and fresh medium was added subsequently for 
incubation.

3. Results and discussion
3.1. Synthesis and properties of the copolymers
According to our previous study, dihydroxy terminated 
PEGs with different molecular weight (6, 8, and 10 kDa) 
were chosen as the macroinitiator. By regulating the 
feed ratio, the molecular weight of polyester was 
controlled around 2  kDa. Thus, three PCLA-PEG-
PCLA copolymers with different chain lengths, named, 
respectively, as PCA1, PCA2 and PCA3, were prepared 
via ring-opening polymerization using Sn(Oct)2 as the 
catalyst (Figure  1). To ensure the elimination of the 
intrinsic crystallinity of polyester, the constitutional 
repeating unit between caprolactone (CL) and lactide 
(LA) were adjusted to the same molar number. The 
obtained samples were characterized through 1H 
NMR and GPC, which is shown in Table 1. Through 

the calculation of integral area in 1H NMR spectra 
(Figure 2A), the chain length of each polyester block 
was around 2000 Da. That means the block ratio of 
polyester decreased with the increase of PEG chains. 
Meanwhile, the molar ratio of the constitutional 
repeating unit between CL and LA was calculated, 
respectively, as 0.98, 0.9, and 1.08, which were close 
to the equal distribution of 1:1, ensuring the amorphous 
state of the hydrophobic block. In addition, the GPC 
results illustrated that the molecular weight of all 
copolymers was narrowly distributed (Figure 2B).

3.2. Gel-sol transition of the CNC-enhanced 
copolymer gels
The hydrogels formed by these copolymers exhibited 
thermal-sensitive properties with gel-sol transition, that 
is, these gels have a lower critical gelation temperature 
(LCGT). As the temperature is lower than LCGT, the 
system is in a gel state. When the temperature is above 
LCGT, lower concentration gels transform into a flowable 
sol state and the gels of higher concentration will dehydrate 
and precipitate. Therefore, LCGT can effectively reflect the 
thermal stability of the hydrogels. Since the polyester block 
is an amorphous block formed by the copolymerization of 
two monomers, the formed hydrogel often has a low LCGT 
and is not as stable as a gel formed by a crystalline copolymer 
with the same molecular weight. Thus, CNCs with different 
concentrations were introduced to the hydrogels (20 wt%) 
to evaluate the enhancement effect (Figure 3A). It can be 
seen that the overall LCGT was at a relatively low level in 
the absence of CNC, and as the molecular weight of PEG 
increases, the LCGT gradually decreases. The reduction of 
hydrophobic block ratio will be detrimental to the thermal 
stability of gels, which is consistent with our previous 
study[16]. The thermal stability of the hydrogels is improved 
to varying degrees when different concentrations of CNC 

Table 1. Properties of PCLA-PEG-PCLA triblock copolymers

Samples Mn,NMR
a,c Mn,GPC

b Mw/Mn
b Polyester/PEGa (Mn/Mn) CL/LAa (mol/mol)

PCA1 2 170-6 000-2 170 10 500 1.01 0.72 0.98
PCA2 1 820-8 000-1 820 13 400 1.11 0.46 0.9
PCA3 1 880-10 000-1 880 16 100 1.25 0.38 1.08

aMn,NMR, polyester/PEG ratios and CL/LA ratios of the copolymers were calculated from 1H NMR spectra. bMn,GPC and Mw/Mn of copolymers were calculated 
by GPC. cThe difference among the PCA1, PCA2 and PCA3 was the molecular weight of PEG, which was 6, 8, and 10 kDa, respectively, while the hydrophobic 
block was kept at around 2 kDa for the convenience of subsequent comparison

Figure 1. The synthesis strategy of PCLA-PEG-PCLA triblock copolymers.
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(2.2, 4.4, and 8.8 wt%, respectively) were added to the 
hydrogels. Among them, the effect on PCA3 is the most 
remarkable. When the concentration of CNCs reaches 8.8 
wt%, the LCGT of PCA3 increased by about 15°C, showing 
a notable promotion effect.

This enhancement effect on phase transition with 
different concentrations of CNC also shows a similar 
result in tan δ (Figure  3B). Taking PCA2  samples (20 
wt%) as an example, temperature sweep was conducted 
ranging from 25 to 75°C. It can be found that tan δ of 
four samples increased from gel state (tan δ < 1, G’ > 
G’’) to sol state (tan δ > 1, G’ < G’’) with the increment 
of temperature, exhibiting a typical thermal-sensitive 
effect. As the temperature increased further (T >60°C), 
tan δ decreased due to the dehydration of hydrogels at 
elevated temperature. Compared with the PCA2 without 
CNC, the tan δ reduced to varying degrees after different 
concentrations of CNC were added. As 8.8 wt% CNC was 
added, the values of tan δ became far below 1, showing 
a strong elastic effect. These results demonstrate that the 
introduction of CNCs can effectively improve the thermal 
stability of the crosslinked network of the copolymers.

3.3. Rheological properties of the CNC-enhanced 
hydrogels
Considering that the addition of different concentrations 
of CNCs has an effect on the thermal stability of the 

hydrogels to varying degrees, it is thereby predictable that 
the mechanical strength of the hydrogels may be similarly 
enhanced by CNC. Therefore, the rheological properties 
of the copolymers were investigated. Frequency sweep 
was conducted (Figure  4). For PCA1 and PCA2, the 
addition of CNCs significantly improved the modulus of 
the hydrogel, and with the increase of CNC concentration, 
the increased effect on the hydrogel strength becomes 
more prominent. For PCA3 samples, the gel modulus 
is substantially improved after adding CNCs. From 
the results, it can be seen that the PCA3 without CNC 
showed a high degree of frequency dependence. That 
is, the storage modulus (G’) < loss modulus (G’’) in 
the low frequency range (0.1~10  rad/s), and in the high 
frequency range (10~100  rad/s), it became G’ > G’’, 
indicating that PCA3 (~20 wt%) can hardly form a stable 
hydrogel at room temperature, which is consistent with 
the above phase diagram (Figure 3A). Longer PEG chain 
is detrimental to gel formation. As the CNC concentration 
increase to 2.2 wt% in the gel system, the gel point moves 
to lower frequency, from 10  rad/s to 2  rad/s. Broader 
frequencies range was facilitated for gel formation. When 
the CNC concentration reached 4.4 wt%, a typical “gel-
sol transition” could be observed where G’ > G’’ within 
the whole given frequencies range, but the sample still 
showed a significant frequency dependence. When the 
CNC concentration reached 8.8 wt%, the gel modulus 
was further improved, and the variation of gel modulus 
on frequency became inconspicuous, exhibiting a more 
elastic effect.

According to the results of frequency sweep, the 
addition of CNCs remarkably improves the gel modulus, 
and the improvement effect is proportional to the CNC 
concentration. For those samples which cannot form 
stable gels under conventional conditions, the addition 
of CNC can facilitate the gel point to shift to lower 
frequencies, exhibiting an elastic effect at a wider 
frequency range. When the CNC concentration reaches 
a certain extent, “gel-sol” transition effect will occur. 
According to our previous research, the hydrophilic block 
ratio of copolymers was higher within a certain range, and 
the hydrophobic cores were smaller while the hydrophilic 
chains were longer. Thus, the effective crosslinking points 
between micelles would reduce. The crosslinking network 
would thereby become unstable and exhibit frequency 
dependence, especially in the lower frequencies range. 
Due to the hydrophilic group (e.g. hydroxyl group) on the 
CNC surface, more hydrogen bonds would be generated 
between CNC and PEG chain. Thus, the effective 
crosslinking points increase remarkably, leading to a more 
stable structure of the network. That is, the CNC enhanced 
hydrogels show more independent on the frequency 
compared with the unmodified gels. Thereby, the stability 
of gels would improve[30-35].

Figure  3. Enhancement effect of CNC on phase transition. 
(A) Phase diagram of PCLA-PEG-PCLA hydrogels (20 wt%) with 
CNC of different concentrations. (B) Tan δ of PCA2 hydrogels 
added with different concentrations of CNC as a function of 
temperature with a ramp rate of 3°C/min.

Figure 2. (A) 1H NMR spectra of PCLA-PEG-PCLA. The solvent 
used was D2O. (B) GPC spectra of PCA1, PCA2 and PCA3. The 
solvent used was THF.
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The strain sweep was subsequently conducted and 
the results are shown in Figure 5. Abiding by the rule of 
normal crosslinking system, all the samples of the three 
groups had a linear viscoelastic regime in which the gel 
modulus had no significant change and G’ > G’’, showing 
a typical elastic effect. When the strain reached a certain 
extent, the hydrogel yields and modulus drop abruptly, 
and G’ < G’’, exhibiting a liquid-like state. Moreover, 
we observed that there were significant changes between 
before and after the addition of CNC under the large 
amplitude oscillatory strain (LAOS). The system with 
added CNC at the LAOS produced an obvious weak strain 
overshoot (WSO) phenomenon, that is, when the gel 
yielded, G’’ experienced a sharp rise first and then abruptly 
decrease. We believe that this is due to the destruction and 
reorganization of the cross-linked network structure in 
the process of increasing strain amplitude, resulting in a 
sudden increase in energy dissipation. The system without 
CNC has no significant WSO phenomenon, and with the 
increase of CNC concentration, the WSO phenomenon 
becomes more obvious, indicating that this phenomenon 
is attributed to the addition of CNC, and the copolymer 
itself has an amorphous structure in the water phase. The 
energy dissipation in the LAOS process is not obvious, and 
WSO does not occur. However, the introduced CNC itself 
is a rigid and crystalline material. The energy dissipation 
required for the destruction and reorganization of its 

structure in the same LAOS process rises sharply, and 
with the increase of CNC content, the WSO phenomenon 
becomes more apparent. The addition of CNC significantly 
increases the modulus of the system, and the modulus 
increases with the increase of CNC concentration, which 
is consistent with the previous results[16,36-39].

The rheological results effectively illustrate that the 
introduction of CNC can not only increase the effective 
crosslinking chains of the hydrogels but also enhance the 
structural stability of the network due to its rigid crystal 
particles. Thus, enhanced hydrogels will weaken the 
frequency dependence and simultaneously strengthen the 
mechanical properties.

3.4. Printability of CNC-enhanced hydrogel
According to the thermodynamic and rheological 
results, the addition of CNCs effectively improves the 
thermal stability and mechanical strength of hydrogels. 
It is thereby believed that printability can also be 
improved. Thus, 20 wt% PCA2+4.4 wt% CNC was 
chosen for the investigation of the feasibility in 3D 
bioprinting (Figure 6). Extrudability was first evaluated. 
As mentioned above, materials with shear-thinning 
properties can be extruded. Thus, the viscosity variation 
of the hydrogel ranging from 0.01 to 100  rad/s was 
investigated and the result is shown in Figure  6A. It 
is found that the viscosity of the sample experienced a 

Figure 4. Frequency sweep of PCA1, PCA2 and PCA3 (20 wt%) with CNC of different concentrations.

Figure 5. Strain sweep of PCA1, PCA2 and PCA3 (20 wt%) with CNC of different concentrations
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linear decline with the increase of the shear rate at 37°C. 
In addition, thixotropy, another critical parameter for the 
printable estimation, was also conducted to measure the 
recovery of the mechanical properties of materials under a 
large amplitude oscillatory force. The result (Figure 6B) 
indicated that this material has a typical elastic effect (G’ 
> G’’) under a small amplitude strain (γ=0.01%). When 
the strain is increased to a larger amplitude (γ=100%), 
G’ decreases from 11 kPa to 3.6 kPa while G’’ increases 
from 2.8 kPa to 4.0 kPa, exhibiting a quasi-liquid state. 
Moreover, the gel modulus varied reciprocally with the 
variation of strain amplitude, showing that this material 
had a favorable irreversibility, that is, thixotropy.

Based on these results, extrusion-based 3D printing 
was conducted using Bio-architect®-PRO of Regenovo 
for further evaluation. Through adjusting the temperature 
in the cylinder to 37°C, the hydrogels could be extruded 
fluently as a filament rather than flowed as droplets 
(Figure 6C), intuitively demonstrating that the enhanced 
hydrogel has a required strength to be extruded. Then, 
filament collapse experiment was conducted using 
nozzles of syringe needles of different sizes for further 
confirmation (Figure 6D). It is seen that different thickness 
of filaments could hanged straight on different gap distance 
of scaffold, and no significant collapse can be observed, 
proving the favorable mechanical strength. By regulating 
the printing parameters (including size dimension, spacing 
distance, and translational speed), the material could be 
extruded and printed as a 3D hydrogel construct, as shown 

in Figure 6E. Under the optical microscope, the printed 
pattern showed relatively high resolution and fidelity with 
high layers (~4 mm), in which each filament was clearly 
visible without any obvious extrusion-swell or even 
collapse. Moreover, the details of printed constructs with 
different concentrations of inks are presented in Table S1. 
Meanwhile, the SEM image of the lyophilized 3D printed 
pattern clearly exhibited the intact structure and framework 
(Figure 6F). For the unmodified PCA2 hydrogel (Figure 
S1), the printed structure was totally collapsed and lumped 
within 20 min based on our previous research[16]. So far, 
the results illustrate that the introduction of CNCs can 
effectively enhance the mechanical properties of the 
amorphous copolymers hydrogels, thereby significantly 
improving the extrudability and printability of the material.

3.5. In vitro cytotoxicity analysis
PCLA-PEG-PCLA-formed hydrogels were originally 
widely used as injectable hydrogels for drug delivery[40]. 
These materials show a good biocompatibility and 
biodegradability. Thus, fibroblasts were used to verify the 
former properties while lipase was used for the latter. The 
enzymatic degradation properties were displayed in Figure 
S2. The weight percent of hydrogel reduced linearly in 
7-day incubation, showing a favorable biodegradability 
of the hydrogels. The in  vitro cytotoxicity during the 
3-day cultivation was characterized and estimated by live/
dead staining assay. Under the fluorescent microscope 

Figure 6. 3D printing results of hydrogels (20 wt% PCA2+4.4 wt% cellulose nanocrystals). (A) Shear-thinning tests with the shear rate 
from 0.01 to 100 rad/s. (B) Shear recovery experiments with alternating strain of 0.01% and 100% (black dot line). (C) The extrusion effect. 
(D) Filament strength and stability with different size of nozzles. (E) The optical microscopic image of printed object and (F) The SEM 
image of printed object after lyophilization.
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(Figure  7), it is found that the addition of PCLA-
PEG-PCLA (5  mg/mL) did not influence the growth 
of fibroblasts and showed a similar growth tendency 
compared with blank control. Furthermore, CCK-8 assay 
was also used for the quantitative evaluation of the cell 

viability, as shown in Figure 8. Setting the absorbance 
result of blank control each day as 100%, it can be found 
that over 80% of viability of fibroblasts was maintained at 
a PCA2 concentration of 5 mg/mL after co-cultivation for 
24 h, and the viability increased further with a decrease 

Figure 7. Fluorescent microscopic images of fibroblasts cultured with PCA2 (5 mg/ml) and with medium only for 3 days.
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of copolymer concentration. In the following 2  days, 
there was no significant difference between the additional 
PCA2 of three different concentrations and blank control, 
showing around 100% cell viability. Meanwhile, the co-
cultivation of hydrogel (20 wt% PCA2+4.4 wt% CNC) 
with fibroblasts, which were seeded on the surface of the 
hydrogel, was also evaluated (Figure S3). The results 
exhibited a considerable cell compatibility after 12  h 
incubation and few dead cells were observed. All these 
results indicated that the addition of copolymers did not 
significantly affect the cell growth. However, none of 
living cells was observed in the encapsulated materials 
(unpublished data). It is speculated that the high printing 
pressure required for material with high viscosity may be 
detrimental to the cells. Therefore, we believe that as a 
bio-ink, the proper printing viscosity is as important as 
the biocompatibility of the material itself.

4. Conclusions
In this work, a series of PCLA-PEG-PCLA triblock 
amorphous block copolymers with different molecular 
weights and hydrophilic-hydrophobic ratios were 
prepared through ring-opening polymerization. CNCs of 
different concentrations were subsequently introduced 
into the copolymers formed hydrogels to investigate the 
improvement effect of the printability of the hydrogels. The 
results of thermodynamic and rheological studies show 
that the addition of CNC not only effectively enhances 
the thermal stability, forming a gel state at wider range of 
temperature, but also significantly increases the mechanical 
properties of hydrogels. When the CNC concentration 
reaches a certain level, the “sol-gel transition” presents at 
the sol system which cannot form a stable gel state at room 

temperature. The enhancement effect was proportional to 
CNC concentration within certain range. The printed 3D 
construct of CNC-enhanced copolymer formed hydrogels 
have strong mechanical properties to maintain the shape 
with high resolution and precision. These results proved 
that for the amorphous hydrogels, the printability of 
materials can be improved by adding rigid nanocrystals 
such as CNC. This method provides an effective approach 
of enhancing the comprehensive performance of materials 
for 3D bioprinting and other additive manufacturing 
technologies.
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Abstract: Respiratory protective equipment (RPE) is traditionally designed through anthropometric sizing to enable mass 
production. However, this can lead to long-standing problems of low-compliance, severe skin trauma, and higher fit test 
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1. Introduction
Respiratory protective equipment (RPE) is routinely 
mandated across a wide range of industries to protect 
millions of workers worldwide from inhaling harmful 
airborne particles, gases or vapors that are present in 
the environment. Some examples of respirator masks 
are disposable N95/FFP3 used in the healthcare sector, 
or re-usable elastomeric half-mask RPE commonly used 
in construction, mining, firefighting, and manufacturing. 
The performance of RPE depends on three factors: (i) 
compliance, (ii) comfort, and (iii) effective seal. The 
coronavirus (COVID-19) pandemic has brought the 

world’s attention to RPE’s long-standing but often 
neglected problem of poor fit and its associated issues 
such as device-related pressure ulcers. High incidence 
(97%) of skin damage over the nasal bridge and cheeks 
among frontline health-care personnel wearing standard-
sized RPE has been reported as a serious occupational 
hazard[1]. These skin damages are likely caused by 
excessive strap pressure applied on poorly fitted masks to 
improve seal at the skin/mask interface[2]. Excessive strap 
pressure can result in user discomfort, which is often cited 
as a major factor for non-compliance[3]. Thus, improving 
fit will improve the effectiveness of RPE across all three 
success factors.

© 2021 Li, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and 
reproduction in any medium, provided the original work is cited.
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Users must pass a fit test to ensure an effect seal 
is achieved before they are deployed in high-risk 
environment. Despite its importance, there is clear 
evidence that current commercially available disposable 
RPE[4] or reusable elastomeric RPE[5] are inadequate at 
creating an effective seal for all demographic user groups. 
There are numerous reports of demographic bias in RPE 
fit test failure rates. It has been found that female users 
were nearly twice as likely to fail a fit test compared to 
male users[6-10]. Fit test failure rates were also found to 
be skewed across different ethnic groups. Asian users 
have failure rate as high as 54%[11] and African users at 
86%[12] as compared to about 5 – 10% among Caucasian 
users[7,8,13]. Other than gender and ethnicity, age has 
also been reported as another factor that affects fit test 
failure rate[14]. More importantly, it was found that certain 
combination of subdemographic groups will lead to a 
higher fit test failure rate. For example, McMahon et al.[7] 
reported statistical significant difference (P < 0.05) in 
fit test passing rates among age groups in women (19 
– 71  years old with an average 10  years increment for 
each age group), but not in men. Sandkovsky et al.[15] also 
found that only females with body mass index (BMI) >25 
are at higher risk of failing a fit test, but not males.

These demographically biased fit test failure rates 
are potentially caused by the limitations associated with 
design methodologies employed for mass producing 
wearables. The conventional design method is based on 
anthropometric sizing, which are anthropometric surveys 
that collect body dimensions from a sample population 
and statistically analyze them to suggest a sizing system 
(e.g. three-size system that consists of small, medium, and 
large) to cover majority of the population[16,17]. For RPE 
masks, respirator fit test panels (two-Dimensional charts) 
are typically developed from analyzing 1-Dimensional 
facial dimensions collected from thousands of subjects to 
provide an objective tool for selecting a few representative 
human test subjects based on their facial characteristics 
for use in research, product development, testing, and 
certification[18]. The panel is built with the aim to cover 
about 95% facial variation of a population and can be 
segmented into a few broad categories to inform a sizing 
system to guide the design of RPE. One of the earliest and 
most referenced respirator fit test panels was developed 
based on bivariate distribution of face length and lip length 
(for half-face piece RPE) or face length and face width (for 
full-face piece RPE) data from an anthropometric survey 
of 4000 male subjects in the US Air Force by Los Alamos 
National Laboratory[19] in the early 1970s. Recently in 
2007, the National Institute for Occupational Safety and 
Health (NIOSH) recognized the unsuitability of using 
outdated military data for the design of civilian RPE, and 
developed a new fit test panel using data (3997 subjects) 
from a 2001 anthropometric survey of civilian respirator 

users[20]. Despite having a more updated dataset, several 
large-scale comparative anthropometric studies have 
reported statistically significant differences (P < 0.05) in 
key face dimensions (e.g.  face width, length, and nose 
protrusion) between males and females, different ethnic 
groups (Asian, White, African, Hispanic, etc.), and age 
groups (18 – 29 years old and above 45 years old)[21-24] in 
the updated panel. Respirator manufacturers may create 
different product sizes based on demographic-specific 
anthropometric sizing to accommodate such differences. 
However, each additional size will incur additional 
tooling costs for mass production, therefore making it 
economically undesirable. The anthropometric sizing-
based design methodology was developed decades ago to 
enable affordable mass customization (MC) of wearables 
through conventional mass production methods, such 
as injection molding, and it had been shown to result 
in design bias toward certain demographic groups and 
higher failure rates in protective equipment as mentioned 
above. With the maturation of advanced manufacturing 
techniques such as additive manufacturing (AM) which 
can create custom-fit product at near-zero tooling cost, 
it is time to re-think and develop new design methods to 
facilitate the use of such new manufacturing methods to 
provide well fitted masks for people from all backgrounds, 
regardless of their gender, ethnicity, age, or BMI.

AM has been identified as the next generation agile 
manufacturing system that enables the MC of custom-fit 
products[25-29]. A key strength of AM is its near-zero tooling 
cost associated with every new design, which greatly 
reduces the per part manufacturing cost as compared to 
mass production processes such as injection molding. AM 
has been widely adopted to produce custom-fit products 
including traditionally custom-made medical devices 
such as maxillofacial prosthetics[30-32], foot orthosis[33,34], 
removable partial denture[35], or mass-produced 
ergonomic products such as shoe insoles[36,37], and aircrew 
seats[25]. In recent years, AM has been explored to produce 
custom-fit specialty masks, such as Bi-level/Continuous 
Positive Airway Pressure (BiPAP/CPAP) masks[38-40], 
where they have been shown to have less leakage and 
better comfort as compared to conventional generically 
designed masks. For RPE, custom-fit face seals have been 
shown to distribute contact pressure more evenly across 
the contact area, reducing the occurrence of high pressure 
imposed by commercial mass-produced RPE masks on 
areas such as the nose bridge, upper cheek, middle cheek 
and lower cheek and chin[41]. There are also ongoing 
investigations on whether three-dimensional (3D) printed 
tailored RPE can improve fit test passing rate and provide 
better sustained comfort than conventional RPE[42,43]. AM 
can also serve as an agile supply chain solution during 
an emergent public health crisis[44-48]. During the earlier 
days of the COVID-19 pandemic, various government 
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agencies, local communities, and individual makers have 
used AM as a supply chain response to de-centralize 
production and combat supply chain disruption for RPE 
and other protective equipment[48-57].

Despite the promises of AM in producing custom 
fit RPE, major cost barriers exist in adopting AM for 
large-scale production. One key cost contributor stems 
from a highly manual and time-consuming customization 
process, which can add up to 20 – 30% of the overall 
AM production cost[25,34,37,58]. Sporadic efforts have been 
made over the past few decades to simplify and shorten 
the AM design process. The most utilized method has 
been parametric geometric modeling, where a generic 
parametric computer-aided design (CAD) model is 
created with control points that can be automatically 
updated based on the shape of an input scan. Such 
approach has been applied to customizable medical 
devices, such as protective face masks, wrist splits, 
ankle-foot orthotics[59-61], and recently to BIPAP/CPAP 
masks[38,40]. However, these are semi-automated modeling 
processes where a technician with CAD modeling 
knowledge is needed to perform manual operations such 
as aligning the generic model to a raw scan. Studies 
demonstrating a fully automated customization process 
for traditionally mass-produced body-fitted products 
are rare. Ellena et  al.[62] proposed a design process for 
customizing bicycle helmets, where a statistical shape 
model was utilized to classify a head scan into one out of 
four helmet sizes before cropping away the inner lining of 
the helmet with a generic B-Spline head surface adapted 
to the shape of the head scan using an iterative genetic 
algorithm[63]. While it is a fully automated process, 
it essentially uses a sizing-based approach where the 
statistical shape model was built by analyzing 222 head 
scans that may be representative of the Australian cyclist 
population, but not other demographic groups. For RPE 
designs, the sample size required could be much larger 
(e.g.  the US NIOSH panel used almost 4000 subjects) 
for a particular demographic group. The amount of 
resources and time needed to collect a large-scale 3D 
anthropometric database and to build a statistical shape 
model for each applicable demographic group defeats the 
purpose of lowering design cost for tailor-fit products. 
Sela et  al.[64] proposed a fully automated pipeline to 
generate customized CPAP masks based on a 3D scan or 
depth image of a person’s face. The shape of the mask 
model was customized by updating 256 control points on a 
generic mask model made up with Non-uniform Rational 
Basis Spline (NURBS) surfaces. However, automatically 
deforming a generic NURBS-based geometric model 
with organic shape can be problematic, particularly given 
the complexity and high variability of facial shapes. The 
pipeline was only validated against one subject; therefore, 
its robustness against a larger dataset remains unknown. 

To the best of authors’ knowledge, there has not been a 
study demonstrating a completely automated process for 
customizing respirator masks and validated against a 3D 
face dataset.

Recently, the authors[65] proposed a new automated 
respirator mask customization process which reduced 
design time from hours to minutes. While it is a promising 
pipeline, the pipeline has yet to be seamlessly integrated, 
neither has it been validated against a reasonable dataset. 
This study builds upon this previous work[65] and 
integrates a CAD Application Programming Interface 
(API) with the rest of the pipeline to present a seamless 
and automated design pipeline for generating custom-
fitted respirator masks ready to be manufactured using 
AM techniques.

To investigate whether this pipeline can be 
universally applied to people from different demographic 
backgrounds, an online portal was created to recruit 
participants during the COVID-19 lockdown periods 
in the UK, where their facial scans and demographic 
information were collected. Success rate, computational 
run time, and fit (how well a mask fits to a face) were 
evaluated. Furthermore, fit results were compared across 
subcategories of demographics to investigate whether 
the pipeline can produce respirator mask models that fit 
equally well to people across different age (young, middle 
aged, senior), gender (male or female), ethnic (Asian, 
White, and Others), or BMI groups (healthy, overweight, 
and obese).

2. Methods

2.1. RPE design pipeline
An automated MC design pipeline, shown in Figure 1, 
was employed for this study. This pipeline is based on our 
previous study which employs a series of alignment and 
template fitting processes[65] to represent user-submitted 
3D facial scans using a universal 3D face template 
mesh. This removes heterogeneity across different raw 
facial meshes in terms of orientation, location, and 
mesh structure (vertex indexing and triangulation), 
thereby enabling the subsequent automatic extraction of 
topographical data from a large facial dataset. Using a set 
of predefined vertices on the template mesh as landmarks, 
200 points on two egg-shaped loops based on those 
landmark locations were projected onto the fitted template 

Figure  1. Pipeline overview, the computer-aided design model 
generation step (highlighted) is now integrated into the design 
pipeline.
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mesh, forming the contact region between the mask and 
the user’s face, greater details can be found in Li et al.[65]. 
These points together with the set of landmarks act as the 
reference geometry in the CAD model generation step.

In the previous study[65], Autodesk Fusion 360 
API was employed. However, as it cannot be readily 
integrated with the rest of the pipeline which was 
written in MATLAB, a Python based Blender script is 
now utilized to seamlessly interface the CAD API into 
the pipeline such that the whole pipeline can run in a 
headless mode. Blender builds polygonal 3D models 
from successive addition of vertices, edges, and faces 
through functions with defined rules and constraints. This 
polygon-based generative geometric modeling approach 
can robustly handle the complexity and high variation 
of facial topographies, particularly around the nasal 
regions, making it well suited to the requirements of a 
MC pipeline for RPE. The design of the respirator mask 
(Figure  2) remained the same[65] with three standard 
components (grey) and a modifiable component (blue) 
that will be updated geometrically in blender to achieve 
custom-fit.

2.2. Participants
Participants were recruited from mid-July 2020 to mid-
October 2020. Due to travel restrictions during the 
COVID-19 pandemic, a dedicated online portal[66] was 
created to collect 3D facial scans remotely. This way 
of data collection transcends geographical boundaries, 
thereby enabling us to reach a wider demographics. 
Recruitment was advertised on mainstream media 
platforms such as the BBC[67], as well as on various 
social media platforms. As a token of appreciation to 
each participant, a custom-fitted mask model generated 
from the pipeline was emailed to the participant with 

assembly and manufacturing instructions so that he/she 
can manufacture the mask at home (if a 3D printer is 
available) or through commercial 3D printing services. 
This also served as a supply chain response to the global 
mask shortage at that time, as the 3D printed mask could 
be used as a face covering or face shield.

As facial scans are sensitive biometric data, 
Data Protection Impact Assessment has been carefully 
conducted and approved by Imperial College London to 
ensure all data-associated activities, including online data 
collection, transfer, storage, and analyses, are secure and 
compliant with relevant data protection regulations. The 
study protocol (19IC5167) was approved by the Science 
Engineering Technology Research Ethics Committee, 
Imperial College London.

Eligible participants were adults (≥18  years) 
regardless of gender, ethnicity, or BMI. Before scanning, 
participants were asked to read through a Participant 
Information Sheet to understand the project, how 
their data will be utilized and to clarify any questions. 
Written instructions[68] were also provided on the online 
portal to instruct participants to prepare for scanning 
by doing the followings: clean shave their face, remove 
any glasses, and pin/tie all hair if it is obstructing the 
face. Video instructions[68] were provided to ensure that 
facial data were acquired under the same conditions. 
Participants were recommended to use an iPhone X or 
newer versions (Apple Inc., Cupertino, California, USA) 
with a TrueDepth camera to acquire their facial scans. 
However, facial scans obtained from other acquisition 
devices were also accepted. If an iPhone was used, 
software applications recommended for creating and 
exporting 3D facial scans were ScandyPro (Scandy, 
New Orleans, USA) and Bellus3D (Bellus3D, Campbell, 
California, USA). Participants were also instructed to 
remain in a neutral expression during the data acquisition 
process. Once a scan had been acquired, participants 
were instructed to upload their scans through the online 
portal. Demographic information including age, gender, 
ethnicity, weight, and height were collected through a 
short survey in the submission process. Before the final 
submission, permission was sought from each participant 
to use their data anonymously through an Adult Consent 
Form. Details of the survey and consent form can be 
found in the online portal[69].

2.3. Scan exclusion
Facial data acquisition is not a trivial task and will 
require the user to have a good level of understanding 
of the acquisition device and software to obtain 3D 
facial data with minimal noise and obstruction. While 
written and video instructions were provided to guide the 
participants on data acquisition, it cannot be assumed that 
all participants have followed the instructions diligently 

Figure 2. Custom-fitted mask body generated using Blender with 
standard FFP3 filter components.
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and were able to produce good quality scans. Therefore, 
each scan was manually checked against the following 
set of exclusion criteria to ensure that all scans were of 
similar quality before submitted to the pipeline:
i.	 Being duplicates, that is, having two or more 

submissions containing the same face
ii.	 Having any obstruction on the face that may interfere 

with the mask, including beard, moustache, glasses, 
and piercing.

iii.	 Having poor quality, including poor reconstruction 
of facial geometry, corrupted file, scan resolution at 
>0.5 mm

iv.	 Having been modified by the participant to remove 
any holes/defects

v.	 Having non-neutral facial expression
vi.	 Not human faces, that is, scans of other objects
vii.	 Being manifold, that is, enclosed to form a solid volume, 

instead of being an open surface

A total of 322 submissions were received at the 
end of recruitment, of which 117 were excluded based 
on the above criteria. Figure 3 shows a summary of the 
excluded scans.

2.4. Computational time evaluation
All 205 included scans were processed through the 
pipeline on a remote Linux workstation (Intel® XEON® 

4114 2.2 2400MHz 10-Core CPU, 256 GB DDR4 2666 
DIMM Memory, Nvidia Quadro P1000 4GB GFX). For 
each input scan, a solid respirator mask CAD model was 
generated by the pipeline described in Section 2.1. The 
total run time for processing a scan and generating a CAD 
model was recorded.

2.5. Fit evaluation
Euclidean distance was used to computationally evaluate 
fit between the mask surface and the aligned face mesh 
(Figure 4). A nearest neighbor search[70] was performed 
through a space-partitioning method called K-dimensional 
tree[71] to pair each vertex on the mask surface with its 
nearest neighboring vertex on the aligned mesh. The 
nearest neighbor search was defined as: given a set of 
points u ∈ U (the aligned mesh), and a set of query points 
v ∈ V (the mask surface), for all v, find the closest points 
to U. The Euclidean distance was computed for each 
closest pair. Subsequently, the maximum and root mean 
square error (RMSE) of the Euclidean distances of were 
computed. The Maximum Euclidean distance indicates the 
maximum gap between a mask and its corresponding face 
mesh, whereas the RMSE Euclidean distance indicates the 
average gap between the mask and the face.

Maximum and RMSE Euclidean distance results 
were grouped into age, gender, ethnicity, and BMI 
subcategories according to demographic data reported by 
participants. For age, results have been grouped into three 
subcategories: Young (18 – 39  years old), Middle aged 
(40 – 54 years old), and Seniors (55 years old and above). 
There is not an international standard on age classification 
according to craniofacial shape change; however, various 
studies have shown evidence of craniofacial change as a 
result of aging[72-75]. Therefore, it is important to investigate 
whether the current pipeline can deliver similar fit results 
across different age groups. Age has generally been 
grouped into three categories (young, middle aged, and 
senior), and the cutoff points are approximately 15 – 25, 
35 – 45, and 55 – 65 years old. In this study, the author, 
therefore, used 18 – 39 years old for young adults, 40 – 
54 years old for middle aged adults, and 55 years and above 
for seniors. For gender, results were grouped into male 
and female categories. BMI grouping was based on the 

Figure 4. Euclidean distance between mask surface and a aligned face scan.

Figure 3. Facial scans exclusion.
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standard adult BMI classification[76]: underweight (BMI 
< 18.5), healthy (18.5 < BMI ≤ 24.9), overweight (25.0 
< BMI < 29.9), and obese (BMI > 30.0). For ethnicity, 
participants were grouped into the broad categories of 
Asian, White, and Others (including Black, Arabs, and 
any other ethnicity) as reported by participants.

3. Results and discussion
Using our pipeline, 197 of the 205 included scans 
returned a valid CAD model and 8 scans were rejected 
by the alignment checking algorithms in the pipeline 
(misalignment between input scan and template mesh), 
which gives an overall processing success rate of 96.1%. 
Table  1 shows the respective average run time for the 
processed 197 scans obtained from Bellus3D, ScandyPro 
and Lightstage. Compared to a manual process the pipeline 
has achieved significant time-savings. The average run 
time for processing a single scan was <2  min (104.4) 
that a significant portion of which time was consumed by 
the template fitting sub-process. The underlying code for 
this sub-process has not been optimized for the graphics 
processing unit (GPU) computation; hence, further 
time savings may be attained through GPU rather than 
CPU computation. This is a significant improvement 
from earlier manual process studies. This time saving is 
crucial to scale up the production for mass-customizing 
respirator masks, which has a much higher demand than 
conventionally customized orthotics or prosthetics. In 
addition, the customisation process is now completely 
automated which eliminates labor cost. Cazon et al.[61] 
have reported that labor cost can take up to 80% of 
the entire AM design cost; therefore, such savings is 
significant for making AM a more viable production 
method for the MC of respirator masks. Notably, the 
average run time per scan for ScandyPro scans was the 
longest (at almost 4  min/scan) compared to Bellus3D 
(<1  min/scan) and Light stage scans (<1.5  min/scan). 
This extended runtime is owed to the fact that ScandyPro 
scans contained significantly greater number of vertices 
than the other two. In addition, the ScandyPro scans 
included noisier data, including large neck/shoulder parts 
and many disconnected regions scattered around the face. 
Collectively, these resulted in longer time to perform the 
template fitting process.

Table  2 shows participants’ profiles grouped into 
the demographic categories, and their corresponding 
Maximum and RMSE Euclidean distances. The majority 

of the participants were male (80.7%), or White (76.1%), 
or having BMI more than 25 (85.8%). The average RMSE 
Euclidean distance between a mask surface and a face is 
0.62 ± 0.20 mm (mean ± sd) for all 197 scans. This means 
that the mask model was able to achieve an average sub-
millimeter accuracy. The Maximum Euclidean distance is 
2.03 ± 0.75 mm (mean ± sd), located on nasal sidewalls. 
Lee et al.[77] used a virtual fit testing method on 3D facial 
data of 336 Korean Air Force men and found that the 
gap between a pilot oxygen mask (similar to a reusable 
elastomeric half-face respirator) at the nasal bridge is 
approximately 6 mm when pressing the mask tightly onto 
a face (10 mm into the cheek). A maximum 2 mm gap 
at the nasal sidewalls instead of the nasal bridge, which 
has been reported as the most commonly injured site for 
respirator users[1], is a significant improvement from the 
mass-produced RPE. In addition, contrary to the design 
bias in current commercially available RPE, where fit 
was poorer among females and Asians, the Maximum 
Euclidean distance was slightly lower for females 
(1.82 mm) as compared to males (2.08 mm), and Asians 
(1.80 mm) as compared to the others (White: 2.05 mm 
and others: 2.33 mm).

To investigate if the proposed pipeline could 
produce respirator masks that fit equally well to people 
with different demographic backgrounds, the following 
hypothesis was tested: there will be no difference between 
the maximum or RMSE Euclidean distance across each 
subcategory under age, gender, ethnicity or BMI. Choice 
of an appropriate statistical test is dependent on the nature 
of the Euclidean distance results. Before deciding on 
an appropriate statistical test, Shapiro–Wilk tests were 
conducted to check for normality of the distributions 
for each grouped RMSE and maximum Euclidean 
distances. Most of the demographic groups rejected 
the null hypothesis (P < 0.05) that the data is normally 
distributed with unspecified mean and variance, except 
for the Maximum Euclidean Distance in Female group 
(P = 0.12), RMSE Euclidean distance in Other Ethnicity 
group (P = 0.31), and RMSE Euclidean distance in 
Healthy BMI group (P = 0.23). Nonetheless, for these 
groups, the sample size is small (≤30). Therefore, the 
nonparametric Wilcoxon Rank Sum Test (confidence 
level at 95%) was used to compare outcomes between 
each pair of subcategories in age, gender, ethnicity and 
BMI. The underweight group was excluded as the sample 
size is too small (n = 1).

Wilcoxon Rank Sum test results (Table 3) showed 
that there is no statistically significant difference for 
RMSE and maximum Euclidean distances between Male 
and Female, Asian and White, White and others, healthy 
and overweight, overweight and obese, Middle age, and 
senior groups. This suggests that the pipeline produced 
mask models that fit equally well across these groups. This 

Table 1. Average run time.

Acquisition method Average run time, mean (sd)
All 104.4 (95.2)
Bellus3D 52.5 (25.7)
ScandyPro 235.5 (89.9)
Lightstage 133.3 (56.8)
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is a significant improvement compared to conventional 
anthropometric sized RPE where failure rates were found 
to be as high as double among females compared to male 
colleagues[6-8], or 16% – 54% among Asians[11,13]. The 
same analyses have been conducted for just the Bellus3D 

scans and just the ScandyPro scans respectively (Light 
stage scans were not used due to its small sample size), 
and similar results were found. This shows that the 
pipeline can produce demographically non-biased mask 
models regardless of acquisition methods.

Table 2. Participants’ profile and Euclidean distance results.

 Total (n=197) RMSE Euclidean 
distance (mm), mean (sd) 

Maximum Euclidean 
distance (mm), mean (sd) 

Overall 0.62 (0.20) 2.03 (0.75)
Gender, n (%)

Male 159 (80.7) 0.62 (0.20) 2.08 (0.77)
Female 30 (15.2) 0.64 (0.21) 1.82 (0.61)
No response 8 (3.1) ‑ ‑

Ethnicity, n (%)
Asian 27 (13.7) 0.59 (0.18) 1.80 (0.62)
White 150 (76.1) 0.62 (0.20) 2.05 (0.75)
Others 14 (7.1) 0.63 (0.24) 2.33 (0.86)
No response 6 (3.1) ‑ ‑

BMI, mean (sd)
Underweight (<18.5) −(0.5) ‑ ‑
Healthy (18.5 – 24.9) 23.1±1.8 (10.7) 0.59 (0.17) 1.76 (0.67)
Overweight (25.0 – 29.9) 27.4±1.3 (42.1) 0.61 (0.19) 2.02 (0.70)
Obese (>30.0) 36.6±9.3 (43.7) 0.64 (0.21) 2.12 (0.79)
No response −(3.0) ‑ ‑

Age, mean (sd)
Young (18 – 39) 29.3±6.3 (30.5) 0.56 (0.20) 1.71 (0.64)
Middle aged (40 – 54) 48.5±4.1 (33.5) 0.62 (0.18) 2.06 (0.72)
Senior (55 and above) 61.3±5.3 (32.5) 0.68 (0.20) 2.32 (0.75)
No response −(3.6) ‑ ‑

BMI; Body mass index, sd; Standard deviation 

Table 3. Wilcoxon Rank Sum test results.

RMSE Euclidean 
Distance (mm)

Maximum Euclidean 
distance (mm)

H P value H P value
Category 1 Category 2
Gender

Male Female 0 0.814 0 0.061
Ethnicity

Asian White 0 0.375 0 0.061
Asian Others 0 0.711 1 0.035
White Others 0 0.941 0 0.120

BMI
Healthy Overweight 0 0.740 0 0.100
Healthy Obese 0 0.580 1 0.035
Overweight Obese 0 0.673 0 0.394

Age
Young Middle age 0 0.078 1 0.002
Young Senior 1 0.005 1 0.000
Middle age Senior 0 0.165 0 0.051
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There are statistically significant differences between 
the Young and the Senior groups for RMSE Euclidean 
distance, and between the Asian and Others, Healthy 
and Obese, Young and Middle-age, and Young and 
Senior for Maximum Euclidean distance. Nonetheless, 
all differences in their absolute values (Table  2) were 
<1 mm. The Maximum Euclidean distance is 1.7 mm – 
2.3 mm for each of these groups, which are significantly 
smaller than the 6 mm gap reported in similar commercial 
masks[78]. With a much smaller gap to fill, users can 
potentially apply less strap pressure onto the mask to 
create a good seal, reducing chances of skin trauma.

This study may be under-powered as the current 
sample is skewed towards male, White, and high BMI 
populations, whereas the sample size for female, non-
White and normal BMI populations were small. Future 
studies should look to collect a more evenly distributed 
gender, BMI and ethnicity sample with a larger sample 
size to further validate the universality of this pipeline. 
Nonetheless, initial results show great potential to 
produce customized RPE products that can fit equally 
well across different demographic and demographic 
subgroups. This contrasts current anthropometric sizing 
methodologies which contain inherent biases due to the 
sample populations they were cased on.

The proposed pipeline was deployed as an online 
application which promoted decentralized manufacturing 
during the period when there was a global shortage of RPE. 
However, the pipeline’s main contribution is to quickly 
create custom-fitted RPE models that offer superior fit 
to commercial masks, making it a viable tool to produce 
RPE products in the healthcare and construction industry 
where good fit and comfort are required. This pipeline can 
be deployed quickly in the extent of future pandemics.

The pipeline was validated computationally to 
demonstrate that it is possible to rapidly produce RPE 
design models that fit well to a user’s face. The pipeline 
offers a route to lower product unit costs by automating 
the design phase, thus removing that barrier for mass 
customizing wearables. It also shows a novel and 
promising design methodology that is not inherently 
biased towards specific demographic group as it is in the 
traditional anthropometric sizing approach. The mask 
model presented in this pipeline had been shown to be 
successfully fabricated through the stereolithography 
(SLA) process in our previous study[65], taking an average 
of 8  h and using 40  mL of resin to fabricate the mask 
body. A  fit test study is currently being conducted to 
evaluate the performance of the 3D printed custom-fitted 
masks against commercial masks. Future studies can 
build upon our previous and current work to investigate 
other factors affecting the manufacturing of the mask, 
including the impact of different AM build processes, 
such as SLA, fused deposition modeling and selective 

laser sintering, and post-processing techniques on the 
surface finish of the mask/face contact area, and Young’s 
Modulus, biocompatibility and sterilizability of the print 
materials. Different filter materials with different levels 
of particle filtration capabilities can also be evaluated to 
Filter materials, with different levels of particle filtration 
capabilities, can also be investigated to determine their 
performance and impact on custom fitted masks.

4. Conclusions
This study presented a fully automated design pipeline 
to enable MC of RPE via AM. The pipeline was 
validated against 205 facial scans to generate custom 
fit respirator mask CAD models. The pipeline achieved 
96% processing success rate with <2 min/scan processing 
time. When virtually fitted, the mean RMSE and 
Maximum Euclidean distance between the masks and 
faces were 0.62 mm and 2.03 mm, respectively. It was 
found that there was no statistically significant difference 
in goodness of fit between different age, gender, ethnicity, 
and BMI subgroups. When combined with appropriate 
AM processes and materials, it could be a promising 
route towards the true MC of RPE or even other body-
fitted products.
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Abstract: In this study, porous polylactic acid/methotrexate (PLA/MTX) scaffolds were successfully fabricated by three-
dimensional (3D) printing technology as controllable drug delivery devices to suppress tumor growth. Scanning electron 
microscopy and energy-dispersive spectrometer confirmed that MTX drug was successfully incorporated into the PLA 
filament. 3D-printed PLA/MTX scaffolds allow sustained release of drug molecules in vitro for more than 30 days, reducing 
systemic toxic side effects caused by injection or oral administration. In vitro cytotoxicity assay revealed that PLA/MTX 
scaffolds have a relatively high inhibitory effect on the tumor cells (MG-63, A549, MCF-7, and 4T1) and relatively low toxic 
effect on the normal MC3T3-E1 cells. Furthermore, results of in vivo experiments confirmed that PLA/MTX scaffolds highly 
suppressed tumor growth and no obvious side effects on the organs. All these results suggested that 3D-printed PLA/MTX 
scaffolds could be used as controllable drug delivery systems for tumor suppression.

Keywords: 3D printing; Polylactic acid; Methotrexate; Anti-tumor 

1. Introduction
The mainstream treatment strategy for tumor is to 
remove the tumor tissue, supplemented by post-operative 
chemotherapy or radiation therapy. Despite the great 
progress in treatment for tumor, many adverse post-
operative side effects, including the limited distribution 
of chemotherapy drugs at the target site and severe 
toxicity after radiotherapy, are unavoidable[1-3]. Therefore, 
developing a new drug delivery system that can overcome 
these limitations has become the focus of cancer research.

4-Amino-10-methylfolate (methotrexate [MTX]), 
an antitumor drug[4], has been widely used to treat various 

cancer diseases, such as head-and-neck tumors, breast 
cancer, and lung cancer[5-8]. In spite of its wide application 
in clinical practice, the treatment with MTX through 
injection or oral administration is still accompanied by 
some disadvantages, including non-tissue selectivity, the 
need for high dose, and high toxicity. In addition, MTX is 
resistant to bone marrow suppression and gastrointestinal 
cytotoxicity.

To avoid the shortcomings of injection and oral 
administration, it is necessary to design a drug delivery 
system to deliver MTX into the diseased area to achieve 
the optimal therapeutic effect[9]. Various strategies have 
been developed to control drug delivery using materials 
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such as hydrogels, polymer micelles, and stimulus-
responsive materials[10-12]. Three-dimensional (3D) 
printing technology, known as additive manufacturing 
(AM), has great potential in fabricating the personalized 
scaffolds[13-15]. Based on the patient’s computed 
tomography (CT) or magnetic resonance imaging (MRI), 
3D models can be quickly and accurately established, 
making it possible to accurately print irregular models[16,17]. 
Moreover, the drug-loaded scaffolds made by 3D printing 
technology have unique advantages in personalization, 
spatial structure, drug components diversity, drug loading 
accuracy, and drug release sustainability[18-22].

Among various 3D printing technologies, fused 
deposition modeling (FDM), which was launched by 
Stratasys in 1992, has become one of the most popular 
technologies[23]. The technical advantages of FDM 
include the selectivity of a variety of applicable materials, 
customized high precision, and low cost[18]. As a typical 
heat dissipation technology for scaffolding, FDM uses a 
thermoplastic polymer filament, which is heated to the 
melting point, and then extruded from the nozzle, and 
deposited layer by layer to create a scaffold[20,24-27]. The 
thermoplastic materials used in FDM technology include 
polylactic acid (PLA), poly(ε-caprolactone) (PCL), poly 
(methyl methacrylate) (PMMA), polycarbonate (PC), 
and acrylonitrile butadiene styrene (ABS)[28-35]. Among 
these thermoplastic materials, PLA has been approved 
by the FDA as biomedical material due to its excellent 
biocompatibility[36,37]. Studies demonstrated that 3D 
printing is a powerful tool for manufacturing personalized 
scaffolds with specific geometries. Fouladian et al. 
reported that 3D-printed stents loaded with 5-fluorouracil 
(5-FU) drug were used to treat esophageal cancer. 
Incorporating anti-cancer drugs into endoluminal stents 
can provide a sustained release of drugs to esophageal 
malignant tissues while prolonging the retention of the 
stent and relieving dysphagia[38].

The purpose of this research is to prepare porous 
PLA/MTX scaffold with a controllable MTX release. 
PLA/MTX filaments with different MTX concentrations 
(MTX mass fraction: 0.5 wt%, 1.5 wt%, and 2.5 wt%) 
were prepared by melt mixing and extruding method. 
PLA/MTX scaffolds were printed by FDM using prepared 
PLA/MTX filament. The morphology, composition, and 
structure of printed PLA/MTX scaffold were investigated 
by scanning electron microscopy (SEM) and energy-
dispersive spectrometer (EDS). The biocompatibility 
of printed PLA/MTX scaffolds and the inhibitory 
effect on tumor cells were evaluated in vitro by mouse 
embryo osteoblast precursor cells (MC3T3-E1), human 
osteosarcoma cells (MG-63), human breast cancer cells 
(MCF-7), human lung cancer cell lines (A549), and mouse 
breast cancer cells (4T1). In addition, the subcutaneous 
xenograft model was used to explore the inhibitory effect 

on tumor tissues and the toxicity to normal tissues and 
organs.

2. Materials and methods
2.1. Materials
PLA (MW: 500 kDa) was purchased from Sigma-Aldrich 
(Darmstadt, Germany), and MTX was purchased from Bio 
Basic Inc. (Markham, Ontario, Canada). Cell counting kit-
8 (CCK-8) was purchased from Dojindo (Japan). LIVE/
DEAD® Viability/Cytotoxicity Kit (Live/Dead) was 
purchased from Thermo Fisher Scientific (L-3224). The 
fetal bovine serum (FBS), Dulbecco’s Modified Eagle 
Medium (DMEM), RPMI-1640, penicillin-streptomycin, 
and trypsin-ethylenediaminetetraacetic acid (EDTA) 
were purchased from Grand Island (New York, USA). All 
the reagents were used without further treatment.

2.2. Preparation of the PLA and PLA/MTX 
composite filaments
The mixture of PLA and MTX was melted and extruded 
using granulators. PLA/MTX and PLA filament were 
prepared by the 3D printing consumable extruder (SHSJ, 
Songhu Machinery Co., Ltd., Dongguan, China) with a 
1.75 ± 0.05 mm constant diameter at 220°C and cooled 
by water, and the screw speed was 45 rpm.

2.3. Fabrication of PLA/MTX scaffolds
The 3D printing bracket was designed using Mimics 
software and SolidWorks2015 software. STL files were 
converted to a format (gcode) recognizable by 3D 
printer (ShanRui DK2, Guangzhou, China) using CURA 
software. An ink cartridge was added to the 3D printer 
to transport the PLA/MTX composite filaments, and the 
filaments were drawn and melted (210°C) and extruded 
through a nozzle (0.4 mm) to print layer by layer.

2.4. Characterization of PLA/MTX scaffolds
The structures and aperture sizes of PLA/MTX scaffold 
were characterized using field emission SEM (SEM, 
Zeiss_Supra55, Germany). Energy-dispersive X-ray 
analysis (JXA-8230, JEOL, Japan) was then used to 
perform elemental analysis of the PLA/MTX scaffold 
surfaces to assess the distribution of MTX in the PLA 
matrix.

The high-precision digital density meter (ED-1000, 
Shanghai Tuxin Electronic Technology Co., Ltd.) was 
used to measure the porosity. The porosity calculation 
formula is as follows:

Porosity (%) = (1-(m/ρ)/V) × 100%

Where, V: outer volume, m: mass, and ρ: density.
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2.5. Drug loading capacity and drug release
The 500  mg of PLA/MTX scaffolds were placed in a 
beaker containing 3  mL CHCl3 to fully dissolve, and 
then, phosphate-buffered saline (PBS) was used to extract 
the drug. The absorbance of the PBS was determined by 
ultraviolet (UV) spectrophotometer at 305 nm.

The 500  mg of scaffold was placed in a 5  mL 
centrifuge tube containing 3 mL PBS and then shaken at 
37°C with a speed of 100 r/min. The absorbance of the 
scaffolds was determined by UV spectrophotometer at 
305 nm and calculated by the following formula.

Loading efficiency % (LE%) = (Weight of 
encapsulated drug/total mass of the PLA/ MTX scaffold) 
×100%

Entrapment efficiency % (EE%) = (Weight of 
encapsulated drug / Weight of total added drug) × 100%.

2.6. In vitro experiments
(1) Cell lines

Mouse embryo osteoblast precursor cells (MC3T3-E1), 
human osteosarcoma cells (MG-63), human breast cancer 
cells (MCF-7), human lung cancer cell lines (A549), 
and mouse breast cancer cells (4T1) were purchased 
from Shanghai Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China), and cultured in DMEM (or 
RPMI) containing 10% FBS and 100 U/mL penicillin-
streptomycin.

(2) Cytotoxicity assay

Cells were cultured using 24-well plates with a density 
of 1 × 104 cells/well. When the cells adhered and spread 
in plates, the scaffolds were immersed into the culture 
medium. The CCK-8 assay was performed on days 1, 
3, and 5. Briefly, the culture medium of the sample was 
replaced with 100 μL DMEM (RPMI) and incubated 
at 37°C for 2.5  h. The absorbance was measured at 
450 nm in the Multiskan FC enzyme labeling instrument 
(Thermo, Waltham, USA). The cell viability was 
evaluated by live/dead staining. After incubation in the 
medium for 12 h, 24 h, 72 h, and 120 h, 4 μM Calcein-
AM and 2 μM ethidium homodimer-1 were added to 
stain living cells and dead cells, respectively. After 
incubated at 37°C for 15 min, the cells were examined 
using fluorescence microscope (Olympusix53, Tokyo, 
Japan).

2.7. In vivo anti-tumor effect
(1) Subcutaneous xenograft model

The 4T1 cells (2 × 105) were subcutaneously injected into 
the back of the BALB/c mice to establish the subcutaneous 
xenograft model. After surgery, celecoxib (Dalian Meilun 
Biotechnology, China) was given to relieve postoperative 

pain (10  mg/kg, gavage, q.d./2  days) and ceftriaxone 
sodium (Dalian Meilun Biotechnology, China) to prevent 
post-operative infection (20  mg/kg, tail vein injection, 
q.d./2  days). The mice were housed under the standard 
conditions.

(2) In vivo antitumor efficacy and mechanism studies

When tumor volume reached approximately 62.50 ± 
10 mm3 (5 mm×5 mm×5 mm), mice bearing 4T1 tumors 
were randomly assigned to four groups with five mice 
in each group. The injection group was administered an 
intraperitoneal injection of drugs every 2 days of MTX at 
4 mg/kg. The PLA/MTX scaffolds printed from filament 
were implanted near the tumors. The tumor size and the 
weight of mice were recorded every day. The animals 
were euthanized at the end point (21  days), and the 
major organs (heart, liver, spleen, lung, and kidney) were 
collected for weighing to calculate organ coefficient and 
then fixed in 4% paraformaldehyde for histopathological 
examination. The animal research was approved by the 
Experimental Animal Ethics Committee of Yangzhou 
University (NSFC2020-HXXY-4).

2.8. Statistical analysis
All the experiments were performed in triplicate. Results 
were expressed as mean ± standard deviation (SD). 
Bonferroni post-test was performed to assess statistical 
significance. Statistical analysis was performed using 
non-parametric Kruskal–Wallis tests. P  < 0.05 was 
considered statistically significant.

3. Results
3.1. Morphological, composition, and structural 
analysis
The morphology, microstructure, and compositions were 
investigated by SEM and EDS (Figure  1). According 
to Figure 1A-1, SEM image of the PLA/MTX scaffold 
showed a relatively smooth surface and had open big 
pores in uniform size with integrated lines (755 ± 0.7 μm) 
among the big pores. Moreover, the printed PLA/MTX 
scaffolds were porous, with the porosity and pore size at 
29.7% and 309 ± 0.5 μm, respectively.

The EDS spectra are shown in Figure 1B, and the 
peaks of C, N, and O were observed in the spectrum of 
PLA/MTX scaffold. The appearance of N peak confirmed 
that MTX was introduced into PLA matrix. The color 
map obtained from EDS analysis in Figure  1A shows 
the N (blue) distribution in the scaffold structure, which 
proves that MTX was well distributed in the PLA matrix. 
The evenly dispersion of MTX in the scaffold provides 
the possibility for MTX to be released along with PLA 
degradation.
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3.2. Characterization of drug loading (LE%) 
and encapsulation efficiency (EE%) in PLA/
MTX scaffolds and drug release profiles in vitro
Before assessing the release profiles of MTX from 
PLA/MTX scaffolds with different drug concentrations, 
the LE% and EE% were calculated by measuring the 
concentration of drug absorbance in the PBS. The EE% 
of MTX was 98.1% and the LE% of MTX was controlled 
at 0.5%, 1.5%, and 2.5%.

The release profiles of MTX from PLA/MTX 
scaffolds are shown in Figure 2. Approximately 25% of 
MTX was released within the first 24 h, and about 50% 
of MTX was released within the first 7 days. 3D-printed 
PLA/MTX scaffolds allow sustained release of drugs 
in vitro more than 30 days. In addition, with the increase 
of drug content, the release trend of MTX is basically 
similar. Therefore, the drug release could be controlled 
by adjusting MTX content in scaffolds. This result proved 
that PLA/MTX scaffolds had a sustained release effect.

Figure  3 shows the comparison of MTX release 
profiles of 3D-printed PLA/MTX scaffolds of varying 
drug contents and cast PLA/MTX with 0.5% of MTX 
over 5 days. The drug release pattern of cast PLA/MTX 
sample is similar to that of 3D-printed porous PLA/MTX 
scaffold. However, the drug release rate of the cast 
PLA/MTX sample is slower than that of 3D-printed 
PLA/MTX scaffold. In cast PLA/MTX sample, the MTX 
drug molecules were wrapped tightly by PLA material to 
obstruct the release of drug molecules from the polymer 
matrix. The release of MTX from 3D-printed porous 
PLA/MTX scaffold is more stable than cast sample.

3.3. In vitro cytotoxicity
Figure  4 shows the in vitro inhibitory effect of PLA/
MTX scaffolds on human lung cancer cell lines (A549), 
human osteosarcoma cells (MG-63), human breast 
cancer cells (MCF-7), and normal mouse embryo 

osteoblast precursor cells (MC3T3-E1). As shown in 
Figure 4A-C, the inhibitory effect increases as the drug 
content increases. The growth of tumor cells (A549, 
MG-63, and MCF-7) has been significantly inhibited at 
24 h. At the same time, the inhibitory effect increased 
as the administration time was extended to the third 
and 5th  days. Each PLA/MTX scaffold has a 95% 
inhibition rate of tumor cells at the 120  h. The above 
results indicate that the implantable PLA/MTX scaffold 
showed strong anti-tumor efficacy compared with PLA 
group and control group. The toxicity of PLA and 
PLA/MTX scaffolds on normal MC3T3 cells was also 
investigated (Figure 4D). The results showed that PLA 
scaffold had little effect on the growth of normal cells, 

Figure 2. Methotrexate (MTX) release profiles of polylactic acid/
MTX (PLA/MTX) scaffolds of varying drug content over 7 and 
30 days.

Figure 3. Methotrexate (MTX) release profiles of polylactic acid/
MTX (PLA/MTX) scaffolds of varying drug contents and cast 
PLA/MTX with 0.5% of MTX over 5 days.

A

Figure 1. The morphology, composition, and structure of printed 
polylactic acid/methotrexate (PLA/MTX) and PLA scaffolds. (A) 
Scanning electron microscopy images of PLA/MTX scaffolds. 
Scale bars represent 1 mm for A. Element mapping of C, N, and O 
for the PLA/MTX scaffold. Scale bars represent 1 mm. (B) Energy-
dispersive spectrometer of porous printed PLA/MTX composite 
scaffolds.

A B
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while PLA/MTX scaffold had some effect on normal 
cells, but the effect was limited.

As shown in Figure 5, the toxicity of PLA and PLA/
MTX scaffolds on cancer cells was also investigated by 
Live/Dead fluorescence staining of mouse breast cancer 
4T1  cells. Due to its excellent biocompatibility, PLA 
scaffold group has low cytotoxicity within 120  h. The 
PLA/MTX scaffold groups showed a lower cell survival 
rate compared with PLA group and control group, and the 
inhibitory effect increased with the prolonged culture time. 
With the gradual release of MTX from the scaffold, the 
cell viability in the PLA/MTX scaffold group decreased. 
With the increase of drug concentration and culture 
time, the number of living cells gradually decreased 
and the number of dead cells gradually increased. The 
total induction of apoptosis of 4T1  cells by PLA/MTX 
scaffolds increased from 52.89% to 99.63% (Figure 4C). 
Thus, compared with the PLA and control groups, the 
PLA/MTX scaffolds showed strong inhibitory effect on 
tumor 4T1 cells.

3.4. In vivo anti-tumor effect
As shown in Figure  6, the anti-tumor effects of PLA/
MTX scaffolds were evaluated by subcutaneous xenograft 
model of 4T1 tumor-bearing Balb/c mice compared 

with intraperitoneal drug injection of MTX. The minor 
body weight changes in implant groups (Figure  6A) 
proved that the implanted scaffolds were well tolerated 
by the mice. Weight loss occurred in the 0.5% PLA/
MTX and 2.5% PLA/MTX groups at the beginning due 
to surgical anesthesia, surgical implantation, and other 
operations, but the growth status in the middle and later 
stages was the same as the control group (Figure 6A). 
Throughout the experiment, the overall growth of mice 
in the negative control group was good, but one mouse 
in the control group was paralyzed due to excessive 
compression of the spine by the tumor. In the early stage, 
the growth state of the injection group was the same as 
that of the control group. In the later stage, there were 
some adverse phenomena, such as weight loss, bad hair, 
small and sticky stool, and scorched yellow urine. There 
was no significant difference in organ coefficient of 
heart, liver, lung, and kidney among groups. The organ 
coefficient of spleen in injection group was much lower 
than the other three groups, which was found at the time 
of dissection (Figure 6B). The tumor sizes in Figure 6C 
can directly show that PLA/MTX scaffold implantation 
significantly inhibited the tumor growth compared with 
control group. The anti-tumor effects of 0.5% PLA/MTX 
scaffold with low concentration of drug are similar to 

Figure 4. Evaluation of anticancer effect in vitro. In vitro proliferation of MCF-7(A), MG- 63 (B), A549 (C), and MC3T3 (D) cells after 
culturing in the polylactic acid/methotrexate (0.5%, 1.5%, and 2.5%) scaffolds and the tissue culture plate substrate (as control) for 1, 3, 
and 5 days.

A B

C D
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that of injection group. The anti-tumor effects of 2.5% 
PLA/MTX scaffold with high concentration of drug were 
relatively better than that of 0.5% PLA/MTX scaffold 
with low concentration of drug (Figure 6D). The mean 
tumor volume of the control group was above 1300 mm3, 
which was much larger than tumor volume in the 0.5% 
PLA/MTX and 2.5% PLA/MTX groups (<400 mm3).

As shown in Table 1, PLA/MTX scaffold groups 
were more effective than the MTX injection in controlling 
tumor growth. The anti-tumor effect of the 2.5% PLA/
MTX scaffold group was also significantly different 
from that of the 0.5% PLA/MTX group (P < 0.05). The 
main reason is that the injected drug is eliminated by 
renal metabolism in a short time, resulting in a short 
plasma half-life (5-8  h) and low drug concentration 
in target tissues. The tumor growth inhibition value 
(TGI) of high concentration group could reach 89.26%, 
which was higher than 74.04% in injection group. The 
results indicated that PLA/MTX scaffold had a better 
therapeutic effect than the intraperitoneal injection of 
drugs.

The hematoxylin and eosin (H  and  E) staining 
results in Figure  7 showed that some area of tumor 
necrosis appeared in the sections of 0.5% PLA/MTX 
group, 2.5% PLA/MTX group, and injection group. The 
nuclei of cancer cells enlarged, produced cavities and 
the cells showed apoptosis and necrosis. Eventually, the 
nucleus breaks, creating a “ghost” area. There was no 
obvious tumor necrosis in the control group. No obvious 
metastasis and inflammatory were found in the 0.5% 
PLA/MTX group and 2.5% PLA/MTX group, while the 
control group showed metastases. The H and E staining 

Figure 5. Evaluation of anticancer effect in vitro. (A) Live/Dead fluoresce staining of 4T1 cells on polylactic acid/methotrexate (PLA/MTX). 
The cells were cultured in DMEM for 12 h, 24 h, 72 h, and 120 h. Viable cells are stained green while dead cells red. (B) In vitro proliferation 
of 4T1 cells after culturing in the PLA/MTX (0.5%, 1.5%, and 2.5%) scaffolds and the tissue culture plates substrate (as control) for 1, 3, 
and 5 days. (C) Inhibition rate at different MTX concentrations.

A

B C

Table 1. Tumor weight and tumor growth inhibition value (TGI) 
of each group

Group Tumor weight (g) TGI
2.5% PLA/MTX 0.1557±0.024 89.26%
0.5% PLA/MTX 0.33524±0.042 76.88%
Injection 0.3763±0.018 74.04%
Control 1.45±0.3 -

TGI, tumor growth inhibition value.
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Figure 6. Evaluation of therapeutic efficiency of scaffolds in vivo. (A) Time-dependent body weight of the mice after different treatments. 
(B) Organ coefficients. (C) Time-dependent tumor growth curves of the mice with different treatments. (D) Photographs of the harvested 
tumors on day 21 from mice with different treatments.

A B

C D

Figure 7. H &E staining results of experimental endpoint. The representative H and E staining images of the tumor, heart, liver, spleen, lung, and 
kidney from Balb/c mice with indicated treatment. Explanation about the circled area: In the tumor slices of 0.5% polylactic acid/methotrexate 
(PLA/MTX), 2.5% PLA/MTX, and injection group, the circled area indicates that tumor necrosis occurred in some areas, forming a “ghost” 
area. In the control group, the structure of tumor cells in the circled area was stable, the nuclei were clearly visible and arranged regularly. In the 
control group, metastases and increased inflammatory cells appeared in the circled area of lung sections. There were more inflammatory cells 
(lymphocytes, leukocytes and monocytes, etc.) in the liver slices of injection group. Scale bars represent 100, 250, 500, and 1000 μm.
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Figure 8. Schematic illustration of the fabrication and application 
of PLA/methotrexate scaffolds for tumor therapy.

of the spleen showed that the injection group had obvious 
white hyperplasia and more inflammatory cells (B-cell 
monocytes, etc.). There was no obvious nephrotoxicity 
found in all four groups.

4. Discussion
As shown in Figure 8, under the guidance of computer-
aided design (CAD) and 3D printing technology, PLA/
MTX drug-loaded scaffold was prepared by FDM printer. 
Then, PLA/MTX drug-loaded scaffold was implanted 
into the mouse body. With the release of MTX, the 
growth and reproduction of tumor cells were inhibited. 
The drug release from the PLA/MTX scaffold showed 
a sustained and slow process due to the degradation 
process of PLA[39]. The CCK-8 assay demonstrated that 
the PLA material did not exert severe cytotoxic effects on 
4T1, A549, MCF-7, MG-63, and MC3T3 cells. In vitro 
cellular experiments revealed that the printed PLA/
MTX scaffolds have a relatively high inhibitory effect 
on the tumor cells MG-63, A549, MCF-7, and 4T1, and 
lower toxic effect on the normal cells MC3T3-E1. The 
inhibition rates of three different concentrations of PLA/
MTX scaffolds on cancer cells were more than 95% after 
cultured for 5 days.

After 3  weeks of observation, PLA/MTX scaffold 
with different MTX concentrations group had a higher 
tumor inhibition rate. We found that PLA/MTX scaffold 
was better than MTX injection in controlling tumor growth. 
This was attributed to an enrichment of the released MTX 
around the tumor tissue and lasting therapeutic MTX 
levels for prolonged time. The intraperitoneal delivery of 
MTX needed injection of drug every 2 days while PLA/
MTX scaffold was implanted only once for the treatment, 
indicating that the PLA/MTX drug delivery system was 
more efficient than traditional injection method.

In a word, 3D-printed PLA/MTX scaffolds 
maintained a high tumor inhibition rate and significantly 
reduced systemic drug toxicity compared with 

intraperitoneal injection. The implanted PLA/MTX 
scaffolds can release and maintain therapeutic drug 
levels at the tumor site for prolonged time while 
reducing systemic drug exposure to healthy tissues. 
Moreover, this implantable scaffold only requires 1 time 
implantation, which greatly reduces the frequency of 
drug administration. Therefore, PLA/MTX scaffold as a 
controllable drug delivery system has great potential for 
suppressing tumor growth.

5. Conclusions
We developed a novel 3D-printed drug delivery scaffold 
for tumor therapy. Morphological and structural analysis 
results showed that MTX was successfully incorporated 
into the PLA filament. PLA/MTX scaffolds can maintain 
MTX release for more than 30 days. In vitro cytotoxicity 
experiments confirmed that PLA/MTX scaffolds have 
a relatively high inhibitory effect on tumor cells while 
showing less toxicity to normal cells. In addition, in vivo 
results demonstrated that the PLA/MTX scaffolds highly 
suppressed tumor growth with negligible side effects on the 
normal tissues and organs. 3D-printed PLA/MTX scaffolds 
could be used as a controllable drug delivery system and 
have the great potential for suppressing tumor growth.
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Abstract: Anatomic models are important in medical education and pre-operative planning as they help students or doctors 
prepare for real scenarios in a risk-free way. Several experimental anatomic models were made with additive manufacturing 
techniques to improve geometric, radiological, or mechanical realism. However, reproducing the mechanical behavior of soft 
tissues remains a challenge. To solve this problem, multi-material structuring of soft and hard materials was proposed in this 
study, and a three-dimensional (3D) printer was built to make such structuring possible. The printer relies on extrusion to 
deposit certain thermoplastic and silicone rubber materials. Various objects were successfully printed for testing the feasibility 
of geometric features such as thin walls, infill structuring, overhangs, and multi-material interfaces. Finally, a small medical 
image-based ribcage model was printed as a proof of concept for anatomic model printing. The features enabled by this printer 
offer a promising outlook on mimicking the mechanical properties of various soft tissues.

Keywords: Silicone 3D printing; Multi-material 3D printing; Anatomic models; Soft tissues 

1. Introduction
1.1. Anatomic models
In medical practice and education, anatomic models are 
provided through using human donors, animal models, or 
artificial technical solutions that range from hand-crafted 
training models to mass-produced commercial products. 
In the former case of using real biological tissues, 
progress is often hindered by the lack of available human 
donors, strict regulations regarding animal and human 
testing, and problems in experiment repeatability due 
to the anatomical uniqueness of every human or animal 
specimen[1,2]. Using advanced artificial anatomical models 
has the potential to ease these problems, especially in case 
of anatomy or surgical education, pre-operative planning, 
or development of novel medical devices[3,4]. Studies 

show that the use of physical anatomic models improves 
medical education from various aspects due to the 
additional haptic and spatial information students could 
not receive through books or screen visualizations[5-7]. 
In the surgical domain, anatomical models can aid the 
planning of complicated surgeries in a wide range of 
surgical specialties, since rehearsing the steps of the 
operation on a patient-specific model can reveal upcoming 
intra-operative complications[2,8-11]. This can significantly 
reduce the risk and duration of certain operations, which 
may result in the lower risk of complication and higher 
patient satisfaction[12]. Moreover, patient-specific models 
help the development of various customized implants and 
other medical instruments[12-14].

Traditionally, artificial anatomical models are 
mass-produced through casting or molding techniques, 
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often based on population-averaged geometries[3,13]. 
The materials used in such models are usually different 
hard and soft polymers, such as thermoplastics, waxes, 
or rubbers. With casting and molding techniques, the 
mechanical properties of various represented tissues can 
be matched mainly through material selection as these 
traditional technologies produce fully dense parts. This 
level of matching is often sufficient for certain mass-
produced educational models[6], but the requirements 
of medical product development and testing, as well 
as preoperative planning may benefit from a better 
mechanical fidelity[3,14-17].

1.2. Additive manufacturing (AM) of anatomic 
models
AM, also called three-dimensional (3D) printing, has 
become an increasingly influential group of technologies 
in the field of anatomic models and other medically 
relevant areas in recent years[12,18,19]. Achieving better 
geometric and mechanical fidelity is possible with the 
combination of medical imaging technologies and AM[20]. 
For polymeric materials, the two dominant groups of 
AM techniques are based on photopolymerization and 
on extrusion[3]. In an extrusion-based technique called 
fused filament fabrication (FFF), a thermoplastic filament 
is pushed into a heated extruder, and deposited through 
a nozzle[21]. This is mostly used for bone modeling and 
mold making in the field of anatomic models[3,9]. FFF 
is cheaper than most other AM technologies due to its 
relative simplicity and fierce competition between several 
manufacturers. These systems can process a large variety 
of hard thermoplastic filaments but are limited in their 
ability to handle soft materials. A  large proportion of 
available medical image-based anatomic models are 
made of hard plastic using FFF[20].

Liquid photopolymers can be deposited and 
solidified in small droplets via material jetting, which 
is called inkjet printing (IJP). Among others, it has 
been used to create surgical training models of aortic 
aneurysms, kidney tumors, skulls and fetuses[15,22,23]. 
IJP can also use multi-colored inks to make full-color 
objects[9,20] and even use multiple hard and soft materials 
in a single print job[14,16,17,24,25]. The deposited droplets 
can be understood as voxels. Given the proper printhead, 
this allows multiple voxels of multiple materials to be 

deposited simultaneously[26]. While changing or mixing 
materials in a single droplet generator unit is difficult, 
IJP can easily achieve anisotropic properties by creating 
inclusions of various materials[16,17,27], or even seemingly 
gradient composition change[28]. However, IJP is limited 
in creating hollow and completely closed cavities because 
droplets need support underneath them. Therefore, internal 
structuring is only possible if the support material can be 
washed or cut out after printing without damaging the 
printed object. From the standpoint of anatomic models, 
a relevant IJP printer on the market is the J750 Digital 
Anatomy Printer by Stratasys Ltd. (Eden Pairie, MI)
[24,29]. This offers an outstanding performance concerning 
geometric representation and the number of materials and 
colors used, including soft materials[30,31]. However, the 
mechanical realism of soft tissue representing materials is 
still criticized[15].

Using soft materials is an intensely researched 
direction of AM[32]. Besides IJP, thermoset, photoreactive 
or chemically cured materials like certain silicones, resins 
or hydrogels may be deposited through extrusion as well, 
which is also called direct ink writing (DIW)[3,33-35]. This 
is used to print models of various soft structures[3,36-38]. 
Most of these operate with pressurized material reservoirs 
with controllable valves or syringe extruders to deposit 
soft materials. The rheological properties of the printed 
material, such as viscosity or thixotropy, are decisive 
for maintaining the shape of the printed object. Creating 
closed air inclusions is theoretically possible with FFF 
and certain DIW techniques[20].

Silicone rubbers offer a range of mechanical 
properties that may be ideal to represent soft tissues 
in anatomic models[33]. Certain silicone AM (SAM) 
technologies are already being applied to anatomical 
models in some research endeavors and early-stage 
commercial services[33,39-47]. These are summarized 
in Table  1. The collaboration of Wacker Chemie AG 
(Munich, Germany) with ACEO (Burghausen, Germany) 
led to a droplet-based silicone printing technology, which 
relies on curing each layer of silicone with UV light, in a 
similar fashion to IJP[39,48]. Dow Inc. (Midland, MI) and 
German RepRap GmbH (Feldkirchen, Germany) created 
an extrusion-based technology called Liquid AM (LAM) 
which deposits silicone with extrusion and cures it layer-
wise using a heat source[40,49]. Another SAM process is 

Table 1. Summary of relevant commercial soft material printing technologies

Group name Process name Principle Material
Stratasys Ltd. J750 Droplet jetting Photopolymers
Wacker Chemie AG ACEO Droplet jetting Silicone rubbers
Dow Inc./GermanRepRap GmbH LAM Extrusion Silicone rubbers
Fripp Design Ltd. Picsima Extrusion Silicone rubbers
Spectroplast AG Spectroplast Vat photo‑polymerization Silicone rubbers
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developed by Spectroplast AG (Zürich, Switzerland), a 
spinoff company of ETH Zürich. This method uses layer-
wise photopolymerization in a liquid silicone bath[43]. 
Another method called Picsima by Fripp Design Ltd. 
(Rotherham, UK) represents a different bath-based printing 
approach, namely extruding the catalyst component of a 
two-part silicone into a bath of the base component[41]. 
SAM may also utilize a non-planar coordinate system. 
Coulter et al. developed a printing method specialized on 
rotating printing surfaces, which offers unique advantages 
in realizing certain geometries[44,45]. Despite the promising 
development that these technologies represent, almost 
all focus on single-material printing. Therefore, the 
capabilities to tune mechanical properties are limited to 
realizing porous structures with internal cavities[32].

1.3. Problems in mechanical realism
These AM technologies (IJP, FFF, and DIW) are highly 
applicable to create personalized anatomic models that 
are geometrically unique[3]. However, geometric or color 
fidelity alone do not satisfy all possible needs of medical 
device development, surgical education, or preoperative 
planning. For more advanced applications, models 
should behave realistically under physical manipulation 
with hands or surgical instruments[20]. To achieve such 
surgical realism, the materials used to represent various 
biological tissues need to have similar mechanical 
properties to the tissues, such as density, elastic modulus, 
hardness, tensile strength, or viscoelasticity[15-17]. While 
matching hard tissues like bone with AM is already a 
mature field, there are still many unsolved problems 
regarding soft tissues[20]. Most biological tissues – unlike 
technical materials – exhibit multi-level hierarchic 
structures of various functional building blocks, which 
often results in anisotropic and viscoelastic mechanical 
properties[15,50]. This behavior could be approximated 
with soft-hard multi-material structures[14,16,17], but to 
date, there are no AM technologies available that can 
approximate a multitude of tissues[15]. Therefore, two 
major areas for improvement could be printing both 
hard and soft materials simultaneously, and tuning local 
mechanical properties through multi-material structuring. 
These should happen simultaneously to produce high 
quality anatomic models that resemble real tissues from a 
mechanical standpoint[15].

1.4. Research aims
Combining extrusion-based AM technologies such as 
FFF and DIW may be helpful for making more realistic 
anatomic models. While using FFF to produce the whole 
model is ineffective regarding mechanical realism, 
thermoplastics may be used as fiber reinforcement if 
printed into a softer matrix material, like a silicone rubber 
that is deposited by a DIW printhead. Such a concept may 

also work with having both the soft matrix and a harder 
reinforcement being deposited through DIW[51]. In any 
case, this strategy would allow the hardening, toughening 
(further referred to as “up-tuning”) of bulk mechanical 
properties compared to the original matrix material. Since 
both FFF and extrusion-based DIW can print closed and 
empty cavities, the weakening, and softening (further 
referred to as “down-tuning”) of mechanical properties 
would also be possible[15].

Therefore, the main aim of this research was to 
design, build and test a 3D printer based on the concept 
of combining hard and soft materials for printing more 
realistic anatomic models. As a proof of concept, the 
printer should be capable of printing at least one soft 
and one hard material, and thus achieve both up-tuning 
and down-tuning to influence mechanical properties. 
Moreover, the printer should also realize thin-walled 
structures and closed internal cavities with the soft 
material since these are relevant features in anatomic 
models. In this study, a 3D printer with these features was 
built, and its abilities were evaluated through qualitative 
analysis of various printed proof-of-concept objects, 
including a small ribcage model based on a medical 
image. The applicability of the system in the field of 
anatomic models and the future direction of research are 
also discussed.

2. Materials and methods
2.1. Technology definition
The design process of this novel AM system started 
with a comparison of various AM technologies and 
their specifications, as clarifying differences is 
critical for choosing the right printing concept. The 
fact that IJP, DIW, and FFF can handle different 
materials in the same print is a required feature to 
produce multi-material structures. Other technologies 
based on material jetting or vat photopolymerization, 
such as binder jetting (BJ), stereolithography (SLA), 
and digital light processing (DLP) all use a single-
material bath (or “vat”) of liquid resin or powder[21]. 
This prevents multi-material printing, and the 
creation of closed air inclusions. For IJP, DIW, and 
FFF, changing materials simply requires switching 
to a different filament, cartridge, or printhead. 
Mimicking the macroscopic mechanical properties 
of biological tissues through up-  and down-tuning 
requires printing both soft and hard materials. 
Extrusion is the preferred method to create closed 
internal cavities and support structures, if needed. The 
mentioned technologies are compared considering 
our construction preferences in Table  2. Further 
descriptions and schematics of these technologies are 
available in other literature[21,32].
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Concerning the printing material, some silicone 
rubbers exhibit ideal mechanical properties to mimic 
various soft tissues. This also makes them a popular 
casting material for certain anatomic models, where 
a casting mold of the desired anatomy is first printed 
with FFF or SLA, and then filled with a two-component 
addition-cured silicone rubber[7,9]. However, in multi-
material printing, the adhesion of the various printing 
materials is important, unlike in casting. Certain single-
component condensation-cured silicone rubbers may 
exhibit an adhesive behavior to some thermoplastic 
polymer materials, which makes these a promising 
combination in a multi-material printing scenario. 
Therefore, the printer should employ an FFF printhead 
for printing thermoplastics, and a continuous extrusion-
based DIW printhead to print single-component silicone 
rubbers.

2.2. Printer system
For an extrusion-based DIW printhead, various extrusion 
mechanisms, such as syringes, peristaltic pumps and screw 
extruders, are available. However, for high-viscosity 
and high-precision applications, screw extruders were 
preferred. The final choice fell on a Vipro-HEAD 3/3 two-
component printhead by Viscotec GmbH (Töging am Inn, 
Germany)[52], which enables processing either one or two 
single-component silicones, or a two-component silicone. 
In this study, only one single-component silicone rubber 
was used.

Regarding printer mechanics from the standpoint 
of printing soft and flexible materials, it is important 
that the building platform only moves in the axis of the 
building direction (usually labeled “Z”), so that it does 
not shake the printed objects horizontally during printing. 
The printer kinematics which fulfills this criterion are the 
so-called XY-Core and the Delta kinematics. Hardware 
and software formed another important aspect in the 

component selection. An FFF printer which does not only 
apply Delta or XY-Core kinematics, but also employs 
a control board that is open-source and easily extended 
with the chosen Viscotec extruder was considered highly 
desirable.

Finally, a Railcore II 300 ZL open-source FFF 3D 
printer system[53] was chosen and modified (Figure  1). 
On this printer, the original E3D V6 FFF printhead 
was extended with the Viscotec Vipro-HEAD 3/3 
(Figure 2)[52]. Silicones and other high-viscosity materials 
can be fed into this screw extruder with pressurized air up 
to 6 bars, from 55 mL cartridges, which are also mounted 
on the printhead. If necessary, these can be moved to the 
frame, which removes their volume and mass limitations, 
enabling a large material supply to the printhead given 
that the feed pressure is sufficient. The silicone printing 
nozzle is connected to the outlet of the extruder through 
a Luer-thread and is secured against unscrewing with a 
retainer part. These white Luer-adapters and retainers 
were custom-made for the extruder (Figure  2A). 
A nozzle with 0.33 mm outlet diameter was selected for 
silicone extrusion. The original E3D V6 FFF printhead 
on the other side of the carriage (Figure 2B) is capable of 
melting and depositing thermoplastic filaments through a 
0.4 mm diameter nozzle.

The printer is controlled by the Duet 2 Wi-Fi control 
electronics, extended with a Duex 5 extension board, 
operating with RepRap v1.18 firmware[54]. The system 
can be connected to a personal computer (PC) through 
a Wi-Fi network, and print jobs can be started through 
the Duet Web Interface, which is accessible through an 
internet browser running on the PC. The general printer 
configuration, including the printhead definitions and 
dosing calibration settings are done by modifying a file 
stored on the Duet 2 Wi-Fi board. The slicing software 
used to generate G-codes for printing objects is Prusa 
Slicer (version  2.1), an open-source slicer originally 
made for filament-based printers[55]. The user can easily 

Table 2. A survey of features considering various additive manufacturing technologies

Technology Principle Soft 
materials

Multi‑ 
material

Material 
deposition

Support structures Closed 
cavities

SLS Powder bed fusion Limited No Spreading Powder or printed No
BJ Material jetting Limited No Spreading and 

droplets
Powder or printed No

IJP Material jetting Yes Yes Droplets Printed Limited
SLA Vat photo‑polymerization Limited No Spreading Liquid or printed No
DLP Vat photo‑polymerization Limited No Spreading Liquid or printed No
FFF Extrusion Limited Yes Heated extrusion Printed Yes
DIW Extrusion Yes Yes Extrusion or 

droplets
Liquid or printed Yes

*Ideal for 
anatomic models

Extrusion Yes Yes Extrusion Printed Yes

*An imaginary technology which we found ideal for anatomic models if mechanical realism is desirable.
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define a multi-material printhead and generate G-codes 
for multi-material FFF-DIW print jobs. No post-
processing of the generated G-code files is necessary, and 
an extrusion correction factor can also be set to fine-tune 
dosing accuracy, when necessary. To start a print job, the 
generated G-code files must be uploaded to the Duet 2 
Wi-Fi board through the Duet Web Interface. This way, 
the printer is likely also compatible with other popular 
slicing software, such as Cura or Simplify3D.

2.3. Materials
The selected silicone material is a high-viscosity single-
component condensation-crosslinking liquid silicone 
rubber called Elkem AMSil 20101 (Elkem Silicones, 
Oslo, Norway), which was used with the Viscotec DIW 
printhead. This material is intended for cold extrusion; 
therefore, no heating or other means of energy input is 
required during printing. Moreover, a 1.75 mm diameter 

poly-lactic acid (PLA) filament from Fillamentum 
Manufacturing (Hulín, Czech Republic) was used with the 
E3D V6 FFF printhead in case of prints that demonstrate 
the multi-material capabilities. PLA was chosen as it is an 
easily accessible and popular FFF material.

2.4. Printing tests
For accurate dosing, the silicone printhead was calibrated 
for the chosen material using a KERN PES 42002M 
scale (Kern & Sohn GmbH, Balingen, Germany). After 
this, 15 × 15 × 10 mm silicone blocks were printed with 
various speeds and layer thicknesses to find reasonable 
settings for further printing tests. The integrity of the 
printed cubes was qualitatively evaluated by observing 
them and then slicing them with a blade to see if there are 
any internal faults (Figure 3).

Based on the calibration prints, a printing speed of 
15 mm/s and a layer thickness of 0.3 mm were chosen 
for further trials. Furthermore, every printed object 
was left on the building platform untouched for 24 h to 
ensure sufficient crosslinking before any manipulation 
or inspection. After calibration, the system’s ability to 
print silicone objects with closed internal cavities, infill 
structuring and thin walls as well as to combine silicone 
DIW and thermoplastic FFF was assessed by conducting 
six printing tests:
1.	 In the first test, a thin-walled shell was printed based 

on the same 15 × 15 × 10 mm cuboid that was used 
for the calibrations. In this case, only two lines of 
outer contour were used, resulting in approximately 
0.7  mm shell wall thickness (Figure  4). This is 
relevant to anatomic models in case of printing 
vessels or membranes, which feature thin walls.

2.	 The second test involved a silicone block of the same 
dimensions as in the first test, but with 40% volume 
fraction gyroid infill structuring to simulate down-
tuning (Figure 5).Figure 1. The modified Railcore II 300 ZL printer, extended with a 

Viscotec Vipro-HEAD 3/3 extruder.

Figure  3. A 15 × 15 × 10 mm test block that was printed after 
calibration and cut in half after printing.

Figure  2. The Viscotec Vipro-HEAD 3/3 extruder with custom 
Luer-compatible endpieces (A), and the original E3D V6 filament 
extruder on the opposite side of the printhead carriage (B).

A B
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3.	 In the third test, a 50% downscaled version of a 
human bladder was printed based on a 3D model 
segmented from a computed tomography (CT) image 
earlier. To test the feasibility of such a large internal 
cavity with overhanging areas, no support was used 
inside. The envelope dimensions of this downscaled 
bladder were approximately 35 × 30 × 25 mm, and 
the wall thickness was changing between 1.5 and 
2 mm (Figure 6).

4.	 The fourth test involved a pair 15 × 15 × 3 mm square 
silicone and PLA multi-material chips on top of each 
other. The silicone was printed on top of the PLA to 

simulate a situation of printing hard plastic support 
under a silicone structure (Figure 7A).

5.	 In the fifth test, the same model was used as in the 
fourth test, but now the PLA was printed on top of 
the silicone to simulate laying the filament as an 
inclusion into the silicone matrix (Figure 7B).

6.	 The sixth test was planned to give some synthesis of 
the features investigated through the previous tests. 
The ribcage and the surrounding soft tissues were 
segmented from the CT image of a newborn using 
3D-Slicer, and the model was printed (Figure  8). 
The ribs and the support structures were printed from 
PLA and the surrounding soft tissue was printed 
from silicone. To mimic bone structure, the ribs were 
printed with a 30% gyroid infill, while 80% infill was 
used for the soft tissue.

3. Results
All test objects were successfully printed. The thin-walled 
shell of the first test (Figure 4) did not collapse during or 
after printing, despite having only 0.7 mm wall thickness.

The 40% gyroid block of the second test (Figure 5) 
was cut in half with a blade after crosslinking to reveal 
the internal structure (Figure 5C).

The downscaled bladder in the third test (Figure 6) 
had minor material integrity errors at the top due to the 

Figure 4. Thin-walled silicone rubber shell during (A) and after 
printing (B).

A B

Figure 5. Silicone block with 40% volume fraction gyroid infill during (A) and after printing (B), and after slicing with a blade (C) to reveal 
the internal structure.

A B C

Figure 6. A downscaled human bladder with no internal support during (A) and after printing (B), and after slicing with a blade (C) to reveal 
the internal cavity.

A B C
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lack of internal support, but the external geometry stayed 
intact. This bladder was also cut in half after printing to 
reveal the internal cavity (Figure 6C).

The multi-material chips from the fourth (Figure 7C) 
and fifth (Figure 7B) tests were also printable. Moreover, 
in case of the fifth test, the PLA top was deformed, 
presumably due to printing on a soft and unstable silicone 
surface. After printing, the adhesion between the silicone 
and the PLA in the multi-material chips was evaluated 
by trying to manually separate the materials. The silicone 
was considered adhesive enough to resist this manual 
peeling, since the bulk silicone material was damaged 
before the interface.

After seeing the success of the five previous 
tests, the ribcage model of the sixth test was printed to 
demonstrate the applicability of the printer to produce 
medical image-based anatomic models (Figure  8). No 
complications were experienced during the printing 
process, although the manual removal of the support 
structures was challenging due to the adhesion between 
the silicone and the PLA.

4. Discussion
4.1. Overview of aims and results
The aim of this study was to build and test a 3D printer that 
enables features necessary for producing more realistic 

anatomic models in the future. The specifications stemming 
from this goal were printing multi-material structures 
out of at least one hard and one soft material, while also 
being capable of printing empty cavities, infill structures 
and thin-walled features. Considering the advantages and 
drawbacks of various AM methods and their applicable 
materials, a printer was built that combines FFF and DIW 
technologies to print with a single-component silicone 
rubber and a thermoplastic PLA filament.

The printing trials demonstrated that the established 
technology is capable of printing objects of both 
materials and can print silicone with a weakened internal 
structure (down-tuning) or combine silicone with PLA 
(up-tuning). An unsupported internal cavity and a thin-
walled structure were also printable with the silicone. It 
was shown that the FFF printhead can create hard support 
structures. The strong adhesion between the PLA and the 
silicone that was experienced during the tests suggests 
that this material combination can be applied to create 
more complex multi-material structures, and that the 
silicone must be cut away from the PLA in case of using 
PLA for printing support structures under the silicone. 
These assumptions were confirmed through the last test, 
where the ribcage was indeed printable with PLA support 
and sufficient adhesion between the silicone and the PLA.

These promising outcomes imply that the technology 
could be used to approximate the mechanical properties 

Figure 7. Printing silicone rubber on top of PLA (A), then PLA on top of silicone rubber (B), and the resulting multi-material chips from 
both tests (C) .

A B C

Figure  8. Silicone-PLA multi-material ribcage model based on a medical image of a newborn during printing (A), with support after 
printing (B), and after support removal (C).

BA C
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of various soft biological tissues through up- and down-
tuning strategies. Using the other half of the Viscotec 
printhead as a third extruder, the system could easily 
be extended to introduce a viscous fluid into printed 
internal cavities. Such a method used in parallel with 
up-  and down-tuning strategies could possibly increase 
viscoelasticity[15] in anatomic models. This means 
that with the further development of our technology, a 
significant increase in anatomic model realism may 
be delivered, accelerating the development of certain 
medical instruments and improve medical education and 
preoperative planning.

4.2. Comparison with other technologies
From the perspective of down-tuning, the greatest 
limitation of concurrent technologies such as IJP, BJ, 
SLA, and DLP is their difficulty to realize completely 
closed and empty cavities, either because of an inherent 
need for support (IJP) or because of a leveled slurry 
or powder bath (BJ, SLA, DLP)[21]. This also applies 
to the Picsima silicone printing process[41], as well as 
the technology used by Wacker and ACEO[39], and by 
Spectroplast[43]. In our case, this limitation is overcome 
by utilizing extrusion-based DIW and FFF, even though 
the LAM process of Dow and GermanRepRap[40] is also 
free of this problem.

Considering up-tuning, IJP has a better resolution 
and a larger variety of applicable materials than our 
presented technology[14,16,17]. Our process can use up to 
three materials and can be extended to handle two more 
without changing the electronics. The LAM process of 
Dow and GermanRepRap[40] along with the one of Wacker 
and ACEO[39] could theoretically also be extended to work 
with multiple materials. Meanwhile, the other methods 
(BJ, SLA, DLP, Picsima, and Spectroplast) are more 
confined to single material printing[21,41,43].

The various available IJP printer models from 
Stratasys (including the J750 dedicated for anatomic 
models)[24] are frequently used in literature for producing 
soft multi-material tissue models[15-17]. However, the 
biological realism of the materials that are printable with 
these printers is often criticized, and IJP technologies 
are inherently limited in terms of printing unsupported 
overhangs. We have demonstrated that our system can 
print steeply overhanging structures, which (combined 
with other relevant features) may enable more accurate 
tissue approximation than what is possible with IJP 
systems.

Differentiating our system from other self-built 
silicone rubber printers, we can note that some are 
specialized on printing on curved surfaces[44,45], while 
others use two-component silicones on a heated building 
platform[46,47] and do not feature additional printheads for 
thermoplastics or other fluids.

4.3. Limitations and outlook
In case of DIW and FFF, spatial resolution, printing 
quality, and printing speed are tightly connected process 
parameters; therefore, the presented technology is slow 
compared to the shower-like droplet generation of IJP or 
BJ, or the scanning laser or full-layer projector of SLA 
or DLP. Moreover, despite the successful first prints, the 
system suffers from certain other limitations in its current 
state. If used in more complex geometries, the removal 
of PLA supports might damage the contact surface of 
the silicone. This adverse effect may be minimized by 
careful support design in the future. The difficulties with 
removing the silicone parts from the building platform 
may be eased by choosing a different printing surface. 
It must also be pointed out that the printing abilities 
were only demonstrated with one silicone and one 
thermoplastic material, and the general applicability to 
other materials is so far untested.

A decisive factor in the compatibility of a silicone-
thermoplastic combination is the adhesion between them. 
Qualitatively testing the adhesion strength between the 
silicone and PLA or other thermoplastics remains an 
interesting direction for further research, along with the 
qualitative testing of the effects of infill structuring on 
the mechanical properties of silicone objects. Finally, the 
extent of applicability to the field of anatomic models 
depends not only on mechanical property tuning but also 
on geometric limitations. To succeed at printing complex 
anatomic geometries, an optimization method should first 
be developed to find the ideal printing parameters. This 
may be done in a follow-up study by printing various basic 
features at different printing settings and then analyzing 
the integrity and accuracy of the printed features. In 
addition, using the other available DIW extruder to 
deposit a high-viscosity filler liquid into internal cavities 
may provide a way to modify viscoelastic mechanical 
properties.

5. Conclusions
In this study, a novel multi-material AM technology 
targeted at facilitating the production of more realistic 
anatomical models was established and tested. The 
printable features enabled by this technology offer 
promising possibilities in the field of functional anatomic 
models. Analyzing geometric limitations, along with 
an evaluation of feasible mechanical properties, are 
needed before this technology could make a significant 
impact in the field of medical education, device testing, 
and pre-operative planning. However, a medical image-
based anatomic model was already successfully printed 
in this study, implying a long-term applicability for the 
presented system. Moreover, besides anatomic models, 
the system may also have potential applications in the 
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field of soft robotics, wearable electronic devices, or 
sports equipment.
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Abstract: Three-dimensional food printing offers the possibility of modifying the structural design, nutrition, and texture of 
food, which may be used for consumers with special dietary requirements such as dysphagic patients. One of the food matrices 
that can be used for liquid delivery to dysphagic patients is food foams. Foams are widely used in different food products to 
adjust food density, rheological properties, and texture. Foams allow the food to stay in the mouth for sufficient time to provide 
hydration while minimizing the danger of choking. Our work studies the foam properties and printability of both egg white 
foams and eggless foams with a strong focus on their foaming properties, rheological properties, printability, and suitability 
for dysphagic patients. Food hydrocolloid, xanthan gum (XG), is added to improve foam stability and rheological properties 
so that the inks are printable. Rheological and syneresis properties of the pre-printed foam inks are examined. The texture 
profile and microstructure properties are studied post-printing. International dysphagia diet standardization initiative tests are 
carried out to assess the inks’ potential for dysphagic diets. Inks with XG performed better with minimal water seepage, better 
foam stability, and excellent printability. This suggests that hydrocolloids lead to more stable food foams that are suitable for 
3DFP and safe for hydration delivery to dysphagic patients.
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1. Introduction
With the introduction of Industry 4.0, additive 
manufacturing has been growing in focus as it opens 
up many possibilities for smart production. It has 
progressed from a mere prototyping tool to a practical 
manufacturing solution[1,2]. The improvements in design, 
materials, hardware, and controller software of additive 
manufacturing printers have resulted in time-  and cost-
efficient parts, opening up additive manufacturing to 
various applications for mass customization.

With the advances of three-dimensional (3D) 
printing technology, many different industries are 

increasingly utilizing 3D printing for manufacturing, 
such as aerospace[3], construction[4], dentistry[5], and 
regenerative medicine[6,7]. In the recent decade, there has 
been a rising interest in 3D food printing (3DFP)[8,9]. 3DFP 
provides benefits that include structural design of the 
food[10], customized nutrition[11], modified food texture[12], 
and reduced need for skilled cook[13]. For example, it can 
be used for designing diets for individuals with special 
nutritional requirements such as dysphagic patients[14] or 
athletes[15]. 3DFP may also target prosumers such as high-
end restaurants in producing aesthetically beautiful meals 
and products[16].

© 2021 Lee, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and 
reproduction in any medium, provided the original work is cited.

https://creativecommons.org/licenses/by/4.0/
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Foams are a type of food that consists of a liquid or 
continuous phase in which air bubbles are dispersed[17]. 
They are widely applied to food products such as ice 
creams, mousse, and baked goods[18,19]. The primary 
purposes for foam products are food density and caloric 
density reduction, modification of texture, and improved 
rheological properties[20]. Foams are also used to enhance 
sensory features, such as enhanced texture and flavors of 
food. More importantly, food foams are used to deliver 
liquid in a more easy-to-swallow form, especially for 
dysphagic patients[21]. For example, the aeration of water 
or milk into foams changes their texture and improves 
nutrients delivery to dysphagic patients. These foods 
could stay in the mouth for a certain duration, thereby 
providing prolonged hydration for dysphagic patients[22].

The main characteristics of food foams are foaming 
ability, foam stability, and water leakage[23]. The foaming 
ability dictates how much the volume increases after 
foaming, and the foam stability measures how long the 
foam maintains its shape without disintegrating. The 
water leakage (syneresis) determines the ability of the 
foam to hold its shape. This provides an early indication 
if the printed part is able to sustain its shape. The criteria 
for the ideal ink for food foam should be decently high 
foaming ability, high foam stability of more than an 
hour (sufficient time for printing), and low/no syneresis. 
Foaming ability indicates whether the food matrix is 
suitable for the creation of food foam. One of the most 
widely studied food foams is egg white (EW) food foam. 
It is the most commercially used foaming ingredient due 
to its high foaming ability and its ability to create an 
irreversible semi-stable foam[24]. Most of the foam-based 
food, such as meringues, pavlova, macarons, and mousse, 
are made from EW food foams[25,26]. 3D printing of EW 
foam was demonstrated by Kouzani et al., achieved 
through printing a pavlova using an EW foam-based 
batter[27]. However, the foam stability and rheological 
properties, which were key properties to the printability 
of foams, were not characterized and controlled. Food 
foams have yet to be studied in depth for 3DFP. Without 
the characterization of foam properties and rheological 
properties, it is unclear if these foams are suitable for 
patients with dysphagia. Therefore, there is a need to 
study the foam inks for 3DFP.

Foam stability is a unique aspect of food foam that 
is different from other types of food matrices and strongly 
influences printability. Unlike other food matrices, the 
thermodynamic instability causes the disintegration of 
foams, and it is vital to ensure that the foam remains 
stable while undergoing printing. Therefore, it is crucial 
to increase the foam stability for 3DFP purposes with 
additives such as hydrocolloids[28,29] while ensuring that 
the texture meets the standard of the dysphagic diet set by 
the international dysphagia diet standardization initiative 

(IDDSI) framework. In addition, food foams generally 
have a lower viscosity, making them harder to print than 
other food matrices.

In this study, we used EW and alternative food 
ingredients, Methocel F50 and Foam Magic, which are 
commercial products available to create food foams. The 
hydrocolloid included in this study is xanthan gum (XG). XG 
is a thickener that is commonly used in food products, such 
as mayonnaise and ice cream[30]. XG provides high viscosity 
even at low concentrations[31]. Its highly shear-thinning 
properties[32] make it an ideal choice as a thickener to improve 
the printability of low-viscosity food foams and enhance the 
stability of foams[33]. XG was added to the foaming agent to 
formulate printable food foam inks. The foam properties, 
such as foaming ability, foam stability, foam density, and 
syneresis, were studied to provide an in-depth understanding 
of how the foam properties affect the printability of the 
respective foam inks. The rheological properties, printability, 
microstructures, and texture profiles of the food foams were 
characterized extensively in this study. IDDSI[34] tests were 
also conducted to examine the suitability of the foam inks for 
hydration to dysphagic patients.

2. Materials and method
2.1. Formulation of foam inks
The materials used were commercially available 
pasteurized eggs from a local supermarket (N & N Egg 
Story, Singapore), Foam Magic from Modernist Pantry 
(SKU:1214-25), Methocel F50 from Modernist Pantry 
(SKU:1056-50), XG from Diabetic Food Delivery 
Singapore - Better4U.sg and Honeydew Extract Powder 
from RunDeKang BioTechnologies.

For the egg-based foams, the EW were separated 
from the egg yolks and weighed. They were then beaten 
using an electronic whip (Kenwood, 800W) for 5 min to 
foam. 12.5 wt% of honeydew extract powder was then 
added, and the mixture was whipped for another minute.

For eggless foams, 2 wt% of Foam Magic and/or 2 
wt% Methocel F50 were added to water, and the mixture was 
beaten using an electronic whip for 5 min. Foam Magic is 
a proprietary formulation of maltodextrin, methylcellulose, 
and XG designed to create foams when whipped with 
either a hand blender or iSi whipper. Methocel F50 is a 
food-grade hydroxyl propyl methylcellulose (HPMC).

The pH of EW is approximately 9.2 in the normal 
state. The EW used in Inks 1 and 2 were not treated; 
therefore, Ink 1 has a pH close to pure EW’s (Table 1). 
The presence of XG brought down the pH of Ink 2. The 
pH of XG in an aqueous solution is 7 which brought 
down the overall pH of the solution. Tap water was used 
to produce Inks 3 – 5. The pH of tap water was tested to 
be approximately 8.40. Therefore, the pH of Inks 3 – 5 is 
approximately similar to that of tap water.
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2.2. Foaming characteristics
(1) Foaming ability

The foams were prepared at room temperature by 
whipping 50 mL of respective suspensions in a 500-mL 
beaker using a multi-quick hand blender (Kenwood, 
800W) at a constant turbo speed for 5 min. The foaming 
ability, which is also known as the overrun, is the 
percentage of volume increase after the whipping process. 
Three replicates were used for each type of foam, and the 
averages from the results were reported.

(2) Foam stability

Foam stability was characterized by the half-life of the 
foam, which was measured as the time required to lose 
50% of the volume of the foam. Three replicates of 30 mL 
of foams were placed in a 50-mL Falcon tube. The volume 
of the foam was recorded over time to determine the time 
required for the volume of the foam to reduce to half. Only 
the volume of the foam, not including the volume of the 
liquid formed as foams burst, was measured in this study.

(3) Foam density

The foams were prepared as mentioned in part (1) of 
section 2.2. Then, 50 mL of each foam ink was placed 
in a 50-mL Falcon tube and weighed using an electronic 
balance. Each ink was measured in three replicates. The 
average density was calculated by dividing the average 
mass from the volume of 50 mL.

(4) Syneresis of foam inks

Syneresis was analyzed by placing 0.2  g of the foam 
ink at the center of a piece of Whatman Grade  4 filter 
paper. The foams were spread evenly to cover a circle 

of 1 cm in radius. The filter paper was left to stand for 
30  min to allow the liquid to spread before the filter 
paper was photographed. The area covered by the fluid 
was measured using a Python program that detects the 
edge of the foam inks and the edge of the spread fluid. An 
1 × 1 cm2 red square was included in the photograph as 
a reference for image analysis. Each sample was carried 
out in replicates of three.

2.4. Rheological characterization of the foams
The rheological properties of the foam inks were tested 
using an oscillatory rheometer (Discovery Hybrid 
Rheometer DHR-3, TA Instruments, Delaware, USA). The 
measurements were conducted using stainless steel parallel 
plates with a diameter of 40 mm and a truncation gap of 
500 µm. Viscosity shear-thinning tests were performed on 
the foam inks by applying a stepwise shear ramp rate from 
0.001 s−1 to 100 s−1. Stress sweep measurements were 
carried out with a logarithmically increasing shear stress at 
a constant frequency of 1 Hz from 0.1 to 2000 Pa to study 
the viscoelastic properties of the inks. A  recovery test 
was done to mimic the three phases the ink experienced 
– before extrusion, during extrusion, and after extrusion 
from the nozzle. A multiple stepped flow ramp (peak hold) 
test was conducted wherein the initial shear rate of 0.1 s−1 
– 0.2 s−1 was applied for 20 s, followed by a rapid increase 
in shear rate from 0.2 s−1 to 200.0 s−1 in 1 s. The shear rate 
was held at 200.0 s−1 for 5 s before reducing the shear rate 
from 200.0 s−1 to 0.1 s−1 in 1 s and held for 20 s.

2.5. 3D printing of foams
Wiiboox Sweetin 3D Food Printer (Wiiboox, China), an 
extrusion-based 3D food printer, was used to print the 3D 
samples of different foam inks. The nozzle size used for 
these experiments was 1.5 mm. The foams were printed 
into a six-pointed star with a length and width of 3 cm 
and a height of 0.5 cm to assess its printability. The star 
was used to assess if the ink was able to handle sharp 
curves. Three replicates were printed with each foam ink. 
Photographs of the printed samples were taken after the 
printing and assessed visually. The first three prints of the 
inks were rated visually from 1 (poorest) to 5 (best) on 
two categories, self-supporting structure and shape, with 
a maximum total score of 10. The smallest observation 
for each category was given a score of 1.

The foams were printed at a print speed of 25 mm/s 
with an initial layer thickness of 0.8 mm and subsequent 
layer thickness of 1 mm. The fill density was set to 80% 
with a flow of 80%.

2.6. Scanning electron microscopy (SEM)
The micromorphological structure of the printed parts 
was observed by using SEM. All samples were gold-

Table 1. Formulation for each foam ink

Sample Ingredients pH
Ink 1 • Egg white 87.5 wt% 

• Honeydew extract 12.5 wt% 
9.19

Ink 2 • Egg white 85.5 wt%
• Honeydew extract 12.5 wt%
• Xanthan gum 2 wt%

8.91

Ink 3 • Methocel F50 2 wt%
• Water
• Honeydew extract 12.5 wt%

8.33

Ink 4 • Foam Magic 2 wt%
• Water 
• Honeydew extract 12.5 wt%

8.16

Ink 5 • Methocel F50 2 wt%
• Foam Magic 2 wt%
• Water
• Honeydew extract 12.5 wt%

8.20
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coated with 10 mA current using JEOL JFC-1600 Auto 
Fine Coater machine. The images were viewed and 
taken under 10 – 13 kV condition under a JEOL JSM-
5600LV SEM.

2.7. Texture profile analysis
Texture Pro CT V1.3 Build 15 (Brookfield Engineering 
Labs, Inc) was used for double-cycle compression tests 
to obtain force-time curves. The foams were prepared and 
filled into a 20-mm deep tray of aluminum foil for testing. 
Both as-printed and baked foam inks were tested. The 
baked foam samples were printed and baked at 70°C for 
2 h before being tested at the height of 20 mm. The test 
parameters were as follows: Block probe with a trigger 
load of 5 g, pre-test, test and return speed at 2.0 mm/s, 
and the compressive strain was set to 45% for two cycles. 
Each ink was tested in triplicates. Hardness, chewiness, 
adhesiveness, gumminess, stringiness, and springiness 
were measured. The averages of the three replicates were 
represented in a radar graph. They were also normalized 
to the highest value obtained among the food inks and 
represented in another radar graph for ease of comparison.

2.8. Data analysis
Data were plotted by using the OriginLab software. The 
results were analyzed using unpaired student’s t-test with 
n = 3. The significance of the results is denoted on top 
of the columns where * represents P ≤ 0.1, **P ≤ 0.01, 
***P  ≤ 0.001, and ****P ≤ 0.0001. The results were 
compared within the groups of EW and non-EW inks on 
whether XG affects the properties of food foams. The first 
group (EW-based) was compared between Inks 1 and 
2, and the second group (HPMC-based) was compared 
between Ink 3 and Inks 4,5.

3. Results and discussion
3.1. Foam properties
(1) Foaming ability of the inks

Both EW[23] and HPMC[35] are known to have excellent 
foaming abilities. The overrun quantitatively measures 
the foaming ability of each foam ink. Figure 1A shows 
that all the food ink formulations can foam more than 
300% of their original volume.

Ink 1 is based on EW, and Ink 3 is based on 
methylcellulose without the addition of hydrocolloids. 
They were able to foam more than their counterparts with 
added XG. The inclusion of XG makes the foam denser 
and more sticky, thus less able to hold more air bubbles. 
The reduced foaming ability may be attributed to the 
increase in density, as seen from the difference between 
Inks 3 and 4. While Ink 5 contains Methocel F50, a 
component present in Ink 3 which is able to foam to a 

massive extent of over 700% of its original volume, it 
has an overrun that is even lower than Ink 4. While inks 
with XG have reduced overrun, the overall increase in 
Methocel F50 and Foam Magic mass, contributing to the 
increase in density that made it difficult to hold the air 
bubbles without bursting too. The EW foam ink generally 
has a lower overrun compared to the eggless foams.

(2) Foam stability of the inks

The foam inks’ stability is a critical factor as the food inks 
have to retain the foams after being printed. The viscosity 
of the continuous fluid phase is one of the main factors 
affecting foam stability[36]. The higher viscosity of the 
continuous fluid phase delays the movement of the liquid 
through the network of films that enclose the air bubble, 
hence slowing the formation of larger bubbles and the 
liquid drainage.

As shown in Figure  1B, the foam inks without 
XG have much poorer foam stability. The significant 
difference in the half-life of foams shows that XG plays 
an important role in foam stability for both groups (EW 
and HPMC). Ink 3 with only HPMC is unable to retain 
the foam for more than 15 min. The poor foam stability is 
due to the lack of foam stabilizer in the mixture. HPMC 
generally stabilizes the hydration layer when it is heated 
and sets into a gel at a specific temperature. However, 
this ink was prepared at room temperature. Therefore, 
while it was able to foam, it was unable to retain the foam 
and stabilize the foam at room temperature. As for the 
EW-based Ink 1, it has the foam stability of over 80 min. 
While its stability is not as high as inks that contain XG, 
it is stable enough to be printed within a certain duration 
immediately after preparation. EW contains globulins that 
facilitate foam formation, and also contains ovomucin 
that stabilizes the foam[37]. During the whipping, the 
EW proteins adsorb at the interface of air bubbles and 
the liquid through the hydrophobic areas. The partially 
unfolded proteins (denatured through whipping) stabilize 
the protein films formed. The foam collapses when large 
gas bubbles grow at the expense of tiny bubbles. These 
films counteract the growth of the large bubbles, thus 
stabilizing the foam. However, the EW foams, without 
additives, tend to destabilize too[28].

Inks with the inclusion of XG have a significant 
improvement in foam stability of more than 1000% in 
terms of half-life. With the use of Foam Magic which has 
a proprietary mix of HPMC and XG, Inks 4 and 5 have a 
foam stability of 158 min and 104 min, respectively. An 
inclusion of 2 wt% of XG in the EW-based foam allows 
Ink 2 to have long half-life of 1200 min. XG is widely 
used as a food thickener. It thickens the inks and retains 
the liquid phase in foam structures against gravitational 
force[29]. The fixation of the liquid phase due to the 
presence of XG makes it harder for small bubbles to grow 
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into larger bubbles, which stabilize the foams. However, 
the increase in density also makes it harder for the foams 
to form, resulting in a lower overrun.

(3) Foam density

The EW foams (Inks 1 and 2) are generally denser than 
the HPMC foams. The HPMC forms a light foam as a 
result of the large overrun. The XG increases the density 
as shown in Figure 1C, where there is a slight increase in 
density from Ink 1 to Ink 2 and from Ink 3 to Ink 4. The 
density affects the foaming ability inversely; as discussed 
previously, the overrun is lower when the density is 
higher. Ink 5 has a higher density than Ink 3 and 4 as it 
contains more HPMC, thus making it more difficult to be 
aerated and leading to a denser foam.

(4) Water retention

Syneresis refers to the undesired leakage of water from 
food. This study investigates the ability of the foam ink to 
retain water. In the case of foams, the spreading of water 
affects the integrity of the printed structures, causing 
the print to spread and collapse due to instability. In this 
study, the amount of water leakage from the foam inks 
was obtained by measuring the area wetted on a piece of 
filter paper.

Inks that do not have XG (Inks 1 and 3) had a large 
amount of spreading compared to the inks containing 

XG (Figure  1D), and the difference was statistically 
significant. The spreading was caused by both foam 
instability and lack of ability to retain water. XG thickened 
the foams by increasing the viscosity of the liquid phase 
and forming a hydrogel phase[31]. This prevented water 
from spreading on the filter paper, greatly reducing 
water spreading of Inks 2, 4, and 5. Without XG, while 
Ink 1 had the protein films to hold the air bubbles and 
water migrated to the filter paper due to strong capillary 
force. Likewise, for Ink 3, water between the air bubbles 
migrated from the food ink to the filter paper. Over time, 
the area of wetting increased when the foam collapsed. 
For Inks 4 and 5, XG prevented the water from leaking 
onto the filter paper. Over time, water evaporated, thus 
resulting in a slight shrinkage of the area of the foam.

3.3. Rheological properties of the inks
All the five inks displayed a shear-thinning or 
pseudoplastic property (Figure  2A). Shear-thinning 
properties were preferred for extrusion printing as they 
suggested that the food ink could be easily extruded 
and held its shape after extrusion. The printability and 
self-supporting structure depended on the viscosity and 
yield stress, respectively[33]. The low viscosity of the 
inks allowed them to be printed easily through extrusion. 
When the shear rate increased, the viscosity of the ink 
decreased, allowing the ink to flow out smoothly. The EW 

Figure 1. Foam properties (A). The foaming ability of each foam ink based on their overrun. (B) The foam stability of each foam ink. 
(C) The density of each foam ink. (D) The syneresis results of each ink. *P ≤ 0.1, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 for the t-test 
results (n=3).
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inks (Inks 1 and 2) had a higher viscosity than the HPMC 
inks (Inks 3 – 5), which accounted for the slightly better 
foam stability explained in part (2) of Section 3.1. As XG 
allowed the liquid phase to form a hydrogel-like phase 
with increased viscosity, Ink 3 had the lowest viscosity 
compared to the ones with XG. While XG generally 
increases the viscosity of the foam inks, similar to the 
comparison between XG containing HPMC inks (Inks 
4 and 5) and non-XG containing HPMC ink (Ink 3) the 
viscosity of Ink 2 was lower than that of Ink 1.

All foams displayed characteristics of linear 
viscoelasticity at low oscillation frequencies, where 
storage modulus (G’) was higher than loss modulus (G”) 
(Figure  2B). Having a G’ that was higher than the G” 
in the linear viscoelastic range also suggests that the ink 
has the potential to form gel-like self-supporting structure 
after it was printed[33]. In the non-linear range, the G’ fell 
below G”, indicating a more liquid-like behavior. The 
foams tend to flow like liquids, and are easier to extrude.

The average yield stresses of the inks are displayed 
in Figure  2C. Yield stress determined the ability to 
form a self-supporting structure[33]. Higher yield stress 
allowed better self-supporting ability. The EW inks (Inks 
1 and 2) have higher yield stresses than the HPMC inks 
(Inks 3-5). This suggests that they can undergo higher 
stress before plastic deformation. This allowed Inks 1 
and 2 to form better self-supporting structures and higher 
leniency under the pressure used for the extrusion of the 
inks during printing. Ink 3 exhibited low yield stress <10 
Pa. This suggests that the foam from Ink 3 might not 
survive the pressure from extrusion printing. Ink 4 has 
significantly higher yield stress than Ink 3 (P < 0.01). 
XG does not significantly change the yield stress of 
egg-based foam inks but shows a significant effect in 
eggless foams. Inks 1 and 5 have significant errors due 
to the poorer foam stability, which caused some foam to 
collapse in later tests, changing the rheological properties 
slightly.

Figure 2. Rheological properties of the foam inks. (A) Flow ramp study of each foam ink. (B) Stress sweep of each ink in triplicates. 
(C) Yield stress of each foam ink. (D) Peak hold study of each ink simulating before, during, and after extrusion printing. *P ≤ 0.1, **P ≤ 0.01, 
 ***P ≤ 0.001, ****P ≤ 0.0001 for the t-test results (n = 3).
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Figure 2D shows the peak hold study of the inks. 
Under low a shear rate from 0.1 to 1 s−1, all the inks 
gradually reduced their viscosities, which is in line 
with the flow ramp study that depicts the inks as shear 
thinning. When the inks experienced a spike in shear 
rate, the viscosity dropped drastically. This suggests that 
the viscosities of the foam inks reduced during printing, 
and inks flowed effortlessly out of the nozzle, allowing 
smooth printing. Once the shear stress was removed, 
simulating the shear rate after printing, the viscosities 
of the inks recovered quickly. This implies that the inks 
were able to return to their original rheological properties 
after printing and held their structures.

3.4. Printability of the inks
The printability is dependent on the rheology and the 
stability of the inks. Out of all the inks, Ink 3 was not 
printable at all as shown in Figure 3 where the printed 
ink was a pool of liquid and it has an average printability 
score of 2. The foam stability, as described earlier, was 
very low for Ink 3 as it collapsed too quickly. While in the 
foam stability test, the half-life of Ink 3 was 15 min under 
atmospheric pressure, the stability within the syringe and 
during printing was lower due to significantly higher 
pressure. Therefore, Ink 3 was extruded as a liquid instead 
of foams. This was also seen in Ink 1 (Figure S1). While 
it was printable in the first print and was able to form self-

support structures, the foam bubbles grew in size in the 
cartridge and became unstable in the subsequent second 
and third print. Even though the viscosity of Ink 1 was 
the highest amongst all the inks, but its stability was not 
high enough. This was also observed in Ink 5. While the 
first print was good, it was less able to self-support and 
spread more in the later prints. The best prints were from 
Inks 2 and 4 with scores of approximately 9, where they 
consistently presented good self-supporting structures in 
three consecutive prints.

The effect of XG on the printability of the inks 
within the EW and HPMC groups was compared. The 
first three prints of the inks were rated visually from 1 
(poorest) to 5 (best) on two categories, self-supporting 
structure and shape fidelity. The printability of inks with 
XG shows significant improvement regardless of the base 
ingredients. XG is an important factor to achieve a good 
printable structure for the foam inks.

3.5. Microstructure of the baked inks
The scanning electron micrographs in Figure  4 show 
the microstructure of the EW foams and the HPMC 
foams. Only the printable inks (i.e.  Inks 1, 2, 4, and 5) 
were assessed. The pure EW or Foam Magic only foam 
samples were included for comparison.

Comparing the foam formed by EW and by Foam 
Magic only (Figure  4A & D), the EW foam had a 

Figure 3. (A) Six-pointed star (first) prints with Inks 1 – 5 with the average score in each frame. (B) The printability scores for each ink. 
*P ≤ 0.1, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 for the t-test results (n = 3).
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microstructure with thicker films between each bubble. 
It also explains why the EW inks were denser than the 
HPMC inks.

Comparing the EW only foam to Inks 1 and 2, the 
baked EW foam was flakier and had more disconnected 
sections as shown in the blue boxes in column I for A, B, 
and C. The honeydew extract, which contained a large 
portion of small polysaccharide[38], seemed to increase 
the adhesiveness of the liquid phase of the foams. Even 
after the foams were baked, most bubbles retained their 
shapes for Inks 1 and 2. In Inks 1 and 2, thin films 
covered most of the bubbles. More bubbles were intact 
in Ink 2 than Ink 1 (red boxes of B and C in column II); 
suggesting that the XG kept the foams from collapsing, 
especially at elevated temperature during baking, and 
the gas bubbles tend to grow larger. Furthermore, in 
Ink 2, the films over the bubbles were more wrinkled, 
suggesting that the liquid phase with XG was stretched 
when hydrated to prevent the bubbles from bursting and 
the foam from collapsing.

Comparing Control 2 to Inks 4 and 5, the pores in 
Control 2 were larger and exhibited a thinner layered 
interface between pores pointed out in blue arrows 
in column IV. Most of the bubbles in Control 2 were 
torn or burst after being dehydrated by baking. The 
honeydew extract increased the adhesion between each 
bubble and thickened the interfaces. In Ink 4, the film 
over the larger bubbles was intact, whereas the film over 
smaller bubbles was torn slightly as seen in column 
IV (Figure 4E). In comparison, Ink 5 had more burst 
or torn bubbles than Ink 4. Ink 5 also showed more 

small- and medium-sized bubbles than Ink 4 as shown 
in the red box in column IV. This could be attributed to 
the higher density of Ink 5, which made it harder for 
foam formation and reduced its ability to trap air.

3.6. Texture profile of foam inks
From Figure 5A, all the inks have relatively low hardness 
and gumminess ranging from 0 to 2 N. The adhesiveness 
of all inks is below 5 mJ. Adhesiveness helps increase the 
ability of the foam to self-support. A good combination 
of slightly higher hardness and good adhesiveness of Ink 
2 as well as Inks 4 and 5 resulted in better printability 
than inks without XG, such as Inks 1 and 3. While Ink 1 
had a higher hardness, it had poor adhesiveness. Hence, 
while it could be extruded, it was unable to maintain a 
good shape, resulting in poor printability. Ink 5 had a 
lower adhesiveness than Inks 2 and 4 but higher than Ink 
1. This explains the better printability of Ink 5 than Ink 1 
as it can retain shape better than Ink 1.

While Inks 1, 2, 4, and 5 were all printable and 
retained their shapes after baking, Ink 5 could not maintain 
the height of 20 mm after baking and collapsed. Hence, 
it was not included in the texture profile analysis in the 
baked form (B is added to the ink names to differentiate 
baked samples). After baking, all the printed inks 
became meringue-like after dehydration by baking. This 
increased the hardness as reflected in Figure  5C. The 
chewiness of the printed inks increased too. However, 
the springiness and adhesiveness reduced. The other 
parameters remained similar. The lack of water made the 

Figure 4. Microstructure of foam inks after baking for 1 h at 70°C. (A) Control 1: Egg white only foam. (B) Ink 1. (C) Ink 2. (D) Control 
2: Foam Magic only foam. (E) Ink 4. (F) Ink 5.
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inks less sticky and leads to a fall in adhesiveness and 
springiness. In absolute values, Ink 2B and Ink 4B had 
similar performance to Ink 1B. This suggests that the 
XG added to EW foam increases printing performance. 
Furthermore, the use of HPMC inks as a replacement 
for EW foams does not significantly affect the textural 
performance due to the similar texture profiles.

Considering that foams are to be consumed by 
dysphagic patients as a safe way of hydration, IDDSI tests, 
including the fork pressure test (Figure 6A) and the spoon 
tilt test (Figure 6B), was carried out. These two tests were 
recommended test in the IDDSI framework for food of 
level 4-5 (pureed, minced, and moist). The results are 
shown in Figure 6. The fork pressure tests food hardness. 
Inks 2, 4, and 5 show a clear indent pattern, suggesting 
that they are soft enough to be consumed by dysphagic 
patients. For the spoon tilt test, the spoon was tilted and 
flicked once to check if the inks slid off the spoon. It is 
used to determine the adhesiveness and cohesiveness. 

According to the framework, the food is considered safe 
for consumption by dysphagic patients as long as the spoon 
is visible after flicking, even though a thin food film may 
remain on the spoon[34]. Most inks allow a large portion 
of the inks to slide off the spoon, except Ink 5, suggesting 
that most inks would not stick to the oral cavity. Out of all 
the inks, Ink 2 had the best performance.

3.7. Demonstration of 3D-printed food foam
Out of the three inks tested for textural properties, Inks 
2 and 4 had better printability. Both inks were used to 
print various 3D structures. The structures were created 
without overhang or with only small overhang due to 
the lack of support. The four structures printed were an 
octopus, lobster, turtle, and hammerhead shark, as shown 
in Figure 7.

The lighter Ink 4 provided better and smoother 
prints than Ink 2, (Figures 7A and B), with the octopus 
head bearing clunks and a smooth spherical shape as 

Figure 5. Texture profile of the foam inks in (A) absolute values, (B) normalized values and its baked samples (B represents baked), 
(C) absolute values, and (D) normalized values.
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shown in Figure 7A and B. However, these 3D structures 
were larger than the prints used in the printability test. 
The lower foam stability is visible in the one printed by 
Ink 4. The surface of the prints was getting moist and 
shrank over time. The lobster and octopus were printed 
first. Hence, the surfaces were getting watery and causing 
them to lose their structure ahead of all the other prints. 
This suggests that the printed parts of Ink 4 had an even 
lower storage time than the foam stability test’s time, as 
the printing process reduces the stability due to higher 
pressure. It should be served or baked once printed. Ink 2 
was able to produce stable structures with a half-life foam 

stability of 30.6 h at room temperature. When refrigerated, 
it was possible to be stored longer. Ink 2 also performed 
better in the spoon tilt test. These properties suggest that 
Ink 2 is ideal as food foam for hydration delivery.

Most meringues are produced with EW and sugar. 
The presence of honeydew powder was to enhance the 
taste and flavor of the foams. Similar fruit extract powders 
such as strawberry and papaya could be used to achieve 
similar results. Fruits provide a sweet taste that replaces 
sugar as a flavor enhancer[39]. These foams can function 
as a flavor and sensory booster in addition to mere water 
delivery systems to dysphagic patients.

Figure 6. IDDSI tests. (A) Fork pressure test on a 20 × 20 × 10 mm3 sized 3D-printed samples of the foam inks. (B) Spoon tilt test on the 
foam inks.
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4. Conclusions
The structures in Figure  7 show that 3D printing can 
provide more creative and esthetically pleasing, and 
complex structures of food foams by computer-aided 
design (CAD) designs and a 3D food printer. Silicone 
molds cannot accomplish the shaping of foams because it 
is almost impossible to de-mold the foam. 3DFP with foam 
allows artists to freely express their ideas and designs using 
food, enhancing visual appeal of the food, hence, elevating 
palatability. Moreover, 3DFP provides a simple way of 
modifying the food texture, giving chefs more freedom to 
work with the different food and cooking methods. However, 
food foams are volatile and delicate to work with due to 
the instability of foams. In this study, the foam properties 
of the foam inks (with and without XG) proposed were 
investigated. The inclusion of XG in this study stabilized 
food foams for high printability. XG provided additional 
foam stability, which aided in producing better prints and 
permitted longer storage of the printed food, as displayed 
by Inks 2 and 4. The texture properties were also studied to 
understand the difference between the EW foam and HPMC 
foam and their XG counterparts. The improvements to the 
EW ink provide an alternative approach to creating artisan 
meringues. In this case of 3DFP, the sugar is replaced with 
fruit extract to provide a fruity and sweet taste. Several 
3D shapes were printed with the optimal Inks 2 and 4 to 
demonstrate the 3D printing of food foams. This form of 
3DFP may also be used as a flavor and visual enhancer 

as foams are widely used for dish plating. Vegans do not 
consume egg-based products, so the eggless Ink 4 may be 
an alternative to EW in creating 3D-shaped meringues and 
icing. The excellent performance of Inks 1, 2, and 4 in the 
IDDSI tests shows that these food foams (without baking) 
are well suited for medical applications such as hydration 
for dysphagic patients as EW consists of mainly 90% of 
water[40] and the formulation in Ink 4 has approximately 
87% of water. This study has shown the possibility of 3DFP 
of stable food foams and their applications for hydration 
delivery for dysphagic patients. In the future, robotic arm-
based printers may be used over cartesian printers as they 
allow both printings of the foam and assembling the foams 
in 3D, using a similar concept by Awa Taccino machine 
from Takara Tomy[41].
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Abstract: This study introduces a design procedure for improving an individual’s footwear comfort with body weight index 
and activity requirements by customized three-dimensional (3D)-printed shoe midsole lattice structure. This method guides 
the selection of customized 3D-printed fabrications incorporating both physical and geometrical properties that meet user 
demands. The analysis of the lattice effects on minimizing the stress on plantar pressure was performed by initially creating 
various shoe midsole lattice structures designed. An appropriate common 3D printable material was selected along with 
validating its viscoelastic properties using finite element analysis. The lattice structure designs were analyzed under various 
loading conditions to investigate the suitability of the method in fabricating a customized 3D-printed shoe midsole based on 
the individual’s specifications using a single material with minimum cost, time, and material use.
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1. Introduction
The use of additive manufacturing and three-dimensional 
(3D) printers is very popular these days[1-3], and they 
have various applications in various industries, including 
aerospace[4], automotive[5], soft robotics[6], construction[7], 
food printing[8], and tissue engineering[9,10]. One of these 
is the custom manufacturing of products. 3D printing 
opens the way to novel footwear items by integrating new 
materials and digital production. At present, the technology 
now makes it easier to produce high-performance sports 
shoes and customized sandals using 3D printed shoe 
components. This enables shoe manufacturers to join the 
market rapidly by exploring new designs and offering 
more personalization options. Despite these benefits, the 
use of 3D printing in footwear remains limited, as the 
technology currently is yet to enable mass customization 
incorporating high-level nonlinear materials behavior 
and geometrical designs to accommodate the intensive 

and high productivity needs of individuals in the market. 
However, the development of footwear 3D printing 
is driven by trends in digital production and desire for 
personalized experience. Considering midsoles, they 
are typically constructed throughout the shoe as a solid 
component with the same level of support. The designers 
may optimize cushioning properties throughout the 
whole shoe by adjusting various sections of a midsole, 
producing better performance footwear. The present study 
shows an approach to improve the efficiency of shoes in 
different uses through the optimal geometry design of a 
3D printing material tailoring different purposes.

Due to unhealthy lifestyle, like high fat diet and 
lack of enough exercises due to working from home, a 
higher number of people are nowadays prone to various 
types of diseases, which lead to obesity, which in turn 
increases body mass index (BMI). People with high BMI 
frequently suffers from the problems of foot ulceration 
due to excessive walking or standing for a long time. 
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The need is to have a perfect shoe which will not only 
provide comfort, but also maintain the functionality in 
diverse daily activities[11]. It can also be inferred from 
the open literature that shoe sole plays a critical role 
in rehabilitation of lower limb[12] while it improves 
walking function[13] and reduces foot lesions. Patients 
often complain of foot pain and fatigue after prolonged 
walking, followed by pain in the knee and ankle that 
generally deteriorates the quality of life[14]. The effects of 
custom-made sole on the life quality of individuals both 
physically and mentally are proven[15]. Due to difference in 
foot structures of people, customizable midsole has come 
into picture, which provides more comfort as compared 
to prefabricated counterparts. One solution is 3D printing 
of custom shoe midsole, where 3D scanning techniques 
helps in getting the exact shape and size of the foot which 
act as input to design. Custom soles are more suitable for 
plantar structure of patient[16] and can further be improved 
if traditional support structure is optimized; therefore, 
further damage reduction at a lower cost, material waste, 
and fabrication time[17,18].

In the past years, there has been considerable 
amount of research in footwear industry to provide 
best comfort shoes for different walks of people from 
various fields, such as the sports or health sector; many 
researchers continue to deliver crucial information based 
on the experimental and theoretical works[19]. The stiffness 
reported as a crucial factor accounts for 70% of the comfort 
for diabetic users[20]. High plantar pressure generated on 
foot can be impacted by changing the stiffness of the 
shoe sole material[21,22]. A  study has shown the efficacy 
of customized sole in reducing the peak of load by 
40% at metatarsal region[23]. Custom-made insoles have 
proven to provide considerably better stress distribution 
and much less maximum stress (around 40%) compared 
to flat insoles, which is very important in fabrication 
and selection of comfortable insoles[24]. Furthermore, 
the effect of custom-made 3D-printed foot orthoses in 
the treatment of pain result in the foot of workers due 
to prolonged standing has been studied[25]. Analysis of 
the participants’ test results revealed that after wearing 
customized 3D printing orthoses, feeling of discomfort, 
pain, and heavy legs were reduced significantly.

Increase of thickness makes the stress distribution 
more uniform and decreases the maximum stress value 
up to 10%. However, simply increasing the thickness 
does not necessarily lead to less maximum stress after 
a certain thickness of the insole[26] that is where more 
sophisticated lattice design from 3D printing could play 
a significant role. 3D printing has been recently focused 
as the most flexible technology in making midsoles due 
to its unit features in designing and developing variable 
density and stiffness products with changing the infill 
pattern in two and three dimensions, changing the infill 

across the sole, changing wall thickness of infill walls and 
changing infill density and height of each voxel. Hence, 
the midsole designed could not only be customized to the 
individual’s foot, but also is customized to the types of 
activity, such as walking, running, or jumping. The same 
level of performance will be hard to do or impossible with 
machining and conventional subtractive manufacturing.

Recent studies were conducted on different lattice 
structures by changing its unit cell size and shape to check 
the behavior of their mechanical property, deformation 
behavior, and compressive property[27-29]. Different lattice 
structures with closed and open unit cells of same size 
were investigated in these studies and found that lattice 
structure with a closed unit cell has higher stiffness 
compared to the open lattice. A comparison analysis of 
lattice structures made from different unit cells by additive 
manufacturing were conducted[30]. The compression tests 
were performed on four different topologies such as 
Diamond, Grid, X shape, and Vintiles to investigate the 
mechanical property of all four topologies. It has been 
found that the Grid lattice delivered the highest stiffness 
compared to others which can be helpful to use in heel 
part of the insole as it requires stiffer material. Diamond 
shape lattice structure has shown the most uniform stress 
distribution property which can be helpful for reducing 
the plantar pressure.

Shoe firms have been moving away from leather to 
shoes that are almost entirely polymeric. Thermoplastic 
urethane (TPU) is a soft material that is highly resistant 
to wear and abrasion, and is already used widely in many 
industries, including footwear. The visco-hyper-elastic 
property of TPU is preferred due to their elasticity property 
and resistance they offer when subjected to compression. 
The TPU also meets the requirements for medical devices 
with regard to cytotoxicity and skin sensitization in 
accordance with the DIN EN ISO 10993-5 and 10993-10 
standards. The major advantage of soft-filament materials 
is the flexibility that makes them deformed under a load 
and its ability to revert back to their original state when 
the load is removed. This property makes it possible 
to fabricate durable 3D objects with high deformation 
stability. In addition to its softness and flexibility, TPU is 
also known for its functional properties of being durable 
and being able to withstand ambient temperatures up to 
80°C. TPU is therefore practical for both consumer and 
industrial use.

The fast print speeds and compatibility with springy 
and flexible materials such as TPU, silicone, and elastic 
polyurethane, common for athletic shoes, have made resin-
based 3D printing technology a sustainable manufacturing 
option. At present, vat photopolymerization is the most 
popular category of 3D printing methods for footwear 
manufacturing[31]. This category includes resin-based 
technologies, such as stereolithography and digital 



Figure 1. Reaction force generated on feet (from ref.[35] licensed 
under Creative Commons Attribution 4.0 License).
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light processing, and Carbon’s digital light synthesis 
(DLS)[32]. These methods are based on a similar technique, 
in which a light source (laser, light-emitting projector or 
diodes) is applied to a liquid resin layer by layer, thereby 
consolidating it. Besides resin-based technology, shoe 
manufacturers also employ powder-based technologies, 
such as Multi Jet Fusion (MJF) from HP and Selective 
Laser Sintering (SLS)[33]. The MJF and SLS are more 
frequently utilized in the manufacture of insoles, as 
opposed to resin-based technologies used in midsoles.

In this study, we present three different lattice 
patterns designed with same wall thickness and amount 
of a DLS 3D printing-based material. The midsoles 
were positioned according to the foot sole to create a 
specific design taking into consideration the visco-hyper-
elastic material effects as per individual specifications. 
The type of lattice depends on the required demands 
of the individual applications. These patterns were also 
compared in different loading scenarios under different 
input loads simulating the type of activities to judge the 
efficiency of viscoelastic lattice design in distributing the 
stress. The results of the conducted simulations showed 
that the physical properties of customized 3D-printed 
midsoles are affected by the pattern type with the same 
amount of material and properties. The contribution of 
our study is as follows:
a)	 The 3D-printed grade TPU material properties were 

validated in ABAQUS finite element analysis (FEA) 
platform.

b)	 A specific design for the customized 3D printing was 
introduced along with flexible patterns, considering 
the viscoelasticity property of material.

c)	 A procedure was presented to design and 3D print 
a customized midsole in terms of specific individual 
features, such as body weight and type of activity, 
using merely one type of material at minimum cost 
and material use.
The rest of this paper is organized as follows: 

Section 2 is dedicated to the detailed methodology of 
3D-printed customized midsole design and the materials 
characterizations; Section 3 provides the description 
of the FEA and simulation results and discussion; and 
Section 4 summarizes the study.

2. Methodology
2.1. Custom midsole design workflow
The pressure distribution is practically consistent in 
ordinary people. Originally, the body mass appeared on the 
heel area than that on the middle foot as it transitioned to 
the forefoot and then was received by that of the toe region 
in the end[34]. In ordinary humans, the maximum pressure 
is located on the second metatarsal. The variation of the 
plantar pressure in normal individuals is from region of heel 

contact to area off toe. Figure 1 shows an image[35] where 
ground reaction forces generated on the foot are derived by 
foot movement using an experimental gait analysis.

To build an individual shoe sole for a person, 
plantar pressure needs to be lower which is possible 
using different lattice structures and a single 3D printing 
material. As midsole is subjected to low velocity impact 
test, visco-hyper-elastic materials are most suitable as 
they offer high elasticity and show positive results on 
dynamics humans’ body.

The effects of sole designs on the plantar pressure 
and the ground reaction force over a period of time have 
been studied[36]. The results revealed the reaction force 
value changes by changing the stiffness and damping 
structure. It was also observed that both elastic and viscos 
properties of sole give torque to ankle and knee joints and 
make the body propulsion. The aim of midsole design is 
to reduce plantar pressure generated on different areas of 
foot and give more relaxation to the person’s body while 
they do activities in footwear.

Therefore, in the present work, the shoe sole was 
designed by considering different activities of person, 
such as walking, running and jumping, and for this trend, 
viscoelastic material was selected and subjected to low-
velocity impact test that results in a graph of load over 
time. This load versus time graph gives the idea about 
how shoe midsole is helpful to reduce the plantar pressure 
in people based on their specific activity. The novelty of 
the present study compared to other currently commercial 
models is the investigation of functional customization 
that does more than just geometry consideration with 
the incorporation of viscoelastic material properties into 
performance evaluation for specific user demand.

A detailed workflow of design and simulation 
proposed in this study is illustrated in Figure  2. The 



Figure 2. A schematic workflow of custom 3D-printed midsole production.
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process starts with receiving the foot shape of an 
individual using scan or even the shoe size. Then, the 
lattice of different shapes, for example, three here, are 
designed and generated in computer-aided design (CAD) 
software. It should be noted that the cell size of lattices 
is chosen arbitrarily while their effect is considerable 
for a further study to deliver more regional stiffness in 
sole as per individual specifications, such as diabetic 
patients. Next, a simulation is carried out in an FEA 
platform called ABAQUS, considering the nonlinearity 
and viscoelastic properties of the 3D printing material 
to reflect the stress distribution on the midsole surface in 
contact with plantar subjected to increasing, downward-
directed displacement, which leads to contact with 
the rigid ground surface and compression of the 
lattice. Finally, the desired lattice providing less stress 
compatible to the user application, that is, walking or 
running, are suggested for 3D printing.

2.2. Materials preparation and characteristics
DLS technology is a new printing method for 3D printing 
of soft polymers. Elastomeric polyurethane (EUP40) is a 
type of soft polymer that can be printed by this method. 
This material has an elongation length of about 275%, 
shear strength 23 kN.m, shore hardness 68A, and Tg (glass 
transition temperature) 8°C[37]. These properties have led 
to EUP40 being classified as a rubber-like viscoelastic 
material. For this reason, the neo-Hookean and Yeoh’s 
rubber-like model as well as Carol are used to study the 
behavior of the material as:
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The viscoelastic behavior of EPU40 for 3D printing 
of midsole is characterized at different strain rates and 
it was used in this work to simulate the results having 
validated using FEA in ABAQUS. To find the stress-
strain relationship in quasi-static state, homogeneous 
uniaxial tensile test with low strain rate were conducted37]. 
Furthermore, to confirm the ability of traction, that is, 
high elongation in the failure of EUP40 in the set of 
experiments, the strain rates of 0.032/s, 0.128/s, and 
0.576/s at speeds of 50  mm/min, 200  mm/min, and 
900  mm/min were conducted, respectively, to achieve 
high elongation.

The validation of stress-strain results at different 
strain rates are shown in Figure  3. According to this 
figure, increasing the strain rate has increased the 
stress in the same strain by 100%. This behavior of 
material indicates that models (1) and (2) are suitable 
to use to understand the behavior of the midsole 
material. Finally, after performing quasi-static tests, 
cyclic tests, relaxation tests, and experimental study of 
material behavior, the parameters of the two models are 
presented in Table 1.



Figure 3. Viscoelastic 3D-printed EPU40 stress-strain results.
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3. Results and discussion
Three lattice designs with the same amount of 
materials for the sake of comparisons were created 

in the CAD software and converted into step format 
before being imported into ABAQUS (Dassault, 
France) for the FEA study. Different elements were 
used for ground, foot, and midsole where ground 
block and foot were meshed by 5  mm R3D4 and 
R3D3, respectively, and midsoles were meshed by 
3 mm C3D4 tetrahedral elements as shown in Figure 4. 
The boundary conditions of different parts are shown 
in Figure  5, where the ground block is constrained in 
all directions. The input force was defined for three 
different scenarios of walking, running, and jumping 
of an individual with 1820 mm height, 84.6 kg weight, 
and equivalent BMI of 25.3 in Figure 6[35]. A dynamics/
explicit solver with time steps corresponding to input 
force was used for calculating the simulation results in 
various individual specifications during walking, 
running, and jumping. According to the simulation 
of ordinary walking[12], the stresses of plantar were 
within the linear elastic range of EPU40 material. The 
properties of the foot and the ground were assumed 
rigid, and for shoe midsole, the EPU40 properties 
were defined (Figure 3).

The impact forces representing the individual 
specifications in walking, running, and jumping were 
applied for the three lattices, and stress and displacement 
distributions results are shown in Figures  7 and 8, 
respectively. It is observed that the highest-pressure peaks 

Table  1. Elastic and viscous parameters for Carroll’s, neo-
Hookean, and Yeoh’s models

Carrol model a b c -
2.868e-

01
1.4183e-

07
7.846e-0

1
-

Neo-Hookean+ 
Yeoh’s model

C1 D1 D2 D3
8.201e-

01
5.792e-

01
4.464e-

01
3.382e+00

Figure 4. Different lattice meshes of midsole designs: (A) hexagonal, (B) elliptical, and (C) circular.

A

B

C



Figure 5. The boundary conditions and contact illustration of foot 
on midsole.

Figure 6. Input forces representing the individual specifications.
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were at the heel and medial forefoot for all modes of 
walking, running, and jumping. From the data, it is clear 
that the medial forefoot and heel absorbed the maximum 
pressure during the jumping activity in comparison to the 
other two activities. The absolute peak data represent the 
maximum pressure at a specific point in the segmented 
area. For running, the peak pressure at medial forefoot 
and heel meaning both the regions are high pressure peak 
areas.

Furthermore, the results revealed the elliptical 
lattice has the highest stress, which accordingly 
undergoes higher displacement. This is due to the 
different structure in the shape of the lattice compared to 
the circular and hexagonal ones. According to Figure 9, 
it can be concluded that as the number of polygonal sides 
decreases or the ratio of large diameter to small diameter 
(in horizontal geometry) increases, the amount of stress 
and displacement increases.

Figures  10 and 11 show the changes in strain 
energy and viscous energy loss over time, respectively. 
According to these results, in each of the stepping 
specifications, the highest energy is related to the 
elliptical geometry. The greater effect of the elliptical 
geometry is due to the topology of this structure that is 
more prone to crushing and consequently undergoing 
a higher amount of displacement, stress, and energy. 
According to Figures  10 and 11, the maximum 
values of strain energy and viscous energy loss are 
observed in elliptical, hexagonal, and circular lattices, 

Figure 7. Maximum stress distributions of midsoles for different lattices (circular, elliptical, and hexagonal, from the left to right, 
respectively) at different scenarios of (A) walking, (B) running, and (C) jumping.
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respectively. This result is also arguable according to 
Figure 9, where with increasing displacement values 
in different lattices and consequently increasing 
amount of stress applied to the midsole, higher 
dissipation energy occurs with the same trend. As a 
result, the elliptical lattice experiences the highest 
amount of energy dissipation.

In general, hexagonal grids under non-planar 
loading have a higher energy absorption capacity than 
in-plane loading. The hexagonal lattice could be useful 
when the merely energy absorption of non-planar 
loading is the goal. Yet, the impact force duration is 
one of the important parameters in energy absorption. 
When the goal is to protect the human body from injury 
in walking, running, and jumping under the impact 
load, the importance of the impact time dominates so 
as with extending the time of impact its magnitude and 
the risk of damage it causes to the human body reduces 
accordingly. By applying the input forces of different 
gaits of an individual according to Figure 6, it can be 
seen that the amount of energy in Figures 10 and 11 for 
jumping mode is much higher than running and walking 

Figure 8. Maximum displacements of midsoles for different lattices (circular, elliptical, and hexagonal, from left to right, respectively) at 
different scenarios of (A) walking, (B) running, and (C) jumping.
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B

A

Figure 9. Maximum (A) stress and (B) displacement of midsoles in 
different scenarios of walking, running, and jumping.

B

A
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mode due to the effects of the magnitude and time of 
impact force on the shoe midsole.

It is an undeniable that denser infill patterns supply 
stronger support to a fabrication to absorb more energy 
or less the crushing. However, they consume more 
printing time, energy, material, and subsequent waste. 
Therefore, this method of customizing the shoe midsole 
in terms of individual’s specifications but using the 
same amount of materials is efficiency in the reduction 
of material usage and time of 3D printing. This study 
proves the feasibility of an adaptive infill patterns 
application in stiffness and damping tuning required in 
custom shoes industry. Further clinical and experimental 
measurements are required as future directions.

4. Conclusions
In this work, various shoe midsoles were designed by 
considering different activities of person, such as walking, 
running, and jumping, and for this trend, a 3D printable 
viscoelastic material was selected and subjected to low 
velocity impact test that resulted in a graph of load over time. 
This load versus time graph gives the idea about how shoe 
midsole is helpful to reduce the plantar pressure on people 
based on their specific activity. The novelty of the present 
study compared to other currently commercial models is 
investigation of functional customization that does more 
than just geometry consideration with incorporating the 
viscoelastic material properties into performance evaluation 
for specific user need. The models with different thicknesses 
and materials were not considered here and our focus was 
merely on the interior pattern of 3D-printed midsoles that 
delivers various functionalities with considerations on cost 
reduction and the use of a common 3D printer and a single 
material. The study proved that the 3D printing is effective 
in making a midsole that caters to requirements of different 
individuals based on the infill patterns design. This study 
brings new innovation into customized 3D-printed shoes 
industries by providing these meaningful insights into the 
design process.

The results of this study also provide scope of using 
combination of lattice structure to increase the energy 
absorption capacity or elasticity, or providing more local 
support and comfort as per individual requirements, such 
as diabetic injuries or sports. The midsoles could see 
evolving improvements through 4D printing that redirects 
these vertical impact forces into horizontal forward 
motion, thus delivering a running economy or varying 
the stiffness to serve at various environmental conditions, 
such as different relative humidities and temperatures.
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Abstract: Bioprinting is an emerging technology for the construction of complex three-dimensional (3D) constructs used 
in various biomedical applications. One of the challenges in this field is the delicate manipulation of material properties and 
various disparate printing parameters to create structures with high fidelity. Understanding the effects of certain parameters 
and identifying optimal parameters for creating highly accurate structures are therefore a worthwhile subject to investigate. 
The objective of this study is to investigate high-impact print parameters on the printing printability and develop a preliminary 
machine learning model to optimize printing parameters. The results of this study will lead to an exploration of machine 
learning applications in bioprinting and to an improved understanding between 3D printing parameters and structural 
printability. Reported results include the effects of rheological property, nozzle gauge, nozzle temperature, path height, and ink 
composition on the printability of Pluronic F127. The developed Support Vector Machine model generated a process map to 
assist the selection of optimal printing parameters to yield high quality prints with high probability (>75%). Future work with 
more generalized machine learning models in bioprinting is also discussed in this article. The finding of this study provides a 
simple tool to improve printability of extrusion-based bioprinting with minimum experimentations.

Keywords: 3D printing; Bioprinting; Printability; Machine learning; Support vector machine; Pluronic 

1. Introduction
Three-dimensional (3D) bioprinting is a developing 
technique in the biomedical field for creating a wide range 
of biological 3D structures, including cell-laden constructs 
and scaffolds[1]. The bioprinting technique includes 
several processes, for example, computer-aided design 
(CAD), 3D printing, and the synthesis of biomaterial 
and living material[2]. Bioprinting has found widespread 
applications such as tissue engineering[3,4], reconstructive 
surgery[5], and drug delivery and screening[6,7]. Bioprinting 
methods can be generally divided as extrusion, material 
jetting, and vat polymerization. Vat polymerization 
utilizes stereolithography or digital light processing to 

cure polymers of cell-hydrogel suspensions into 3D 
structures. This method can achieve high resolution but 
is limited to use with photo responsive bioinks[8]. In ink 
jetting, droplets of material containing cells are deposited 
to form printed structures. Variation of droplet sizes and 
cell concentrations allows for control over concentrations 
within structures and high resolution. However, low 
viscosity of the bioinks is often required for the jetting 
process[9]. Extrusion bioprinting is a bioprinting method 
derived from traditional thermoplastic 3D printing, 
incorporating a reservoir and nozzle through which 
material is extruded layer-by-layer onto a platform. It is 
unable to reach the resolutions achieved by other methods 
due to limitations based on nozzle size, but it is low-cost, 
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versatile, and can be used with bioinks having a much 
wider range of viscosities[10]. Extrusion bioprinting can be 
further characterized by two types of printers: pneumatic-
based and displacement-based[11]. In a pneumatic-based 
printer, pressure in the reservoir is manipulated to force 
material through the nozzle onto the print bed. They 
allow for precise pressure control which is important 
to maintaining cell-viability during printing. Motor-
based printers utilize a motor to push material down the 
reservoir and through the nozzle. Despite less precise 
pressure control, motor-based printers provide better 
spatial, and flow control and are therefore a better choice 
when using high viscosity materials[12] such as those in 
this study.

The overarching type of material used in 
biofabrication is the bioink. Bioinks are soft materials 
which contain living cells that are essential for 
prospective applications[13,14]. A common type of bioink 
is the hydrogel, which is a highly hydrated cross-linked 
polymer network capable of providing a tissue-like 
environment for cells[13,15]. Because of their high hydration 
and ability to form 3D structures, hydrogels are an ideal 
candidate for bioprinting which allows cells to survive 
and grow[13]. Thermo-responsive hydrogels are of interest 
in 3D bioprinting due to the opportunity to manipulate 
their properties through temperature control to assist in 
printing. Among this group of hydrogels is materials such 
as gelatin, methylcellulose, and PEO-PPO-PEO block 
copolymers (trade named Pluronic)[11]. Pluronic F127 
(PL 127) is of particular interest due to its success for 
uses as a sacrificial material[3] which can be printed along 
with other materials then easily removed or washed away 
leaving other materials intact[11,16].

To characterize outcomes, the term printability 
is often used. Printability is defined as the geometrical 
difference between the designed print and the experimental 
print[15]. Printability is often characterized quantitatively 
(termed print fidelity[15]) using numerical indices of 
a print’s dimensions and pores[17-19] or qualitatively 
through visual inspection for tears, breakage, or overall 
performance. Before testing, printability may also 
be evaluated on the basis of material properties and 
performance[15,20]. For this experiment and PL 127’s 
applications in bioprinting, manipulating parameters to 
create a high-fidelity print is desirable. To simplify and 
apply experimental results, width index is used as the 
primary indicator for printability in this experiment. 
Four parameters were selected for testing based on the 
hypothesis that they would have a significant impact on 
the width index and therefore printability of PL 127.

Printing parameters are the wide range of variables 
which can be adjusted to impact printing outcomes. 
Printing parameters can be separated into two categories. 
Process parameters are factors which are set by the 

printer, such as the height of the nozzle, printing speed, 
and extrusion speed. Material parameters are related 
to properties of the material being used, such as its 
composition, viscosity, and storage or loss modulus. 
To encompass both types of parameters, nozzle gauge 
and path height were selected for process parameters, 
and composition and nozzle temperature were selected 
for material parameters. Nozzle temperature may be 
considered as falling under both categories due to 
thermoresponsive viscosity change of PL 127.

Machine learning (ML) is currently the most rapid 
developing field and has tremendous potential in 3D 
printing in terms of developing materials and processes. 
ML is a tool that establishes statistical models to analyze 
underling behaviors of a system and give predictions 
based on training data[21]. There have been several studies 
trying to fast-track optimal bioprinting parameters 
and predict printing outcome based on ML algorithms. 
Conev et al. used Random Forest (RF) classifier and 
regressor to identify suitable printing conditions to 
recommend for 3D extrusion printing of poly (propylene 
fumarate). The authors trained the two RF models 
using a previous factorial design datasets and explored 
the significance of each parameter based on the feature 
weights[22]. Menon et al. used hierarchical ML (HML) 
to predict 3D printing of silicone elastomer. A physical 
modeling layer was integrated in the HML framework, 
and the model was trained on 38 data points. Previously 
unseen data were discovered by the HML with high print 
fidelity and 2.5  times higher printing speed[23]. Ruberu 
et al. employed Bayesian Optimization (BO) to find the 
optimal printing parameters for 3D extrusion printing of 
gelatin methacrylate and methacrylated hyaluronic acid 
composite bioink. The number of experiments required to 
reach global optima ranged up to 47 with different bioink 
composition, which was greatly reduced compared with 
full factorial design (6000 – 10,000)[24]. However, these 
ML models still require quite large amount of training data 
points. Considering the cost of biomaterials, living cells, 
and biofactors, we are looking to adopt an algorithm with 
a minimal requirement on the number of training data that 
can still perform well.

The objective of this study is two-fold. The first 
objective is to evaluate the effects of printing parameters 
on the printability of PL 127 (Figure S1). The previous 
research has been conducted on other thermoresponsive 
hydrogels, including gelatin and alginate[2,17,19,25], or 
has used pneumatic-based printers which allow for 
manipulation of pressure which is often studied due to 
its significant impact on print outcomes[26]. The first study 
focuses on establishing the understanding of how each 
parameter affects the outcome of extrusion printing of 
PL 127. The second objective of this study is to utilize 
Support Vector Machine (SVM) algorithm to select 
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sets of optimal printing parameters which have higher 
(>75%) probability to generate high fidelity PL 127 
filaments. Traditional factorial experimental design is 
time-consuming, and the cost increases exponentially 
with increasing number of parameters and levels. 
Building physical models for the bioprinting process are 
also challenging due to the complex relationship between 
disparate printing parameters (e.g., biomaterial properties 
and process parameters) and print outcome. The SVM 
process optimization methodology was inspired by 
Aoyagi et  al[27]. In this study, we selected biomaterial 
concentration, nozzle temperature, and printing path 
height as three key parameters. A space-filling Design of 
Experiment technique was used to select only 12 training 
data. A 3D process map was generated by the pairwise 
probability prediction based on SVM model and the 
validation on the unseen data points showed the model 
generalized well on the parameter space.

2. Materials and methods
2.1. Preparation of materials
Solutions of PL 127 were prepared by first cooling 
deionized (DI) water in a 4°C refrigerator, adding Pluronic 
F-127 (Sigma-Aldrich, St. Louis, MO) powder to create 
a large 30 w/v% sample, stirring using a magnetic stirrer, 
and then allowing the sample to homogenize fully in a 
4°C refrigerator. Calculations for composition were based 
on the final solution volume. For lower compositions, the 
same sample of 30 w/v% PL 127 was then diluted down 
using DI water, mixed, and again allowed to homogenize 
fully in a 4°C refrigerator before testing began. This 
method was used to prevent any false affects appearing 
in the data due to variations between batches of material.

2.2. Printing and measurement
For all tests, an extrusion-based Bioprinter (BioMaker, 
SunP Biotech, Cherry Hill, NJ) was used along with the 
samples synthesized wit PL 127 powder (Sigma-Aldrich, 
St. Louis, MO). This printer uses motor-based extrusion, 
as opposed to the also-common pressure-based extrusion 
used in bioprinting. All CAD designs and slicing are 
included in the software for this printer, and as such these 
were the only software used to create and slice a grid 
design for testing in this experiment. Measurements from 
microscope images of each print were taken using Fiji/
ImageJ.

2.3. Parameter selection for evaluation
Four parameters were selected for testing: two in the 
material property category and two in the printing 
parameter category. The material parameters selected 
were printing temperature and material composition, 
and process parameters selected were path height and 

nozzle gauge. Material composition refers to the weight/
volume percentage (w/v %) of the PL 127 solution used 
during testing. This parameter will likely have an effect 
on print outcomes due to its impact on the viscosity 
of the material. Nozzle temperature is the temperature 
that the nozzle and material inside it is held at while 
printing. It will likely affect prints due to the relation 
between PL 127 temperature and viscosity. While 
this parameter is controlled by the printer, its impacts 
relate to the structure and material properties of PL 
127. Therefore, it has been placed under the “material” 
category of parameter, even though it may be seen as 
both a “printing” and “material” parameter. Path height 
is the vertical offset between the printing nozzle and 
the print bed. During printing the material is stretched 
by different amounts depending on how high the path 
height is set. Nozzle gauge refers to the gauge number 
of the printing nozzle being used. Each nozzle has a 
different inner and outer diameter.

2.4. Rheological evaluation of PL 127
The viscosities of Pluronic inks were tested by a 
rheometer (R/S-CPS+, Brookfield, USA). The rheometer 
is equipped with a temperature control Peltier (0 – 135°C). 
A P50 plate (radius 25 mm) with 1 mm gap was used in 
the plate/plate measuring system for all tests. For each 
test, 2 mL sample was loaded on 4°C plate to fill the gap 
completely. Viscosities for all concentrations of Pluronic 
inks were first measured at temperature ramp from 40°C 
to 4°C for 15  min and constant shear rate at 1/s. The 
viscosities of all Pluronic inks at 23°C against shear rate 
ramp were also tested from 0.01 to 100/s for 5 min.

2.5. Variable testing
Baseline values were selected for each variable to be held 
constant while one category was varied independently. 
The selected values were a path height of 0.3 mm, nozzle 
gauge of 25, room temperature (23°C), and a composition 
of 30% PL 127. Values were varied in one category at a 
time while all other categories were kept at their baseline 
values.

2.6. Model grid for printing
The model grid used for printing was designed in the 
built-in software for the SunP Biotech Bioprinter. The 
grid was a 0.6 mm tall square with three 0.2 mm layers 
and a 6 mm side length. Theoretical line width of the infill 
lines was 0.4 mm.

2.7. Data collection
Before printing, material was pulled from the samples 
stored in a 4°C refrigerator into a 5 mL syringe. Syringes 
were allowed to come to room temperature for 10  min 
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then loaded into the printer for testing. In all temperature 
tests, the material was given an additional 10 min in the 
printer to reach the set temperatures before printing. For 
each combination of parameters, three samples were 
printed. On each sample, five horizontal line width 
measurements were taken at random around the grid. 
Data on vertical lines and pore width were also taken in 
the same manner. These were taken by imaging the grids 
under a microscope, then importing the images into Fiji 
for assessment. Images were converted to 8-bit (black 
and white) and then sharpened automatically using Fiji’s 
automatic threshold adjustment. After sharpening, the 
previously mentioned measurements were taken using 
the line and automatic area selection tools. For each set 
of parameter tests, data from all three samples were then 
combined into one larger, 15-item set to calculate the 
mean and standard deviation.

For a few variables, printing the originally selected 
grid was not possible due to the effects of the parameters. 
The 21G nozzle and 20% PL 127 were unable to form a 
three-layer grid and were instead printed as a one-layer set 
of lines. In addition, 15% PL 127 was not viscous enough 
to form any kind of grid and produced no useful data.

2.8. Quantifying prints quality
To characterize prints a line width index was assigned 
to each print using a method similar to prior research[17]. 
This allowed for an easy view of how accurate a print 
was and what kind of error occurred in it. All averaged 
line values were divided by the theoretical line width, 
following the formula:
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2.9. SVM implementation
Uniform Design (UD) technique[28] was used to select 
12 experiment data points (Table  1) based on a three 
parameter four level data space U12(P3
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of PL 127 was set at 15, 20, 25, and 30 w/v%. The 
temperature of the nozzle was selected at 16, 23, 30, and 
37°C, and the path height as 0.3, 0.35, 0.4, and 0.45 mm. 
Twelve data points were normalized before being used as 
training set.

A Gaussian kernel was used in the model to 
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space so that the nonlinear probability hyperplanes 
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where ξ is a slack variable and C is the regularization 
parameter[29].

In this study, an open source SVM software 
LIBSVM was used on MATLAB to train the model and 
acquire the parameters w and b[30]. A grid search on two 
hyperparameters (C and g) was conducted with a threefold 
cross-validation. C is the regularization parameter applied 
on the slack variable SVM and g is the gamma parameters 
in Gaussian kernel (1⁄(2σ2)). The data set is labeled as “1” 
class (good print) if the calculated width index in method 
2.8 is between 0.9 and 1.1, while labeled as “−1” class 
(bad print) otherwise (Table  2). 3D process map was 
generated based on the pairwise probability estimates on 
a 3D parameter space[31].

2.10. Statistical analysis
n = 3 prints were made for each parameter test, with 
n = 5 line measurements taken from each. Mean and 
standard deviation were measured, and statistical analysis 
was performed based on original line data. Statistical 
significance was investigated using data analysis tools 
within Microsoft Excel. A t-test for two samples assuming 
equal variances was applied where P < 0.05 showed a 
significant difference between tests. Results displayed in 
Figure 2 are of line index data for clarity and insight. A * 
symbol denotes significance.

Table 1. Uniform design with three parameters and four levels

Concentration 
(Parameter 1)

1 1 1 2 2 2 3 3 3 4 4 4

Temperature 
(Parameter 2)

4 2 1 3 1 3 4 2 2 1 3 4

Path height 
(Parameter 3)

4 3 1 3 1 2 2 4 3 2 4 1
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3. Results
3.1. Rheological characterization of PL 127
A temperature sweep of the selected concentrations 
(Figure  1A) displayed the differences in viscosity 
reaction to temperature. Higher concentration resulted in 
a sharp increase in viscosity at a lower temperature than 
at lower concentrations. About 30% saw a sharp increase 
in viscosity at approximately 11°C, 25% at around 15°C, 
and 20% at around 19°C. Viscosity of 15% concentration 
was not affected by the temperature change in the same 
manner and maintained a very low viscosity throughout 
the temperature sweep process. A  decrease in viscosity 
with respect to increasing shear rate (shear thinning) 
was observed for all concentrations except 15%, which 
had no viscosity response to shear rate (Figure  1B). 
PL 127 showed pronounced viscosity recovery for all 
concentrations (Figure 1C). All groups showed prompt 
decrease in viscosity when the shear rate increased from 
0.5  1/s to 50  1/s. Rapid viscosity recovery was also 
observed when the shear rate decreased back to 0.5 1/s.

3.2. Effects of path height on width index
Path height tests revealed an inverse relationship between 
path height and line width. A  significant difference was 
found between all tested line widths (0.3, 0.35, and 
0.4  mm) (Figure  2A). The 0.45  mm test was unable to 
form a print with cohesive lines for measurement. These 
tests confirmed the previous hypothesis. Future testing may 
benefit from expanding intervals at the expense of time and 
material to find the exact point at which prints begin to fail.

3.3. Effects of nozzle gauge on width index
Nozzle gauge tests revealed no significant difference in 
line width for all test groups. All tests performed similarly 
with no significant differences appearing (Figure 2B). It 

is worthwhile to note that due to a difference in stretching 
effects during printing, 21G tests were only able to form 
a single layer print. As a result, three-layer tests could not 
be used to compare the effects of nozzle gauge. Therefore, 
single layer prints were used for all nozzle gauge tests to 
accurately determine its effects resulting in line widths 
below the ideal value for all tests. This is denoted in 
Figure 2B and further considered in the discussion.

3.4. Effects of concentration on width index
Material composition tests yielded results similar to 
expectations but included more failures than predicted. 
About 15% tests failed and were unable to form any cohesive 
structure (Figure 2C). The material was not viscous enough 
to form any type of structure and only bubbled and spread 
on the print bed. About 20% prints were able to retain some 
structural integrity but could only produce a single layer 
print similar to the 21G nozzle. It produced significantly 
thicker lines than 25% or 30%. A significant difference was 
not found between 25% and 30%.

3.5. Effects of nozzle temperature on width index
16°C tests produced significantly thicker line widths than 
all other tests far above the theoretical line width. At above 
room temperature (23°C, 30°C, and 37°C), all produced 
similar results which were closer to the theoretical line 
width (Figure  2D). Results of higher temperatures 
were unexpected given the relationship between PL 127 
viscosity and temperature. Higher viscosity was expected 
to lead to thinner lines, but in these tests, that was not 
the case. However, 23°C tests did have a higher standard 
deviation (0.032) than 30 and 37°C tests (0.199 and 0.022, 
respectively). This indicates that a temperature increase 
was of use in reducing error in prints and creating more 
consistent lines.

Table 2. UD parameter selection and labeling

Concentration w/v % 15 15 15 20 20 20 25 25 25 30 30 30
Temperature (°C) 37 23 16 30 16 30 37 23 23 16 30 37
Path Height (mm) 0.45 0.4 0.3 0.4 0.3 0.35 0.35 0.45 0.4 0.35 0.45 0.3
Label −1 −1 −1 −1 −1 1 1 −1 −1 1 −1 1

Figure 1. Rheological properties of PL 127 at 30, 25, 20, and 15% concentrations. (A) Temperature sweep of PL 127. Temperature ramp 
was set from 4 °C to 40 °C over a period of 15 min. (B) Shear rate sweep from 0-100 1/s in 296 s. (C) Thixotropic properties of PL 127 at 
23°C. Shear rate stages were set as 0.5/50/0.5 1/s and 50 s for each stage.

A B C
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3.6. Parameter selection based on SVM
Training data and its label are shown in Table 2. There 
are totally 12 data points with four good prints and 
eight bad prints. In the 3D parameter space, all possible 
combinations of the parameters are labeled in Figure 3A 
which is 4*4*4 = 256 in total. “−1” class data points were 
labeled in blue cross, “1” class data points were labeled 
in green circle, and the rest were in red circle. Three-fold 
cross validation was conducted on the 12 data points 
and an average 83.3% accuracy score was reached with 
C taking 10 and g taking 0.1. The generated 3D process 
map reflects the probability for each data point in the 
parameter space (concentration, nozzle temperature, and 
path height) to be classified as good print (class “1”). The 

higher the color map value, the higher the probability of 
data point can yield good print.

4. Discussion
4.1. Effect of printing parameters on width index
A common factor between multiple parameters is their 
connection with the viscosity of PL 127. Viscosity is 
defined as the ratio of shear stress to shear rate[12]. PL 127 
viscosity is dependent on the formation of micelles, which 
are a formation of connected individual polymer chains[11]. 
For micelles to form, the material must have reached a 
certain concentration (critical micelle concentration) 
and be above the lower critical solution temperature 

Figure 3. Parameter selection and construction of process map based on SVM prediction. (A) Training data points selection based on UD 
with three parameters and four levels and 12 tests (U12(P3

4)). (B) 3D process map generated by support vector machine classifier libsvm with 
regularization parameter C = 10 and Gaussian kernel scale parameter g = 0.1.

BA

Figure 2. Index representation of parameters. (A) Effects of path height on width index of PL 127 printing. (B) Effects of nozzle gauge. 
(C) Effects of PL 127 concentration. (D) Effects of nozzle temperature during printing. Horizontal line indicates ideal index value of 1, 
* denotes statistical significance (P < 0.05). Pictures indicate tests which were unable to form the standard three-layer grid. Baseline 
parameters: 0.3 mm, 25G, 30%, 23°C. Scale bar is 1.87 mm. Distance between two dashed lines is 0.4 mm.
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(LCST)[32]. Micelle formation generally begins at 18-
20  w/v %, which is therefore the lowest concentration 
at which PL 127 can form a cohesive gel capable of 
printing[11,32]. If the material is above the lower critical 
solution temperature, micelles will begin to become 
insoluble in the solution. As temperature increases, 
micelles will pack together, increasing viscosity, and 
forming a gel[32]. The temperature where this transition 
begins (the LCST) is dependent on concentration, with 
a higher concentration leading to a lower LCST due to 
the higher rate of polymer interactions[32]. This is shown 
in Figure 1, where 30% PL 127 has a sharp increase in 
viscosity at 11°C, whereas 25% and 20% do not have the 
same increase until 15°C and 19°C, respectively.

An understanding of how each print parameter 
effects printability is an essential basis to optimizing their 
effects. Material composition’s effects result from the 
viscosity changes between samples. Adding PL 127 will 
create more viscous material which can improve structural 
integrity, prevent spreading on the print bed, and improve 
structural fidelity. At the lowest, concentration must also 
be high enough that micelle formation begins, and the 
material gains enough viscosity at certain temperature to 
form cohesive lines. However, the material cannot be too 
viscous, otherwise it will require too much force to be 
extruded and extrudability could be impeded. Therefore, 
a balance must be struck to achieve the best print 
outcome. The standard printing range for PL 127 is 25-
40%, and at the lowest 18-20% due to micelle formation 
requirement[11]. This follows from this experiment’s data, 
where 15% was unable to form a print, 20% was just able 
to form a print in single lines, and 25 and 30% formed a 
full print. While the differences between 25% and 30% 
were not found to be significant, the influence of other 
parameters could make the choice between them relevant.

Nozzle temperature also affects viscosity because of 

increased micelle packing and formation in the material. 
As follows, experimental results showed a significant 
increase in accuracy from 16°C to all higher temperatures. 
Because of the relationship between micelle formation, 
temperature, and material composition, an interaction 
between temperature and composition could be used to 
further improve accuracy and differentiate parameters. 
At higher concentrations, micelle formation begins at a 
lower temperature due to polymer interactions[32]. This 
is shown by the temperature sweep in Figure 1, where 
higher concentrations saw a sharp increase in viscosity 
at a lower temperature than lower concentrations. 
Therefore, at higher temperatures the difference between 
25% and 30% PL 127 may become more apparent as 
30% will have begun micelle formation before 25% and 
have accumulated more micelles and maintained a higher 
viscosity. Because initial tests were both conducted at room 
temperature, this discrepancy may not have originally 
been shown. In Figure  1, 25% and 30% viscosity are 
closer at room temperature than at higher temperatures. 
This possibility could warrant further experimentation to 
optimize the interplay between parameters when effects 
would otherwise have reached their individual limits.

Path height impacts printability and width index 
due to shearing effects during printing. The red region 
in Figure 4A represents the area of the material which 
is stretched between the print bed and nozzle during 
printing. The inner region is put under compressive 
stress, while the outer region is put under tensile stress. 
As path height increases the stress in the red region also 
increases, leading to thinly stretched prints and breakage 
(Figure  4C and D). In addition, higher path heights 
introduce a higher lag time between material leaving 
the nozzle and reaching the print bed. This may cause 
material to not follow the printing path correctly and lead 
to errors, particularly on sharp corners of prints where 

Figure 4. Path height effect representation with experimental examples. (A) Correct path height with stress region highlighted. (B) Low path 
height leading to interference and smearing. (C) High path height leading to stretching, thin lines. (D) High path height leading to breakage. 
Correct line width represented by dashed line. Scale bar is 1.87 mm. Created with BioRender.com
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material would cut across rather than form a proper 
corner[25]. Low path heights can have the opposite affect 
due to the nozzle interfering and spreading the material 
out into over-deposited thick lines (Figure 4B).

Nozzle gauge was not found to have a significant 
impact on width index, but some other differences were 
observed between tests. A 21G nozzle corresponds to an 
inner diameter of 0.58 mm and an outer diameter of 0.81 mm, 
23G to an inner/outer diameter of 0.43 and 0.635  mm, 
25G to an inner/outer diameter of 0.3 and 0.5 mm, and 
27G to an inner/outer diameter of 0.2 and 0.4 mm. It is 
expected that a change in nozzle diameter will not affect 
line width as the flow rate out of the nozzle should not be 
affected if the bioink is considered incompressible. With 
all other parameters held constant (particularly print speed 
and extrusion speed) the flow rate out of the nozzle is also 
constant, and line width therefore cannot change since the 
same amount of material is being deposited. A difference 
was noted in the second layer performance of tests. When 
using wider nozzles, the second layer is stretched more 
and may tear or fail completely. This can lead to thinner 
first-layer width as surface tension and the weight of 
the second layer are absent, leading to less spreading in 
single-layer prints. 21G tests were unable to form a second 
layer, 23G tests could form a second layer some errors, 
and 25G and 27G were able to form a consistent second 
layer. This problem necessitated single-layer prints for an 
accurate comparison of how nozzle gauge effects purely 
line width. However, a complete approach to defining a 
“best” nozzle gauge would require these problems with 
certain nozzles be considered.

Effects could be seen if nozzle diameter is small 
enough to cause a large pressure buildup inside the nozzle 
tip resulting in a push back on the printer motor. Pressure 
effects would then impede motor function and extrusion 
speed would be effectively lowered. To describe this issue 
a mathematical model of flow rate in the nozzle tip (Eq. 
5) can be examined[33]:

	
1 3 1

0
0

/Q  
3 1 2




− + ∂ ∂ =     +  

n n
n nn P z R

n � (5)

where Q represents flow rate, n is the power law 
index of the fluid, γ is the shear rate, P is pressure, z is 
the direction in the nozzle axis, η0 is the limited viscosity, 
and R is the nozzle radius. If the flow rate (Q) out of the 
nozzle is to remain constant while the nozzle gauge (R) 
decreases, then pressure (P) must increase to balance the 
equation as no other variables will change. In smaller 
nozzles, this pressure increase could be high enough 
as to unintentionally lower extrusion speed because of 
push-back. This is a possible drawback of motor-based 
printers which is avoided with pressure-based pneumatic 

printers. To confirm that this effect did not impact testing, 
a short second experiment was conducted. 21, 23, 25, 
27, and 30G nozzles were used with a room temperature 
sample of 30% PL 127 and extruded for 2  min each 
(Figure 2S). The amount of material was then weighed 
and compared, revealing that all nozzles did extrude the 
same amount of material. Additional testing revealed 
that effects are seen at nozzle gauges higher than 27G 
such as 30G (Figure 2B).

4.2. Optimal parameter selection based on SVM
We selected two locations on the parameter space; one 
having higher than 75% probability, the other having lower 
than 25% probability (Figure 5). The scaffold printed with 
the parameters from low probability region cannot form 
continuous and stable structure and has a low printability. 
The printed cube and grid 3D structure were not able to 
form uniform and accurate shape as desired (Figure 5A). 
While the scaffold printed with the parameter from high 
printability region was able to generate high printability 
stable scaffold with multiple test prints having width index 
evaluated at 0.998 ± 0.049 (mean ± standard deviation). 
The printed cube and pyramid structure maintained good 
fidelity and uniformity (Figure 5B).

There exists a complex interplay between various 
printing parameters to achieve desired printability of the 
scaffold. The impact on the scaffold printability caused 
by changing one parameter can always be compensated 
by adjusting another. For example, when printing with 
a low concentration of PL 127, the low viscosity of 
the material could be compensated for with a high 
printing temperature which would increase viscosity. 
Understanding these relations creates the possibility of 
any number of “best” parameter combinations which 
create high fidelity prints. The SVM process optimization 
method provides a solution to analyze the sophisticated 
3D bioprinting black box. Using a minimal preselected 
training data points can assist construct SVM prediction 
on a volumetric parameter space so that the optimal 
printing parameter combinations can be acquired directly 
without tedious trial and error experiments.

We only used three parameters that were 
hypothesized to have a significant impact on printability. 
In fact, a plethora of parameters, such as blend ratio 
(composite bioink), extrusion pressure (for cell 
encapsulated printing), and crosslinking strategies 
(e.g.  duration and timing), should also be included. In 
addition, utilizing governing equations to make more 
physically informed choice on the parameters is also 
promising to build a more generalized model.

There were various quantification methods reported 
on the printability of a scaffold, which significantly 
affects the generalization of ML model since the label 
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of a scaffold is a critical information in supervised ML. 
This problem raises the importance of a standardized 
metric for printability within the bioprinting community. 
With a standard evaluation method, ML models could be 
more generalized and applied across different materials, 
printers, and applications. This expansion would greatly 
increase the usefulness of ML in bioprinting and allow for 
high fidelity prints using new materials without the labor-
intensive testing required to continuously build new ML 
models.

5. Conclusions
In this paper, the effects of path height, nozzle temperature, 
nozzle gauge, and composition on printability were 
determined for PL 127 inks. Path height was shown to 
have an significant impact on printability, while nozzle 
temperature and composition affect the rheological 
properties of PL 127, and thus, affect the printability. 
Nozzle gauge alone was shown to have no effect. 
Rheological data and an investigation into how these 
parameters affect printability revealed the importance of 
viscosity in optimizing parameters and their interactions.

Based on 12 UD training data, a ML model was 
then built and validated to create a recommendation for 
optimal combinations of specific printing parameters 
for extrusion printing of acellular PL 127 bioink. This 
is our first step and a preliminary study to explore 
the application of ML toolkit to extrusion-based 3D 
bioprinting. Future work includes standardizing the 
quantification of “printability,” incorporation of cell 
viability into the metric (ML labeling), and selection 
of higher dimensional feature space with more relevant 
parameters. Building a more generalized ML model 

creates the continuity between bioprinters and can 
be used to eliminate the need for mass testing when 
optimizing the bioprinting of new bioinks.
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