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Abstract

Digital light processing (DLP) three-dimensional (3D) printing is an additive
manufacturing technique that fabricates objects layer by layer using digitally
projected light patterns. It effectively addresses the demand for complex geometries
and is widely adopted in the biological field. However, traditional macromolecular
bioinks still suffer from printing inaccuracies due to light scattering and runaway free-
radical reactions. In this study, we introduced silk fibroin (SF) into the conventional
poly(ethylene glycol) diacrylate (PEGDA)/chitosan methacrylate (CSMA) bioink to
enhancetheprecisionof DLP 3D printing.Theincorporation of SFachievedasignificant
improvement in mechanical property (alcohol-induced 3-sheet formation increased
the compressive modulus from 9.5 kPa to 208.1 kPa) and anti-swelling performance
(volume swelling ratio from about 366.5% to 144.6%) of cell-free PEGDA/CSMA/SF
hydrogel via alcohol treatment, meeting the enhanced mechanical requirements and
addressing the commonly neglected issue of geometric deformation of 3D-printed
hydrogels caused by swelling in moist environments. Ethanol treatment induced SF
B-sheet structure formation and reduced PEGDA/CSMA/SF hydrogel pore size (from
about 78.3 um to 23.6 um), thereby enhancing the hydrogel network crosslinking.
The PEGDA/CSMA/SF bioink exhibited antibacterial potential, inhibiting Escherichia
coliby about 41.3% and Staphylococcus aureus by about 45.8% within 12 h invitro.The
porous scaffolds were printed with a designed PEGDA/CSMA/SF bioink and effectively
accelerated defect repair in rat full-thickness skin wound models (about 19.1% of
the untreated control group). Histological analysis revealed that the PEGDA/CSMA/
SF hydrogel scaffold promoted angiogenesis and collagen deposition, upregulated
vascular endothelial growth factor A expression, and downregulated tumor necrosis
factor-a expression. The straightforward approach of introducing SF into traditional
bioinks represents a promising strategy for DLP 3D printing in tissue regeneration.
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1. Introduction

Three-dimensional (3D) printing is a revolutionary
additive manufacturing technology."? This technology
employs digital slicing software to discretize 3D models
into a series of thin layers, then precisely prints and deposits
the materials layer by layer until it ultimately transforms
a virtual design into a physical object.** It can fabricate
objects with highly complex geometries that would
be prohibitively expensive to produce with traditional
manufacturing technologies. In the field of biomedical
engineering, digital light processing (DLP) 3D printing
is spearheading technological innovation owing to its
unrestrained customizability, high precision, and minimal
time investment.>® Currently, numerous studies employing
DLP 3D printing technology for biomaterial design have
emerged.”® By incorporating active components such
as medicines and cells, printing inks can be engineered
to deliver enhanced therapeutic effects or enable other
customized functions.'®!

Bioinks used for DLP 3D printing are typically
photoresponsive  synthetic ~or modified natural
macromolecular compounds.’* Poly(ethylene glycol)
diacrylate (PEGDA) is regarded as a predominant
synthetic polymer for 3D printing bioinks, owing to
its superior biocompatibility and tunable physical
properties.' However, its inherent lack of bioactivity
restricts PEGDA to a role as a passive carrier or structural
support.”® Therefore, PEGDA-based constructs typically
require the incorporation of bioactive components
to facilitate tissue repair. Chitosan (CS) is a cationic
polysaccharide derived from chitin, considered an effective
skin repair material due to its antibacterial activity,
hemostasis, and immunomodulatory.'*'” CS is commonly
functionalized with methacrylic anhydride (MA) to
impart photocrosslinking ability for DLP 3D printing.'®
Drawing on reported relevant works,'”* an optimal MA
grafting degree eliminates CS’s dependence on weak-acid
protonation for dissolution by consuming amino groups,
while simultaneously preserving its antibacterial efficacy
and its potential to accelerate wound healing.

Nevertheless, inherent limitations arising from light
scattering and runaway free-radical polymerization prevent
the printed construct from achieving the originally designed
dimensional fidelity.*’ Therefore, various photoabsorbers
and free-radical inhibitors are being explored to address this
issue. For example, He et al.** synthesized curcumin-Na to
suppress dimensional deviation in high-fidelity 3D printing

via photoabsorption and free-radical reaction. Ma et al.**
introduced a biomacromolecule additive by modifying
the (N-(2-aminomethyl)-4-(4-(hydroxymethyl)-2-
methoxy-5-nitrosophenoxy) butanamide) molecule onto
chondroitin sulfate to avoid cytotoxicity and enhance 3D
printing precision. The vast majority of research on DLP
3D printing focuses on improving printing precision or
enhancing the efficacy of biological repair. A critical yet
frequently overlooked issue in 3D-printed hydrogels is
their tendency to swell rapidly.** Even when printed with
high fidelity, hydrogels tend to absorb water and rapidly
expand in moist environments, leading to deviations from
the intended geometry. It poses challenges for specific
applications, such as cell-loaded hydrogel systems.

Silk fibroin is a natural polymeric protein extracted
from silkworm cocoons, regarded as a valuable biomaterial
owing to its exceptional biocompatibility, superior
mechanical properties, controllable biodegradability,
and facile modification.>*® Fei et al? explored an
apoptotic vesicles-loaded SF/sodium alginate hydrogel
to promote pulp regeneration by stimulating capillary
lumen formation. Wu et al.?® reported injectable glycidyl
methacrylate-modified SF peptide nanofiber hydrogel
composite scaffolds that promote cartilage regeneration.
Notably, SF can undergo gelation via a free-radical reaction
in the presence of enzymes or catalysts.” Numerous studies
on SF-containing photosensitive hydrogels demonstrate
that SF does not completely arrest polymerization, unlike
conventional inhibitors.® It suggests that moderate
free radical scavenging capacity may curb runaway
polymerization during 3D printing without entirely halting
the free radical reaction. Further, the physicochemical
properties of SF can be orchestrated by its B-sheet structure,
which can be readily induced by physical stimuli, such as
organic solvents and freeze-thaw cycles.*"** Therefore, the
strategy to prevent excessive swelling is to impart a more
stable hydrogel chemical structure through inducing SF
[-sheet formation.

Here, we incorporated SF into the PEGDA/chitosan
methacrylate (CSMA) bioink and leveraged its limited
free-radical binding capacity to enhance the fidelity of
DLP 3D printing. We also induced SF B-sheet formation
using alcohol to improve mechanical properties and anti-
swelling capacity. The free-radical scavenging capacity of
SF was verified to suppress runaway polymerization in
3D printing. We assessed the antibacterial activity and
biocompatibility of the bioink hydrogels in vitro. Further,
hydrogel scaffolds were printed using the SF-containing
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PEGDA/CSMA bioink to promote repair of rat skin
defects, and the therapeutic effects were evaluated using
immunohistochemical and immunofluorescence staining.

2. Materials and methods
2.1. Materials

Silk was purchased from Zhejiang Xingyue Biotechnology
Co.,Ltd (China). CS (degree of deacetylation > 95%, weight-
average molecular weight: ~550 kDa) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) were provided by Macklin
(China). PEGDA (Mw: ~1,000 Da), sodium carbonate
(Na,CO,), sodium bicarbonate (NaHCO,), and lithium
bromide (LiBr) were purchased from Aladdin (China).
MA was obtained from Sigma-Aldrich (United States of
America [USA]). Lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate (LAP) was purchased from Haining Jurassic
Bio-tech Co., Ltd (China). Hydrogen peroxide (H,O,) was
supplied by Zhejiang Hannuo Chemical Co., Ltd (China).
Lurja-Bertani broth (LB) and LB nutrient agar were
purchased from Hope Bio-Technology Co., Ltd (China).
Cell Counting Kit-8 (CCK-8; C0038), calcein/propidium
iodide cell viability/cytotoxicity assay kit (C2015S), and
hydrogen peroxide content assay kit (H1505496-50T) were
procured from Beyotime (China).

2.2. Preparation of silk fibroin

Aqueous SF was prepared according to the published
protocol.® Briefly, cocoon samples (5 g) were fragmented
into small sections and subjected to a 30-minute boiling
process in 2 L of Na,CO, (0.02 M) aqueous solution to
remove sericin. The extracted SF fibers were washed three
times with preheated deionized water (~70 °C) and dried
in an oven overnight. The dried fibers were dissolved in a
9.3 M LiBr solution at 60 °C for four hours and dialyzed
against deionized water for three days. Then, the rough SF
solution was further purified by centrifugation (9,000 rpm,
4 °C, 20 min). The obtained SF solution was concentrated
to ~10% w/v and stored at 4 °C for subsequent experiments.

2.3. Preparation of chitosan methacrylate

Chitosan methacrylate was synthesized according to our
reported literature.* Firstly, CS (1 g) was dissolved in 100
mL of 1% acetic acid. MA (1 mL) was added to the solution
at 60 °C, and the mixture was stirred for 6 h. The obtained
solution was neutralized with 10% NaHCO, and dialyzed
against deionized water for three days. The final product
was obtained by lyophilization and stored at 4 °C.

2.4. Preparation of bioinks

The PEGDA/CSMA/SF bioink formulation contained 7%
PEGDA, 1% CSMA, 2% SF, and 0.25% LAP. All comparator

bioinks were prepared using the same concentrations of
their respective components as those used in the PEGDA/
CSMA/SF formulation.

2.5. Characterization of the bioinks

'H nuclear magnetic resonance ('"H-NMR) spectrum of
CSMA was obtained using an AV-300 NMR spectrometer
(400 MHz; Bruker, Germany). The chemical structures
were also analyzed by Fourier transform infrared (FTIR)
spectroscopy (Vertex 70, Bruker, Germany) in the 4,000—
400 cm™' region. The microstructures of the hydrogels were
observed using a ZEISS SIGMA 500 scanning electron
microscope (SEM; Zeiss, Germany).

2.6. Rheological tests

We conducted rheological tests using the Anton Paar
MCR302 rheometer with the OMINICURE LED UV light
source (365 nm, 35 mW/cm? Anton Paar, Austria). The
intersection point of the storage modulus (G’) and loss
modulus (G”) curves was regarded as the gelation point.

2.7. Swelling and degradation performance

Alyophilized hydrogel (initial dry mass [ ]) was immersed
in 5 mL phosphate-buffered saline (PBS) solution at 37 °C.
At predetermined time points, the hydrogel was removed,
excess surface liquid was gently blotted away, and the
swollen mass (m) was recorded. The swelling ratio was
calculated as follows:

m,—m,

s

Swelling ratio = x100% (1)

my

To evaluate degradation, the initial dry mass of the
hydrogel (m) was recorded. The hydrogel was then
immersed in 5 mL of PBS at 37 °C. At predetermined time
points, the hydrogel was removed, lyophilized to a constant
mass, and weighed to obtain the remaining dry mass
(m,). The percentage of mass remaining was calculated as
follows:

Mass remaining = e 100% (2)
m

g

2.8. Anti-swelling tests

Considering the impact of swelling on the geometric
shape of the 3D-printed hydrogels, we adopted the
volume swelling ratio to evaluate the swelling resistance.
The original hydrogel volumes were recorded as V. The
volumes of hydrogels treated with alcohol and rehydrated
were marked as V,. The effect of alcohol treatment on the
original hydrogel volumes and the anti-swelling effect of
treated hydrogels was calculated as follows:
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Volume expansion ratio = 5>< 100% (3)
0

2.9. Mechanical tests

A universal test machine (C41, MTS, USA) was employed
for the compressive tests. The stress—strain curves were
obtained by compressing the hydrogels (10 mm in diameter,
2 mm in height) at a rate of 1 mm/min. The compressive
modulus was derived from the slope of the linear region
between 10% and 20 % strain.

2.10. Antibacterial performance

Escherichia coli and Staphylococcus aureus were co-cultured
with the hydrogels and SF solution in LB solution at 37 °C
(initial optical density [OD] = 0.03, 600 nm). We measured
the OD values at different co-cultured times to assess
the antibacterial effect of the biomaterials. After 12 h of
incubation, we diluted the above bacterial suspension 10°
times and spread 50 pL bacterial dilution evenly on the
LB nutrient agar plates. The bacterial colony counts were
observed to further evaluate the antibacterial efficacy after
12 h of incubation at 37 °C.

2.11. Invitro biocompatibility experiments

Rat bone marrow stromal cells (BMSCs) (CP-R026, Procell
Life Science & Technology Co., Ltd, China) were used for
the biocompatibility experiments. The cells were cultured
in complete medium (low-glucose Dulbeccos modified
Eagle’s medium supplemented with 10% fetal bovine
serum and 1 % penicillin—streptomycin [KGL2303-100,
KeyGEN BioTECH, China]). The PEGDA/CSMA and
PEGDA/CSMA/SF bioinks were sterilized at 121 °C for
8 min. Subsequently, 5 pL of each sterilized bioink was
added to each well of a 96-well plate and photocrosslinked
under 365-nm UV light for 20 s. BMSC suspension (100
uL; 1 x 10° cells/mL) was then added to each well, and the
cells were co-cultured with the hydrogels at 37 °C and 5%
CO,. Cell viability was evaluated using a CCK-8 assay by
measuring the absorbance at 450 nm using a microplate
reader (Spark, Tecan, Switzerland).

For Live/Dead staining, 1 mL of BMSC suspension at
a density of 1 x 10° cells/mL was cultured with 50 pL of
photocrosslinked bioink. Live/Dead fluorescence images
were acquired using an inverted fluorescent microscope
(IX73, Olympus, Japan) to evaluate cytocompatibility.

2.12. Free radical scavenging

The free-radical-scavenging activity of the materials was
evaluated using 2,2-diphenyl-1-picrylhydrazyl, a stable
free radical that undergoes a distinct color change upon
reduction. Each sample—PEGDA/CSMA precursor,

PEGDA/CSMA hydrogel, PEGDA/CSMA/SF hydrogel, or
SF solution—was added to 5 mL of DPPH solution (250 pM
in 95 % ethanol) at a sample volume of 200 pL. The mixture
was stirred at 37 °C for 6 h, after which the absorbance at
520 nm was measured using the Tecan microplate reader
to evaluate DPPH radical-scavenging activity.

The H,0,-scavenging activity of the bioink hydrogels
and SF solution was also evaluated. Each sample—
PEGDA/CSMA precursor, PEGDA/CSMA hydrogel,
PEGDA/CSMA/SF hydrogel, or SF solution—was added
to 5 mL of 1 mM H,O, solution at a sample volume of 200
uL. The residual H,O, concentration was measured using a
hydrogen peroxide content assay Kkit.

2.13. Digital light processing 3D printing

The adopted bioink formula was 7% PEGDA, 1%
CSMA, 2% SE, and 0.25% LAP. We chose the EFL-BP86
DLP 3D printer (BP86, China) equipped with a 405 nm
UV source, a thermostatic system, and a 25 pm high-
precision digital micromirror device chip for the next 3D
printing experiments. The digital 3D models were saved
in stereolithography (STL) format and uploaded to the
3D printer. The printing parameters were set to a printing
thickness of 100 pm, a light intensity of 10 mW/cm?, and
a single-layer exposure time of 5 s. After printing, the
printouts were washed with deionized water to remove
uncured inks.

2.14. Animal experiments

All animal procedures were performed in accordance
with the guidelines approved by the Zhejiang University
Ethics Committee (Ethical NO. Z]JU202550988). Sprague—
Dawley rats (n = 36; male, 200-250 g) were subjected to
general anesthesia with Zoletil-50 (40 mg/kg; Virbac,
USA). The rats’ dorsal hair was shaved, and the skin was
disinfected with povidone-iodine. Two full-thickness skin
defects (10 mm in diameter) were created on the back.
In the PEGDA/CSMA and PEGDA/CSMA/SF hydrogel
groups, the hydrogel precursor was injected into the skin
wound and in situ cured under 365 nm UV irradiation for
20 s. The printed bioink scaffolds were implanted into the
skin defects in the PEGDA/CSMA/SF scaffold group. An
equal volume of PBS was injected into the defect to serve
as the control group. We performed daily observations
of the wound healing. Rats assigned to the designated
sampling time points were euthanized on days 3, 7, and
14 after treatment, and wound tissues were collected for
histological and immunostaining analyses.

2.15. Histological analysis

The skin samples were fixed in 4% paraformaldehyde
solution (Sigma-Aldrich, USA) for one day. After gradient
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dehydration, the skin tissues were embedded in paraffin
and subsequently sectioned into 4-um-thick slices. We
performed hematoxylin and eosin (H&E) and Masson’s
trichrome staining according to the manufacturer’s
instructions. Moreover, immunohistochemical staining
for CD31 and immunofluorescence staining for tumor
necrosis factor-a (TNF-a) and vascular endothelial
growth factor A (VEGF-A) were performed to assess the
therapeutic effect on the wound. All stained slices were
imaged using a digital pathology slide scanner (3Dhistech,
SCANII, Hungary).

2.16. Statistical analysis

All experiments were conducted at least three times
independently, and the quantitative data were expressed as
mean + standard deviation. The significance between the
two groups was analyzed using two-tailed Student’s ¢-tests.
Multiple comparisons were performed using Tukey’s
post hoc test and one-way analysis of variance (Prism
9.0, GraphPad, USA). *p < 0.05, **p < 0.01, and **p <
0.001 indicate statistical significance, and ns indicates no
significance.

3. Results and discussion

3.1. Synthesis and physicochemical characterization
of the bioinks

The CSMA macromonomer was first synthesized by
grafting methacrylic groups onto the CS macromolecular
chains via amidation. We analyzed the chemical structure
of the prepared CSMA using 'H-NMR spectroscopy. As
shown in Figure 1A, proton signals corresponding to peaks
a and b appeared at 5.41 and 5.71 ppm, respectively, and
were assigned to the conjugated vinyl groups, confirming
the successful grafting of methacrylic groups onto CS
chains. The signal of peak c at about 2.02 ppm was attributed
to the residual acetyl group protons of CS. The grafting
degree of MA was calculated as 37% from the ratio of the
integral area of peak a to one-third of that of peak c. In
addition, a 2% CSMA + 0.25% LAP solution was irradiated
with 365 nm UV light, and the mixture solidified within 20
s (Figure 1B), further verifying that the designed modified
photosensitive CS-based bioink was successfully prepared.

The chemical structures of the bioink components were
further characterized by FTIR spectroscopy (Figure 1C). In
the spectrum of PEGDA, the peaks at 2,881, 1,724, 1,640,
and 1,104 cm™ were assigned to -CH,-, C=0, C=C, and
C-0-C stretching vibrations.” The characteristic peaks
at 1,620 cm™ (C=O stretching vibration, amide I band)
and 1,056 cm™ (C-O-C bridge symmetric stretching)
were also observed in the CSMA spectrum.* In the FTIR
spectra of SE, the characteristic peak at 1,650 cm™ (amide

I) was ascribed to the C=0 stretching vibration, 1526 cm™
(amide II) was attributed to the N-H bending vibration,
and 1,244 cm™ (amide III) was owing to the C-N
stretching vibration. The wide band around 3,300 cm™" was
attributed to O-H and N-H stretching vibrations.** We
further analyzed the secondary structure of SF through the
amide I band (1,590-1,710 cm™). The second-derivative
spectra were calculated, and the deconvolution curve was
obtained using a resolution enhancement factor of 2.2
and a full width at half maximum of 20.0 cm™. We used
Origin software for peak fitting with the Gauss function,
and calculated each secondary structure content by the
percentage of the sub-spectrum integral area (f-sheets
41.82%, random coils 23.7%, a-helices 18.3%, and B-turns
16.46%) (Figure 1D).

The rheological properties of the bioinks were
subsequently evaluated. As displayed in Figure 1E, G’ of
PEGDA/CSMA/SF rapidly increased after UV irradiation
and became equal to the slowly growing G” at 2.1 s. It was
indicated that the PEGDA/CSMA/SF bioink exhibited
rapid cure, with polymerization beginning within
2.1 seconds under UV irradiation. The rapid photo-
polymerization characteristic of PEGDA/CSMA/SF was
key to achieving high efficiency in 3D printing. Moreover,
as an indicator of its mechanical strength, it was found
that the storage modulus of PEGDA/CSMA/SF was higher
than that of PEGDA/CSMA (Figure 1F). This was evidence
that SF participates in the construction of hydrogel
networks, which contributed to the mechanical property
strengthening.

The swelling and degradation behavior of the bioink
hydrogels was also evaluated. As shown in Figure 1G,
PEGDA/CSMA and PEGDA/CSMA/SF hydrogels reached
swelling equilibrium in 60 min. The equilibrium swelling
ratio of PEGDA/CSMA was about 1,737%, and that of
PEGDA/CSMA/SF was about 783%. It was explained that
the freeze-drying process before the swelling experiment
increased the content of the SF B-sheet structure. On day
14, the PEGDA/CSMA and PEGDA/CSMA/SF hydrogels
retained approximately 20.6% and 33.6% of their initial
dry masses, respectively (Figure 1H).

Collectively, these results confirmed the successful
synthesis of CSMA and characterized the chemical,
rheological, swelling, and degradation properties of the
resulting bioinks.

3.2. Alcohol-induced regulation of swelling, mechanical
properties, and degradation

Maintaining the geometric stability of printed
biomacromolecule-based hydrogels during prolonged
storage remains challenging because dehydration can
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Figure 1. The physicochemical properties of the bioinks. (A) 'H-NMR spectroscopy of chitosan and CSMA. (B) CSMA gelation after UV irradiation.
(C) FTIR spectrum of the bioink raw materials. (D) The quantitative analysis of the SF amide I band. (E) Rheology of PEGDA/CSMA/SE (F) The storage
modulus of PEGDA/CSMA and PEGDA/CSMA/SE (G,H) Swelling ratio (G) and degradation performance (H) of PEGDA/CSMA and PEGDA/CSMA/SE
Abbreviations: CS: Chitosan; CSMA: Chitosan methacrylate; 'H-NMR: Proton nuclear magnetic resonance; PEGDA: Poly(ethylene glycol) diacrylate; SF:

Silk fibroin.

cause shrinkage, whereas water absorption can result
in excessive swelling. Although free-radical scavenging
may improve printing fidelity, it cannot by itself prevent
post-printing deformation, underscoring the need for
additional structural regulation mechanisms. SF can be
physically induced to form B-sheets owing to its unique
chemical structure, offering a practical approach to address
this issue. We therefore evaluated the effects of alcohol
treatment on the swelling behavior of SF-containing
hydrogels. As shown in Figure 2A, PEGDA/CSMA/SF
hydrogels were immersed in different concentrations
of alcohol (50%, 80%, and 100%) for one hour, and the
volume expansion ratios were about 146.4%, 92.4%, and
58.9%. After being immersed in deionized water for 24
h, the volume of the hydrogel without alcohol treatment

increased by about 366.6%, whereas that of the hydrogel
with alcohol (50%, 80%, and 100%) treatment increased
by about 178.4%, 136.6%, and 116.8%, respectively. It was
revealed that the PEGDA/CSMA/SF hydrogel swelled
quickly in deionized water, and the anti-swelling effect of
a low-concentration alcohol (50%) treatment was limited.
In contrast, 100% alcohol treatment led to a significant
reduction in volume, which was also unacceptable for
the required precise assembly structures of 3D printing
hydrogels. The treatment of immersing in 80% alcohol was
satisfactory to prevent the hydrogel from changing shape
significantly. Thus, we selected 80% alcohol treatment for
the following anti-swelling experiments.

We next assessed the effect of treatment duration on
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swelling resistance (Figure 2B). It still showed noticeable
swelling (about 233.6%) after 24 h rehydration with a 0.5
h treatment time. Treatments immersed in 80% alcohol
for 1 and 2 hours reduced the volume swelling rate to
about 143.3% and 138.8%, respectively. These results
revealed that a PEGDA/CSMA/SF hydrogel treated with
80% alcohol for 1 h was an effective anti-swelling agent,
preventing deformation of the geometric structure.

The long-term swelling resistance of the PEGDA/
CSMA/SF hydrogel treated with 80% alcohol for 1 h was
then evaluated over 72 h (Figure 2C). The volume expansion
ratio of the PEGDA/CSMA/SF hydrogel without treatment
was about 366.5% over 72 h. The anti-swelling treatment
resulted in a low swelling ratio (about 144.6%). The effect
of alcohol-induced B-sheet formation on the mechanical
properties of the hydrogel was evaluated using compression
tests (Figure 2D). We observed a significant enhancement
in mechanical strength after our alcohol treatment (Figure
2E and 2F). The compressive modulus (10%-20% strain)
of the initial PEGDA/CSMA/SF hydrogel was about
15.3 kPa, decreasing to about 9.5 kPa after immersion in

water for 24 h. The compressive modulus of the alcohol-
induced PEGDA/CSMA/SF hydrogel increased to 208.1
kPa, indicating that the SF-containing hydrogel can adjust
the mechanical strength by inducing p-sheet formation
to adapt to more application fields. Rapid swelling and
inadequate mechanical strength represent pervasive
issues for DLP 3D-printed hydrogels. Although alcohol
inducing treatment cannot enhance swelling resistance
or mechanical strength during the printing process,
nor was it suitable for cell-laden bioprinting, it offered a
facile strategy for high-performance SF-containing DLP
3D-printed hydrogels.

To investigate the mechanism underlying these changes,
the chemical structure of the alcohol-treated PEGDA/
CSMA/SF hydrogel was analyzed by FTIR spectroscopy
over the range of 1,800-1,400 cm™ (Figure 2G). The amide
I band shifted from 1,651 to 1,643 cm™!, and the amide II
band shifted from 1,537 to 1,517 cm™', demonstrating the
transition of SF secondary conformation from random coils
to B-sheets.”” We also observed that alcohol inducement
decreased the pore size of PEGDA/CSMA/SF hydrogel

Figure 2. The effect of alcohol inducing treatment on the PEGDA/CSMA/SF hydrogel. (A-C) The effects of alcohol concentration (A), treatment time
(B), and rehydration time (C) on the anti-swelling performance (n = 3). (D) Schematic diagram of compressive tests. (E,F) Stress—strain curves (E) and
compressive modulus (F) of the hydrogels. (G,H) Characteristic Fourier transform infrared shift of amide I and II bands (G) and scanning electron
microscopy images (H) after alcohol treatment (scale bars: 100 pm; magnification: 500x.

Abbreviations: CSMA: Chitosan methacrylate; PEGDA: Poly(ethylene glycol) diacrylate; SF: Silk fibroin.
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(from ~78.3 to ~23.6 pm) (Figure 2H). Furthermore, the
alcohol-treated PEGDA/CSMA/SF hydrogel exhibited
a substantially slower degradation rate, retaining about
61.4% of its initial mass on the 21* day (Figure Al).

Collectively, alcohol treatment promoted SF {-sheet
formation, thereby reducing swelling and pore size,
enhancing mechanical strength, and slowing hydrogel
degradation.

3.3. Antibacterial activity and in vitro
cytocompatibility

Because the bioink was intended for skin-wound
applications, its antibacterial activity and cytocompatibility
were evaluated. E. coli and S. aureus were selected as
representative Gram-negative and Gram-positive bacterial
strains, respectively. The hydrogels were co-cultured with
the bacteria,and OD was measured to evaluate antibacterial
activity. The antibacterial effect of PEGDA, CSMA, SF, and
PEGDA/CSMA/SF against E. coli was about 2.67%, 46.6%,
0%, and 41.3% in 12 h, and that against S. aureus was about
1.2%, 48.4%, 4.2%, and 45.8% in 12 h (Figure 3A and 3B).
The analysis of the antibacterial efficacy of PEGDA/CSMA/
SF bioink components revealed that CSMA was the source
of the activity. We employed the dilution spread-plate
method to further confirm the antibacterial properties

of PEGDA/CSMA/SF (Figure 3C). The antibacterial
properties of PEGDA/CSMA/SF suggested its potential
as a bioink for skin wound treatment, but it had not been
proven for treating established infections.

In addition to antibacterial activity, cytocompatibility
is an essential requirement for wound-healing bioinks.
BMSCs were therefore used to assess the in vitro
biocompatibility of the bioink hydrogels. BMSCs exhibited
a time-dependent increase in proliferation over the 7-day
culture period, with no significant difference between the
PEGDA/CSMA and PEGDA/CSMA/SF hydrogels (Figure
3D). Live/Dead staining was also performed to evaluate
cell viability (Figure 3E). BMSCs co-cultured with bioink
hydrogels exhibited comparable viability to the control
group. These results revealed that SF was used to enhance
the precision of DLP 3D printing without compromising
cell viability. Moreover, BMSCs were co-cultured with
equal volumes of alcohol-treated PEGDA/CSMA/SF
bioink hydrogels. The alcohol-treated hydrogels had no
detectable adverse effect on cell proliferation (Figure A2).

3.4. Free-radical-scavenging activity and digital
light processing printing fidelity

The spatial distribution of light intensity in DLP printing
strongly influences curing resolution. The light intensity

Figure 3. The in vitro antibacterial activities and biocompatibility of the bioinks. (A,B) The OD values of E. coli (A) and S. aureus (B) treated with the
bioinks for 3, 6, and 12 h. (C) Photographs of bacterial colonies. (D,E) Cell viability (D) and Live/Dead assay images (E; red indicates dead cells and green
indicates viable cells; scale bar: 200 um) of BMSCs co-cultured with the bioink hydrogels. Values expressed as mean + SD (n = 6). *p < 0.05, **p < 0.01,

***p < 0.001, ns: Not significant.

Abbreviations: CSMA: Chitosan methacrylate; OD: Optical density; PEGDA: Poly(ethylene glycol) diacrylate; SF: Silk fibroin.
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emitted by an individual micromirror decreases from the
center toward the edge according to a Gaussian curve.’®*
In addition to Beer-Lambert absorption, reflection,
refraction, and light scattering occur as light passes through
the bioink.”* These optical effects resulted in the formation
of a parabola-like cured region that differed from the
theoretical UV-intensity distribution. As shown in Figure
4A, the vertical resolution was dominated by cured depth
(R,), and the lateral resolution was dominated by cured
width (R ). Light scattering expanded the cured vertical
area, and SF could counteract this effect by inhibiting
excessive free-radical reactions. The mechanism by which
SF participates in the bioink photopolymerization reaction
is shown in Figure 4B.

First, polymerization was initiated by free radicals
generated from LAP under UV irradiation. The free radicals
attacked the double bonds of PEGDA and CSMA, as well
as the phenolic groups of SE The free-radical-activated
PEGDA and CSMA further advanced chain propagation,
and we hypothesized that activated SF directly participated
in chain termination, preventing runaway polymerization.

The free-radical-scavenging activity of SF was
subsequently evaluated. As shown in Figure 4C and 4D,
SF could scavenge DPPH by about 55.1% in 6 h and
inhibit H,O, by about 33.6% in 24 h. The concentrations
of DPPH and H,0, also decreased slightly in the PEGDA/
CSMA and PEGDA/CSMA/SF hydrogel groups, due
to the hydrogels’ absorption effects. Figure 4E showed
SF’s capacity to inhibit H,O, over time, with an effect of
about 68.2% after 48 h. These results demonstrated that
SF possessed the free-radical-scavenging potential to
enhance 3D printing precision. Because DLP printing
constructs objects through the sequential curing of
individual layers, monolayer printing fidelity can serve as
an indicator of the resolution achievable in more complex
multilayer structures. We adopted a spoke-like pattern,
initially proposed by You et al.,** with a monolayer of 100
pum to evaluate the effect of SF on 3D printing fidelity by
calculating the ratio of the unresolved area (marked in
red) to the designed area (marked in yellow) (Figure 4F).
The PEGDA/CSMA/SF bioink exhibited substantially
higher printing fidelity than the PEGDA/CSMA bioink.
There was about 1.29% unresolved region in the PEGDA/
CSMA/SF group, and about 63.01% unresolved region
in the PEGDA/CSMA group. It also demonstrated that
even relatively simple structures required polymerization
inhibitors to achieve high-fidelity printing. Moreover,
we fabricated hydrogel scaffolds with 1 mm square pore
structures (Figure 4G). The PEGDA/CSMA/SF bioink
yielded well-resolved structures and was employed in
subsequent animal experiments.

3.5. In vivo wound closure and histological
evaluation

The wound-healing performance of the hydrogels and
printed scaffold was evaluated using a full-thickness
skin-defect model. Representative wound images and
quantitative changes in wound area are shown in Figure
5A and 5B, respectively. Wound areas gradually decreased
in all treatment groups over the 14-day observation period.
On the 7™ day, the wound area of the control group was
about 0.366 cm?, and that of the PEGDA/CSMA hydrogel
group was about 0.196 cm? The therapeutic effect was
mainly attributed to the bioactivity of CSMA, which
stimulated fibroblast and keratinocyte proliferation and
migration.” Compared with the PEGDA/CSMA hydrogel,
the PEGDA/CSMA/SF hydrogel produced greater wound
closure. Only a minimal residual wound area was observed
in the PEGDA/CSMA/SF hydrogel group on the 14™ day. It
was attributed to a range of biological functions of SF, such
as promoting cell adhesion and proliferation,* inducing
pro-regenerative macrophages and recruiting hair follicle
stem cells,® and immunoregulation.** Notably, PEGDA/
CSMA/SF scaffold treatment yielded more efficient wound
repair than PEGDA/CSMA/SF hydrogel treatment. This
improvement may be attributable to the printed porous
structure, which could reduce hypoxia at the wound
site and facilitate cell migration, tissue infiltration, and
angiogenesis.”® We performed H&E staining on tissue
samples to investigate the wound-healing process. On
the 3 day, tissues exhibited predominant inflammatory
exudation and infiltration of inflammatory cells in all
groups, consistent with the inflammatory phase. On the 7
day, extensive inflammatory cell infiltration remained in
the control group, and complete thin epithelial layers were
observed in the PEGDA/CSMA/SF hydrogel and scaffold
groups. Moreover, the proliferative activity of granulation
tissue and fibroblasts peaked at this stage. On day 14, the
PEGDA/CSMA/SF scaffold group exhibited the greatest
re-epithelialization, angiogenesis, and collagen-fiber
formation.

3.6. Collagen deposition and neovascularization

Because collagen deposition and organization are essential
components of wound repair, Masson’s trichrome staining
was performed to assess collagen-fiber deposition (Figure
6A, left). On day 3, the collagen volume fractions were
approximately 29.68%, 35.55%, 46.65%, and 52.07%
in the control, PEGDA/CSMA hydrogel, PEGDA/
CSMA/SF  hydrogel, and PEGDA/CSMA/SF scaffold
groups, respectively (Figure 6B). These results indicate
that the PEGDA/CSMA hydrogel promoted collagen
deposition. The incorporation of SF and the introduction
of a porous scaffold architecture further enhanced
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Figure 4. SF enhances 3D printing precision. (A) Schematic diagram illustrating the Gaussian beam intensity profile and cured area in different scenarios.
E, represents the light intensity at the bioink surface, E_ represents the critical energy required to initiate polymerization, and R ,and R represent the
curing depth and width, respectively. (B) The mechanism of PEGDA/CSMA/SF polymerization. (C-E) The capacity of SF scavenging DPPH (C) and HO-
free radicals (D,E). (F) The printed spoke-like pattern to evaluate the printing fidelity: SolidWorks model, the printed hydrogels with PEGDA/CSMA and
PEGDA/CSMA/SF bioinks (yellow circles for designed area and red circles for unresolved area), and the unresolved area ratios (from left to right). (G)
The porous hydrogel scaffold SolidWorks model, printed with PEGDA/CSMA, printed with PEGDA/CSMA/SF, and the micrograph of the pores (from
left to right).

Abbreviations: CSMA: Chitosan methacrylate; DPPH: 2,2-diphenyl-1-picrylhydrazyl; PEGDA: Poly(ethylene glycol) diacrylate; SF: Silk fibroin.
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Figure 5. Wound healing performance of the bioinks on full-thickness skin defects. (A) The representative photographs of the skin wound. (B) Quantitative
analysis of the wound area. Values expressed as mean + SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. (C) H&E staining images of the tissue samples (scale

bar: 500 um).

Abbreviations: CSMA: Chitosan methacrylate; PEGDA: Poly(ethylene glycol) diacrylate; SF: Silk fibroin.

this effect. CD31 immunostaining was performed to
evaluate neovascularization in the wound tissues (Figure
6A, right: red arrows for mature blood vessels), and
the corresponding quantitative results are shown in
Figure 6C. The control group predominantly contained
morphologically immature vessels. PEGDA/CSMA/SF
hydrogel and PEGDA/CSMA/SF scaffold groups both
exhibit higher CD31 expression and a substantial number
of mature blood vessels, indicating that SF promotes
angiogenesis in wound healing.

3.7. Expression of angiogenic and inflammatory
markers

The effects of the hydrogels on angiogenic and inflammatory
signaling were further evaluated by examining VEGF-A

and TNF-a expression. Vascular endothelial growth
factor is a major regulator of wound repair that promotes
angiogenesis, collagen deposition, inflammatory-cell
recruitment, and re-epithelialization.*® As shown in Figure
7A (left) and 7B, VEGF-A expression was significantly
upregulated in SF-containing groups, and the PEGDA/
CSMA/SF scaffold with the rationally designed architecture
was superior to the traditional PEGDA/CSMA/SF hydrogel
dressing in promoting VEGF-A expression. Tumor necrosis
factor is a concentration-dependent factor in skin therapy:
a necessary inflammatory signal at low levels and a tissue-
destructive factor at high levels. Representative TNF-a
staining and the corresponding quantitative results are
shown in Figure 7A (right) and 7C, respectively. Compared
with the control group, TNF-a expression was lower in the
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Figure 6. Inmunohistochemical analysis of wound healing. (A) Masson’s trichrome staining images (left) and CD31 expression (right) on the 3" day (scale
bar: 50 pum). (B) The collagen volume fraction on the 3™ day. (C) The microvessel density presented by CD31 on the 3 day. Values expressed as mean +
SD (n = 6). *p < 0.05, **p < 0.01, **p < 0.001.

Abbreviations: CSMA: Chitosan methacrylate; PEGDA: Poly(ethylene glycol) diacrylate; SF: Silk fibroin.

Figure 7. Inmunofluorescence staining analysis of wound healing. (A) Representative images of skin tissue sections on the 3" day after immunofluorescence
staining labeling with VEGF-A (left) and TNF-a (right) (scale bar: 50 um). (B,C) Quantified analysis of VEGF-A (B) and TNF-a (C). Values expressed as
mean + SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ns: Not significant.

Abbreviations: CSMA: Chitosan methacrylate; PEGDA: Poly(ethylene glycol) diacrylate; SE: Silk fibroin; TNF-a: Tumor necrosis factor-a; VEGF-A:
Vascular endothelial growth factor A.
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other hydrogel-treated groups. The greater reduction in
TNF-a expression in the SF-containing groups suggests
that SF contributed to the attenuation of the inflammatory
response.

4, Conclusion

In this work, we introduced SE, a phenol-containing
natural macromolecule protein, into the traditional DLP
3D printing PEGDA/CSMA bioink to enhance the printing
accuracy. This effect primarily relied on SF’s moderate
free-radical-scavenging ability to suppress runaway
photo-polymerization during the printing process.
Compared with previous strategies that focused solely
on polymerization control, this work demonstrated that
integrating radical regulation with network stabilization
was essential for achieving functional, structurally stable
3D-printed constructs. We explored the alcohol inducing
treatment to enhance the mechanical performance and
suppress the swelling ratio of the cell-free PEGDA/
CSMA/SF hydrogels via B-sheet formation. The volume
swelling ratio of untreated PEGDA/CSMA/SF hydrogel
immersed in water for 24 h was about 366.5%, and that
of alcohol-treated and rehydrated samples exhibited a
sharp reduction to about 138.8%. It was accompanied by
a substantial increase in the compressive modulus from
about 9.5 kPa to 208.1 kPa. PEGDA/CSMA/SF bioink
hydrogel exhibited satisfactory resistance against E. coli
and S. aureus, along with outstanding biocompatibility.
We printed porous scaffolds with the PEGDA/CSMA/
SF bioink, and in vivo experiments revealed that the
hydrogel scaffolds could accelerate skin wound healing
by promoting collagen deposition and angiogenesis,
upregulating VEGF-A expression, and downregulating
TNEF-a expression. Integrating SF into traditional bioinks
provides a straightforward and robust strategy with
considerable potential for DLP 3D bioprinting applications
in Dbiological repair. Furthermore, alcohol-induced
treatment significantly enhances the mechanical properties
and swelling resistance of 3D-printed hydrogels, thereby
supporting further applications in wet physiological
environments and load-bearing sites in vivo. However,
it is noted that the cytotoxicity of alcohols associated
with this treatment precludes its direct application in
cell-laden hydrogel scaffolds. The exploration of a mild
and cytocompatible induction strategy holds significant
research value. An additional limitation is that the
molecular and quantitative histological mechanisms of
wound healing were not characterized longitudinally at
multiple time points.
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Appendix

Figure A1l. The degradation behavior of the alcohol-induced PEGDA/CSMA/SF hydrogel

Figure A2. Cell viability of bone marrow stromal cells co-cultured with PEGDA/CSMA/SF and alcohol-induced hydrogels
Note: ns: Not significant.
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