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Abstract

Tubular hydrogel scaffolds facilitate nutrient and oxygen transport, making them
particularly suitable for culturing cells with high metabolic demands. In this study,
a double-network hydrogel scaffold with a tubular structure was fabricated using
coaxial extrusion-based 3D printing. The hydrogel was composed of sodium alginate
and polyacrylamide, and its biocompatibility was assessed through cell culture
experiments. The results show that the crosslinking sequence, material composition,
and printing parameters were the main factors affecting the macrostructure,
microstructure, and mechanical properties of the hydrogel. The CA-PAm hydrogel,
in which alginate was ionically crosslinked before subsequent acrylamide (AAm)
polymerization under UV exposure, exhibited a more compact microstructure and
superior mechanical performance. By optimizing the material composition, the
CA-PAm hydrogel achieved a tensile strength of 809.80 kPa and an elongation at
break of 217.07%. In addition, the inner-to-outer flow-rate ratio and the platform
moving speed are critical factors determining the tubular structural parameters and
3D structural stability. The hydrogel leachate assay showed 89.8% cell viability, and
perfusion culture within the tubular scaffold showed an MEF survival rate of 85.4%
after three days, indicating good biocompatibility of the scaffold. These results
show that crosslinking-sequence reconfiguration is a practical strategy for matching
hydrogel network formation with the requirements of coaxial tubular printing and
provides a feasible route for fabricating mechanically robust and cytocompatible
hollow hydrogel scaffolds for tissue engineering.

Keywords: Coaxial 3D printing; Hollow tubular scaffold; Sodium alginate/polyacrylamide;
Double-network hydrogel; Sequential crosslinking
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1. Introduction

Tissueengineeringisaninterdisciplinaryfieldthatintegrates
biology, materials science, chemistry, and engineering. Its
primary objective is to fabricate biological scaffolds that
provide a three-dimensional microenvironment for cells,
thereby supporting the formation of functional tissues for
regenerative repair.! Accordingly, both scaffold fabrication
strategies and scaffold performance are critical to the
success of tissue engineering. In particular, for cell culture
systems with relatively high mass-transfer demands,
scaffolds containing hollow tubular structures are
especially attractive because they facilitate the transport of
oxygen, nutrients, and metabolic waste.>* In recent years,
3D manufacturing technologies have been increasingly
applied in tissue engineering,”"' providing efficient and
versatile routes for fabricating architectures that are
difficult to obtain using conventional methods.'*'® Among
these approaches, extrusion-based coaxial 3D printing has
emerged as an effective method for continuously fabricating
hollow tubular architectures.”” For instance, Attalla et al.'®
developed a nozzle capable of multi-axis extrusion printing
and successfully fabricated patterned multi-layered tubular
structures. The channels maintained structural integrity
while supporting cell viability and growth. Similarly, Shao
et al.” utilized gelatin methacrylate as a bioink, in which
the core gelatin phase provided temporary structural
support during printing, and was subsequently dissolved
during culture to form hollow tubular structures. Despite
these advances, hydrogel-based tubular scaffolds still often
suffer from insufficient mechanical robustness and limited
structural fidelity, especially when stable hollow geometry
and multilayer integration are required simultaneously.

To address the mechanical limitations of conventional
hydrogels, double-crosslinked or  double-network
hydrogels have attracted increasing attention in tissue
engineering. For instance, Pei et al® developed a
microcrystalline cellulose-reinforced polyvinyl alcohol-
glycidyl methacrylate double-network hydrogel, in
which tannic acid was incorporated as a crosslinking
agent to significantly improve both mechanical strength
and cytocompatibility. Likewise, E et al* fabricated a
dual-crosslinked polyvinyl alcohol composite hydrogel
reinforced with TEMPO-oxidized cellulose nanofibers and
borax. Furthermore, Zhong et al.** highlighted in a review
that the combination of physical and chemical crosslinks
in polyvinyl alcohol-based hydrogels can effectively
balance elasticity and toughness. Collectively, these
studies demonstrate that double-crosslinking strategies
can markedly improve the mechanical and functional
properties of hydrogels through tailored network
architectures. However, most existing studies have focused

primarily on improving bulk material properties, while
less attention has been paid to how crosslinking design
can be coordinated with the process-specific requirements
of coaxial tubular printing. For hollow tubular printing,
the material system must not only achieve sufficient post-
crosslinking mechanical strength, but also satisfy rapid
tube formation, shape retention during extrusion, and
interfacial fusion between adjacent printed filaments or
layers. Therefore, a double-network design that performs
well in bulk hydrogel preparation does not necessarily
translate directly into a suitable strategy for coaxial printing
of hollow tubular scaffolds.

In this study, we developed a sequential ionic-covalent
crosslinking strategy for the coaxial printing of hollow
tubular scaffolds based on a sodium alginate (SA)/
polyacrylamide double-network hydrogel system. In this
strategy, ionic crosslinking of SA was first used to establish
the primary tubular framework during printing, followed
by acrylamide (AAm) polymerization under UV exposure
in the presence of ammonium persulfate (APS) to reinforce
the printed construct. This process-oriented design was
intended to coordinate rapid hollow-tube formation,
structural = stabilization, and subsequent mechanical
reinforcement within the same material system. In
addition, the cytocompatibility of the fabricated scaffold
was preliminarily evaluated through hydrogel leachate
testing and perfusion-based culture of fibroblasts within
the hollow tubes. The effects of crosslinking sequence,
material composition, and printing parameters on scaffold
morphology, microstructure, and mechanical performance
were systematically investigated. The resulting tubular
scaffolds showed improved mechanical robustness and
acceptable cytocompatibility, demonstrating the feasibility
of this strategy for in vitro tubular cell culture applications.

2. Materials and methods
2.1. Materials

The chemicals and biological materials used in this study
were obtained from the following suppliers: SA and AAm
were purchased from Kemiou Chemical Reagent Co.,
Ltd. (China); N,N’-methylenebisacrylamide (MBA) was
supplied by Damao Chemical Reagent Factory (China);
APS was obtained from Guanghua Technology Co., Ltd.
(China); anhydrous calcium chloride (CaCl,) was provided
by Sinopharm Group Chemical Reagents Co., Ltd. (China).
NIH/3T3 mouse embryonic fibroblasts and mouse
embryonic fibroblast (MEF) cells were kindly provided by
the State Key Laboratory for Conservation and Utilization
of Subtropical Agro-bioresources at Guangxi University.
Fibroblast culture medium (WISENT, China) and trypsin
(Gibco, United States of America [USA]) were also used.
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2.2. Preparation of hydrogel

A mixed solution of SA and AAm was prepared as the
precursor. This precursor solution contained SA and
AAm as the main components, with MBA as the covalent
crosslinker and APS as the radical initiator for AAm
polymerization. The AAm:SA, MBA:AAm, and APS:AAm
weight ratios were 6:1, 0.006:1, and 0.01:1, respectively.
The components were dissolved in ultrapure water under
magnetic stirring to form a homogeneous mixture.
Two types of hydrogels were prepared by altering the
crosslinking sequence:

(i) CA-PAm hydrogel: Ionic crosslinking of SA with Ca®*
was performed first, followed by AAm polymerization
under UV exposure in the presence of APS and MBA
to form the covalent PAm network.

(i) PAm-CA hydrogel: AAm polymerization was first
carried out under UV exposure in the presence of APS
and MBA to form the PAm network, followed by ionic
crosslinking of SA with Ca?".

Both hydrogels were washed with ultrapure water to
remove unreacted components. For performance testing,
both bulk cylindrical hydrogels (27 mm in diameter) and
filamentous hydrogels were prepared. The filaments were
extruded using a syringe equipped with a 17-G metal
needle. The wavelength of the UV light was 405 nm, the
optical power was 699 mW, the distance between the
sample and the UV source was 6-7 cm, and the irradiation
time was two hours. Under the present formulation, APS
was used as the radical initiator and MBA as the covalent
crosslinker for AAm polymerization, whereas UV exposure
was applied as the experimental condition for promoting
reproducible formation of the PAm network.

2.3. Printing device and printing process

A custom coaxial printing system was assembled, consisting
of a coaxial nozzle (inner needle: 20-G; outer needle:
14-G), a multi-channel injection pump, and a custom-
built XY motion platform (Figure S6). The printing path is
illustrated in Figure S7.

2.4. Mechanical testing

Tensile tests were performed using a UTM2502 universal
testing machine (Haida Equipment, China) at a crosshead
speed of 10 mm/min without preload. Each group was
tested with at least three independent replicates, and the
data are presented as mean * standard deviation.

2.5. Fourier transform infrared spectroscopy and
morphology observation

Fourier transform infrared spectroscopy (FTIR) spectra
of PAm-CA and CA-PAm hydrogels were recorded using

a Varian 640-IR spectrometer (Varian, USA) in the range
of 400-4,000 cm™. For scanning electron microscopy
(SEM) observation, hydrogel samples were freeze-dried,
sectioned, sputter-coated with gold, and imaged under a
scanning electron microscope (EVO 10, Zeiss, Germany)
at 20 kV. Porosity was calculated using Image] software
(NIH, USA) via the following steps: (i) converting SEM
images to binary format; (ii) setting a threshold to separate
pore areas from the hydrogel matrix; (iii) calculating
the ratio of pore area to total image area. At least three
representative SEM images were analyzed for each group.

2.6. Cell viability assay

NIH/3T3 cells were used for extract-based cytotoxicity
screening, whereas MEF cells were used for direct perfusion
culture in the hollow tubes to assess cytocompatibility
in a tubular microenvironment. The hollow hydrogel
tubes were rinsed thoroughly and immersed in ultrapure
water for two days to obtain the leachate. NIH/3T3 cells
were suspended in 1 mL of culture medium. They were
cultured for 24 h at 37 °C in a 5% CO, atmosphere using
medium with 10% fetal bovine serum. The cultured 3T3
cells were then detached using 0.25% trypsin-EDTA and
subsequently seeded at a density of 3,500 cells/well into
96-well plates. The experimental design was summarized
in Table 1.

Table 1. Experimental design for the hydrogel leachate
cytotoxicity assay

Group Cell seeding Medium Leachate added
A NIH/3T3 cells 90 uL DMEM 10 L

B NIH/3T3 cells 100 uL. DMEM -

C - 90 uL DMEM 10 uL

D - 100 uL DMEM -

Each group was tested in triplicate to ensure
experimental reproducibility. All groups were cultured in
a CO, incubator for 1 day. After aspirating the liquid from
the 96-well plate, 10 pL of CCK-8 (5 mg/mL) reagent was
added to each well, followed by continued incubation for
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four hours. The absorbance at 450 nm was then measured
using a microplate reader, and cell viability was calculated
as follows:

Cell Vlablllty (%) — Acxpcrimcmal group _A blank experimental group x 100%

control group Ablank control group

For direct cell culture within tubes, MEF cells were
inoculated into the hollow tubular hydrogel by perfusion
and then cultured. The cells were harvested for live/dead
staining observation after 3, 5, and 7 days of culture. Cell
survival rates were quantified via Image].

3. Results and discussion
3.1. Principle of 3D printing and dual-crosslinking

The principle of 3D printing and dual-crosslinking of
hollow tubular scaffolds is shown in Figure 1. The hollow
tubular structure was fabricated using coaxial extrusion-
based 3D printing, with a SA/AAm composite solution as
the outer flow and CaCl, solution as the inner flow. Upon
extrusion, Ca** from the inner flow diffused into the SA/
AAm in the outer flow, triggering ionic crosslinking of
alginate and resulting in rapid gelation, forming the inner
wall of the tube. To promote gelation of the outer wall,
a low-concentration CaCl, solution was pre-deposited
in the printing receiver. The scaffold was built layer-
by-layer following a predefined path on an XY moving
stage. Subsequently, the printed tubular structure was
subjected to UV irradiation for two hours to promote
AAm polymerization in the presence of APS and MBA,

thereby forming a covalently crosslinked PAm network
interpenetrating with the ionically crosslinked alginate
network. This two-step process yielded a dual-network
hydrogel tubular scaffold composed of an ionically
crosslinked alginate network and a covalently crosslinked
PAm network. After thorough washing, the scaffold was
perfused with cell suspension to facilitate adhesion and
culture of cells along the inner tube wall.

3.2. Effect of crosslinking sequence and material
composition

Previously reported SA/AAm hydrogels are denoted here as
PAm-CA hydrogels because they are commonly prepared
by first forming the PAm network and then introducing
ionic crosslinking of SA. In the present study, a CA-PAm
hydrogel was designed in which alginate was ionically
crosslinked before subsequent AAm polymerization under
UV exposure. This sequential design was not intended as
a simple change in preparation order, but as a process-
oriented strategy to better match the requirements of coaxial
tubular printing, where rapid hollow-tube formation,
structural retention during deposition, and subsequent
mechanical reinforcement must be coordinated within the
same material system.

To clarify the respective roles of the two networks,
hydrogels containing both SA and AAm were first prepared
with only one network formed at a time, and their tensile
properties were evaluated. As shown in Figure 2a, the
hydrogel with only the PAm network formed exhibited
substantially higher tensile strength and elongation

Figure 1. Schematic of the coaxial printing and sequential dual-crosslinking process for hollow tubular hydrogel scaffolds
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at break than the hydrogel with only the Ca-alginate
network. Under the present experimental conditions,
the best single-network mechanical performance was
obtained after two hours of UV exposure for PAm network
formation and four hours of CaCl, immersion for alginate
ionic crosslinking. These results indicate that the PAm
network contributed more strongly to the final mechanical
reinforcement. However, the alginate network was still
essential in the present system because it could be formed
rapidly during coaxial extrusion and thus establish the
initial tubular framework before the subsequent covalent
strengthening step.

As shown in Figure 2b, obvious morphological
differences were observed between PAm-CA and CA-PAm
hydrogels, and these differences became more pronounced
at higher CaCl, concentration. For the PAm-CA hydrogel,
the preformed PAm network acted as a mechanically
constraining framework during the subsequent ionic
crosslinking of SA, thereby limiting the dimensional
shrinkage associated with alginate gelation and helping
the hydrogel retain the original mold shape. In contrast,
for the CA-PAm hydrogel, alginate ionic crosslinking
occurred before formation of the PAm network, so the
structure was able to undergo a more complete shrinkage

and densification process during ionic gelation, especially
at higher Ca®* concentration. A plausible explanation for
this asymmetry is that the preformed PAm network in
PAm-CA mainly restricts the dimensional evolution of
the system during subsequent alginate gelation, thereby
reducing the extent of structural densification. By
contrast, when alginate is ionically crosslinked first, the
resulting network still contains water-rich domains and
unpolymerized AAm monomers, allowing subsequent
AAm polymerization to proceed within the pre-established
ionic framework. In other words, the first-formed alginate
network mainly determines the initial compactness of the
hydrogel structure, whereas the subsequently formed PAm
network mainly reinforces the preformed framework.

The mechanical results supported this interpretation.
As shown in the stress-strain curves in Figure 2c and the
tensile strength and elongation-at-break data in Figure
Sla and S1b, CA-PAm hydrogels exhibited markedly
higher tensile strength and elongation at break than
PAm-CA hydrogels at the same CaCl, concentration.
This enhancement is therefore more reasonably attributed
to differences in network architecture generated by the
crosslinking sequence, rather than to differences in
chemical composition. In addition, increasing the CaCl2

Figure 2. The influence of the crosslinking sequence and Ca* concentration on hydrogel morphology, microstructure, and mechanical properties. (a)
Stress—strain curves of hydrogels with only one network formed; (b) Hydrogels prepared by two different crosslinking sequences; (c) Stress—strain curves
of the hydrogels; (d-g) Scanning electron microscopy of the hydrogels (0.2 wt% CaCl, PAm-CA, 0.2 wt% CaCl, CA-PAm, 2 wt% CaCl, PAm-CA, 2 wt%
CaCl, CA-PAm, respectively). Scale bar: 100 um, magnification: 104x; (h) Fourier transform infrared spectra of the hydrogels.
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concentration further intensified alginate ionic gelation,
which was accompanied by improved compactness and
enhanced mechanical performance.

To further verify the structural origin of this difference,
the microstructure of the hydrogels was examined by
SEM, as shown in Figure 2d-g. All samples exhibited
interconnected porous structures. Porosity was quantified
using Image], and the calculated values were 37.211%
and 51.217% for CA-PAm hydrogels crosslinked with
2 wt% and 0.2 wt% CaClZ, respectively, compared with
43.448% and 55.825% for the corresponding PAm-CA
hydrogels. These results indicated that CA-PAm hydrogels
consistently possessed lower overall porosity than PAm-CA
hydrogels under the same CaCl, condition, supporting the
interpretation of a denser network structure. At 0.2 wt%
CaCl,, the hydrogels displayed flocculent network features
with relatively high porosity, indicating a looser dried
structure. At 2 wt% CaClz, the network became more sheet-
like. Although some pores appeared larger in the SEM
images, the number of pores decreased, and the overall
porosity became lower, indicating that the dried network
was, on the whole, more compact. This trend was more
evident in the CA-PAm hydrogels. Therefore, the apparent
increase in local pore size at higher CaCl, concentration
should not be interpreted alone as evidence of a looser
structure; rather, the overall compactness depends on the
combined effects of pore number, pore-wall continuity,
and total porosity.

To determine whether the crosslinking sequence
changed the chemical structure of the hydrogels, FTIR
spectra were measured and are shown in Figure 2h. No
significant differences were observed between the spectra
of PAm-CA and CA-PAm hydrogels, indicating that the
crosslinking sequence did not alter the main chemical
composition of the hydrogels. A minor difference was that,
at 0.2 wt% CaCl,, an O-H stretching peak appeared at
3,800-3,700 cm™, suggesting incomplete ionic crosslinking
under insufficient Ca** conditions. Therefore, the observed
differences in morphology and mechanical behavior
are more reasonably attributed to sequence-dependent
differences in network formation and structural evolution,
rather than to changes in chemical identity.

From the perspective of coaxial tubular printing, these
results suggest that the CA-PAm route is advantageous
because it allows the alginate network to first establish
the hollow tubular framework during extrusion, while the
subsequent PAm network provides additional covalent
reinforcement after printing. Accordingly, a relatively high
CaCl, concentration in the inner flow is beneficial for the
rapid formation of a dense and mechanically stable inner
tube wall, whereas a lower CaCl, concentration in the

receiving bath is favorable for slower outer-wall gelation,
interfacial fusion between adjacent filaments, and stable
multilayer structure formation.

3.3. Performance optimization of CA-PAm hydrogel

To achieve a suitable printing solution for CA-PAm
hydrogels, the effects of SA, AAm, and CaCl,
concentrations on hydrogel properties were systematically
investigated. As shown in Figure 3a, a significant increase
in the solution viscosity was observed when the SA
concentration exceeded 2.5 wt%. In coaxial printing,
excessively high viscosity leads to high printing pressure
and risk of nozzle clogging. Conversely, excessively low
viscosity increases the difficulty of controlling printing
parameters. Therefore, an SA concentration of 2.5 wt% was
selected, providing suitable viscosity for coaxial printing.
The influence of AAm concentration on the mechanical
properties of the hydrogel is shown in Figure 3b. When
the AAm concentration increased from 10 wt% to 20
wt%, both the tensile strength and elongation at break
initially increased and then decreased. At lower AAm
concentrations, the number of AAm molecules available
for crosslinking under UV irradiation was limited. As the
AAm content increased, more molecules participated in
covalent crosslinking, enhancing the strength of the PAm
network. However, beyond an optimal point, excessive
crosslinking reduced molecular chain mobility, leading to
stress concentration and ultimately a decline in mechanical
properties. The optimal AAm concentration was found to
be 15 wt%, yielding a tensile strength of 809.80 kPa and an
elongation at break of 217.07%. The concentration of CaCl,
significantly influenced the crosslinking kinetics, thereby
affecting the microstructure and properties of the hydrogel.
As shown in Figure 3c and 3d, at low CaCl, concentrations,
both tensile strength and elongation at break increased
with CaCl, due to enhanced ionic crosslinking between
Ca? ions and SA chains. At higher concentrations, these
properties initially improved, then decreased beyond
2 wt% CaCl,. Excessive Ca** ions accelerated gelation,
leading to a heterogeneous network with localized stress
points, thereby compromising mechanical performance.

3.4. Optimization of printing parameters

In addition to the ink composition, printing parameters are
also critical factors influencing the morphology of tubular
structures. The experimental results indicated that printing
parameters not only determined the inner diameter
and wall thickness of the tube, but also significantly
affected the interfacial fusion between adjacent layers,
thereby influencing the overall structural integrity and
dimensional accuracy. As shown in Figure 4a, when the
inner flow rate was fixed at 0.5 mL/min, and the outer flow
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Figure 3. (a) Viscosity curve of the ink; (b) The effect of AAm concentration on tensile properties; (c) Effect of low concentration CaCl, on tensile

properties; (d) Effect of high concentration of CaCl, on tensile properties

rate varied from 0.2 to 0.5 mL/min, the inner diameter of
the tube slightly increased with the outer flow rate, while
the wall thickness initially decreased and then increased.
The reduced velocity difference between the inner and
outer streams resulted in smaller mechanical confinement
from the outer flow onto the inner flow, slightly enlarging
the inner diameter.”® At the same time, the increase in
outer flow rate increased the outer diameter, but the rate
of increase of the inner and outer diameter was different,
resulting in a non-monotonic change in wall thickness. As
shown in Figure 4b, when the outer flow rate was fixed at 0.2
mL/min, and the inner flow rate varied from 0.5 to 2 mL/
min, the inner diameter of the tube increased with higher
inner flow rates, while the wall thickness consistently
decreased. This was because the inner flow exerted greater
pressure on the outer flow, expanding the inner diameter
and reducing the wall thickness.?* As shown in Figure 4c,
the wall thickness of the tube generally decreased as the
inner-to-outer flow rate ratio increased. The maximum
wall thickness of approximately 0.254 mm was achieved
when the flow rate ratio was 1:1.

As shown in Figure 5a, the platform moving speed

significantly influenced the morphology of the extracted
filament, thereby affecting the tubular structure. With the
inner flow rate fixed at 0.5 mL/min and the outer flow rate
varied between 0.2 and 0.5 mL/min, the platform moving
speed was gradually increased to observe the filament
formation to determine the applicable range of printing
speeds. The results were summarized in Figure 5b. It
was found that when the platform speed was less than
eight times the outer flow rate, the printed hollow tubes
exhibited distortion and rough surfaces due to material
accumulation. At platform moving speeds between 8 and
18 times the outer flow rate, the hollow tubes formed with
smooth surfaces and no obvious distortion, indicating
optimal speed matching. When the platform’s moving speed
exceeded 18 times the outer flow rate, the excessive speed
caused dragging and deviation from the intended printing
path, resulting in printing failure. As shown in Figure 5c,
the concentration of the CaCl, solution also played a critical
role in the formation of 3D structures. An excessively high
CaCl, concentration in the receiving bath accelerated
the gelation of the outer wall, preventing proper fusion
between adjacent tube layers. Based on these findings and
previous material properties, the optimal concentrations

Volume 12 Issue 3 (2026)

doi: 10.36922/1JB026130119


https://doi.org/10.36922/IJB026130119

International Journal of Bioprinting

3D printed double-network tubular hydrogel

Figure 4. (a) The influence of outer flow rate on the inner diameters and tube wall thickness; (b) The influence of inner flow rate on the inner diameters
and tube wall thickness; (c) The influence of inner-outer flow rate ratios on the wall thickness

were selected as 2 wt% CaCl, for the inner flow and 0.2
wt% for the receiving bath. Using the optimized printing
parameters, a 3D structure was successfully fabricated,
as shown in Figure 5d. The structure consisted of hollow
tubes arranged in a serpentine pattern with adjacent layers
staggered at 90°. Microscopic examination confirmed the
alternating 90° stacking between layers in the multilayer
architecture. Representative images confirming intact
hollow tubular scaffolds are shown in Figure S2.

3.5. Biological performance

To evaluate the potential of the printed tubular scaffolds
for tissue engineering applications, the biological
performance was assessed through cell viability tests.
NIH/3T3 mouse embryonic fibroblasts were used for the
hydrogel leachate cytotoxicity assay, whereas MEF cells
were used for perfusion culture within the hollow tubular
scaffold. The experimental design is shown in Table 1.
As shown in the bright-field images in Figure 6a and 6b,
no significant differences in cell morphology or density
were observed between the control and experimental
groups, indicating that the leachate of the hydrogel did not
adversely affect cell attachment or proliferation. NIH/3T3
mouse embryonic fibroblasts were selected for CCK-8
cytotoxicity testing as they are a widely recognized model
for in vitro biocompatibility evaluation with stable growth
characteristics, suitable for preliminary toxicity screening
of hydrogel leachate. The absorbance at 450 nm and the
corresponding cell viability values calculated from the
CCK-8 assay are shown in Figure 6¢. Group A evaluates the
cytotoxicity of hydrogel leachate by co-culturing NIH/3T3
cells with leachate; Group B reflects normal cell growth
without leachate interference; Group C excludes cells to

verify that leachate does not affect medium absorbance;
Group D excludes both cells and leachate to eliminate
background absorbance from DMEM alone. No significant
difference in absorbance was detected between Groups C
and D. The cell viability values in Group A were 86.7%,
93.2%, and 89.6%, giving a mean value of 89.8 + 3.3%.
These results demonstrated that the hydrogel leachate
supports high cell viability, exceeding 85%, and confirmed
the good biocompatibility of the fabricated scaffolds.

Mouse embryonic fibroblasts were used for perfusion
culture within the tubular scaffold as a model cell line to
preliminarily evaluate cytocompatibility in the hollow
tubular microenvironment. A cell suspension containing
MEF was perfused into the hollow tubes and cultured
under standard conditions. The results were presented in
Figures 7 and S$3-S5. Quantitative analysis revealed that
the cell survival rate within the hollow tubes was 85.4%
after 3 days, 70.9% after 5 days, and 58.0% after 7 days.
Compared with the previously reported 7-day survival
rate (50.2 + 1.6%) for cells cultured in a CA hydrogel
mixed system,??¢ the CA-PAm hydrogel tubular structure
maintained a higher survival rate of approximately 60% at
the same time point. These results indicate low cytotoxicity
and acceptable cytocompatibility of the hydrogel during
the culture period.

4, Conclusion

In this study, a dual-crosslinked hollow tubular hydrogel
scaffold was successfully fabricated by coaxial extrusion-
based printing using a SA/AAm system. Compared with
the conventional PAm-CA route, the CA-PAm route,
in which alginate ionic crosslinking preceded AAm
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Figure 5. (a) Filament morphology at different platform speeds; (b) Effect of platform speed on single-layer structure formation; (c) Effect of CaCl,
concentration on multilayer fusion; (d) Macroscopic and microscopic images of the multilayer tubular structure. Scale bars: 1,000 pm; magnification: 20x.

Figure 6. Detection of CCK-8 cell activity in hydrogel leachate: (a) Light microscopy of cells in Group B. Scale bars: 200 um; magnification: 40x; (b) Light
microscopy of cells in Group A. Scale bars: 200 pm; magnification: 40x; (c) CCK-8 test results.
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Figure 7. Live-cell fluorescence images of mouse embryonic fibroblast (MEF) cells in hollow tubes. (a-c) Green-fluorescence images of live cells after 3,
5, and 7 days of culture. Scale bars: 1,000 um; magnification: 20x; (d) bright-field image of cell perfusion within the hollow tube. Scale bars: 1,000 pm;

magnification: 20x; (e) MEF cell survival rate.

polymerization, produced a denser network structure
and better mechanical performance without changing
the main chemical composition of the hydrogel. The
results indicate that the crosslinking sequence primarily
regulates network formation and structural evolution.
The superior performance of CA-PAm is attributed to
early structural compaction during alginate gelation,
followed by subsequent reinforcement from the PAm
network, supported by the single-network controls,
SEM observations, porosity analysis, and FTIR results.
When the SA concentration was 2.5 wt%, and the AAm
concentration was 15 wt%, the CA-PAm hydrogel achieved
a tensile strength of 809.80 kPa and an elongation at break
0f 217.07%. In the printing process, the tube wall thickness
was mainly determined by the inner-to-outer flow rate
ratio, while stable tube formation was obtained when the
platform moving speed was 8-18 times the outer flow
rate. In addition, the CaCl2 concentration in the receiving

bath significantly affected interlayer fusion and thus the
structural stability of the printed construct. Biological
evaluation showed good biocompatibility, with a cell
viability of 89.8% in the leachate assay and a 3-day cell
survival rate of 85.4% within the tubular scaffold. These
findings show that crosslinking-sequence reconfiguration
is a practical strategy for matching material gelation
behavior with the demands of coaxial tubular printing and
provide a feasible route for fabricating mechanically robust
and cytocompatible hollow hydrogel scaffolds for tissue
engineering.
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