g& Bio-Design and Manufacturing (2025) 8:570-580
> https://doi.org/10.1631/bdm.2500018

RESEARCH ARTICLE ")

Check for
updates

Mechanical regulation and 3D bioprinting of native tissue-inspired granular
composite hydrogels

Heyuan Deng'%3 . Yongcong Fang'>345@® . Zhengxun Gao'?3 . Bingyan Wu'?3 . Ting Zhang'%34® .

Zhuo Xiong"23°®

Received: 9 January 2025 / Accepted: 25 March 2025
© Zhejiang University Press 2025

Abstract

Granular composite (GC) hydrogels have attracted considerable interest in biomedical applications due to their versatile
printability and exceptional mechanical properties. However, the lack of comprehensive design guidelines has limited their
optimal engineering, as the factors influencing their mechanical performance and printability remain largely unexamined. In
this study, we developed GC hydrogels by integrating microgels with interstitial matrices of photocrosslinkable gelatin meth-
acrylate (GelMA). We utilized confocal microscopy and nanoindentation analyses to investigate the spatial distribution and
mechanical behavior of these hydrogels. Our findings indicate that the mechanical and rheological properties of GC hydrogels
can be precisely tailored by adjusting the volume fraction and size of the microgels. Furthermore, hydrogen bonds were iden-
tified as significant contributors to compressive performance, although they had minimal effect on cyclic mechanical behav-
ior. Compared to bulk GeIMA hydrogels, GC hydrogels demonstrated enhanced printability and remarkable superelasticity.
As a proof of concept, we illustrated their dual printability in embedded printing to create prosthetic liver models for preop-
erative planning. This study provides valuable insights into the design and optimization of GC hydrogels for advanced bio-
medical applications.
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1 Introduction

Hydrogels, recognized for their high water content and bio-
compatibility, are seen as versatile materials for biomedi-
cal [1, 2] and tissue engineering applications [3-5]. Tradi-
tional single-component hydrogels often exhibit suboptimal
mechanical properties due to their high water content, low
solid-phase fraction, uneven polymer distribution, and lim-
ited energy dissipation mechanisms [6]. Advancements over
the last two decades have significantly improved the mechan-
ics of hydrogels. At the molecular level, innovative chemical
strategies have introduced novel architectures, such as topo-
logical hydrogels [7—-10], homogeneous four-arm gels [11, 12],
and double-network hydrogels [13—16], which enhance stress
distribution and energy dissipation. In addition, physical strat-
egies, such as the incorporation of hydrogen bonds [17, 18],
ionic interactions [19], and hydrophobic domains [20], fur-
ther increase toughness and introduce sacrificial bonds to dis-
sipate energy. At the macroscopic scale, innovations such as
microphase-separated structures [21] have provided hydro-
gels with improved crack resistance, expanding their poten-
tial applications in soft robotics and flexible electronics.
Recently, granular hydrogels have attracted attention for
their distinctive mechanical and rheological properties. These
hydrogels are formed by compacting microgels through cen-
trifugation or vacuum techniques, with stabilization achieved
by physical/chemical crosslinking. As a result, they exhibit
solid-like behavior at rest and fluid-like behavior under
shear stress [22]. These characteristics make granular hydro-
gels suitable for applications such as bioprinting and cell

culture scaffolds. Burdick pioneered their use as conductive
bioinks for muscle defect repair [23]. However, the weak in-
teractions among microgels limit the structural integrity of
granular hydrogels, which constrains their broader applica-
bility [24].

Inspired by the biphasic composition of human tissues
such as adipose, our team previously developed a granular
composite (GC) hydrogel that combines microgels as the
dispersed (D phase) with a secondary hydrogel precursor as
the interstitial matrix (M phase) (Fig. 1a) [25]. This bipha-
sic design enhances mechanical stability and creates a het-
erogeneous cellular microenvironment for tissue engineer-
ing while maintaining the injectability and printability char-
acteristics of traditional granular hydrogels. Our GC hydrogel
demonstrates exceptional fatigue resistance, supports rapid
cell self-assembly, and facilitates capillary formation [25, 26].
Similarly, Deo et al. developed biphasic bioinks that combine
poly(ethylene glycol) (PEG)-based microgels with a gelatin
methacrylate (GeIMA)-nanosilicate matrix for heterogeneous
tissue fabrication [27]. However, existing studies have so
far primarily focused on material design, leaving an unex-
plored gap in understanding the mechanisms that govern the
mechanical and rheological properties of GC hydrogels.

To address this gap, we systematically investigated the
mechanical and rheological properties of GelMA-based GC
hydrogels from macroscopic and microscopic perspectives.
We adjusted the macroscopic architecture by varying the
ratios and sizes of the microgels and simultaneously fine-
tuning the microscopic interactions through hydrogen bonds.
In addition, we successfully fabricated a vascularized liver
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Fig. 1 Design and characterization of the GC hydrogel: (a) schematic of the design principle of the GC hydrogel inspired by native tissues;
(b) nanoindentation image of the cross-section of the GC hydrogel; (c) confocal image of the GC hydrogel consisting of microgels (7.5% GelMA,
highlighted in red fluorescence) and an interstitial matrix (7.5% GelMA, highlighted in green fluorescence); (d) confocal images and schematics
of the GC hydrogel consisting of two types of microgels (7.5% GelMA, highlighted in red and green fluorescence) and the interstitial matrix
during the compression process. Inset in (d): comparison of the deformation of the microgels and GC hydrogels during compression. Scale bars
in (c, d): 100 pm. One- and two-way analysis of variance (ANOVA) were used to analyze the data. Data in (d) are expressed as mean=+standard
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deviation (n=8). “"p<0.0001

model with embedded vascular networks and tumors to aid
in preoperative surgical planning by leveraging the dual
printability of the GC hydrogel. This work provides a ratio-
nal framework for designing GC hydrogels with tailored
properties to meet diverse needs in the biomedical field.

2 Materials and methods
2.1 Materials

GelMA hydrogels with a methacrylate substitution degree
of 60% and lithium phenyl-2,4, 6-trimethylbenzoylphosphi-
nate (LAP) were obtained from TissHUe Biomedical Tech-
nology (Beijing) Co., Ltd. (China). Fluorescently labeled
GelMA hydrogels (red and green) for visualization and
polyethyleneglycol diacrylate (PEGDA) were sourced from
EFL Inc. (China). Aristoflex alginate void chamber (AVC)
was provided by Clariant Inc. (Switzerland), and urea was
purchased from Greagent, Inc. (China).
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2.2 Microgel generation by microfluidics

Microgels were fabricated using a polydimethylsiloxane
(PDMS)-based single-channel microfluidic device. SU-8
resin molds prepared by stereolithography were used to cast
PDMS (Sylgard 184; Dow Corning, USA), which was cured
at 70 °C for 1 h. Inlet and outlet channels were created with
a 0.75-mm biopsy punch, cleaned, and bonded to glass
slides through plasma treatment. Silicone tubing was inserted
into the channels. Light mineral oil (Sigma, USA) with 2%
(volume fraction) Span 80 was used as the continuous
phase (flow rate: 5 mL/h), and the dispersed phase consisted
of a polymer precursor solution (7.5% (mass fraction) GelMA
or 20% PEGDA) (flow rate: 0.75 mL/h). Droplets were
crosslinked under a 405-nm visible light source (approxi-
mately 40 mW/cm?) for 30—60 s. The resulting microgels
were washed and suspended in phosphate-buffered saline
(PBS) following centrifugation at 1200 r/min for 3 min to
remove the oil phase and then stored for subsequent use.
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2.3 Microgel generation by batch emulsion

A GelMA solution (10 mL) was added to 90 mL of light
mineral oil containing 2% (volume fraction) Span 80 under
continuous stirring (500 1/min) in an ice-water bath. After
20 min, the emulsion was exposed to a 405-nm light source
(approximately 40 mW/cm?) for 30-60 s to crosslink the
microgels. The microgels were then washed, centrifuged to
remove the oil layer, and stored in PBS for later use.

2.4 GChydrogel preparation

Microgels suspended in PBS were centrifuged to remove
excess liquid, followed by mixing with a GelMA solution.
This process was repeated three times to replace the inter-
microgel spaces with the GeIMA phase. The resulting GC
hydrogel samples were exposed to 405 nm light (approxi-
mately 20 mW/cm?) for 30 s to crosslink. Fluorescently
labeled GeIMA (in red and green) was used to visualize the
microgel and hydrogel phases, respectively. Confocal laser
scanning microscopy with z-stack scanning was employed
to observe the fluorescent GC hydrogels.

2.5 Nanoindentation

Hydrogel precursor solutions (250 pL) were confined in
cylindrical molds and crosslinked under ultraviolet (UV) light
for 60 s. The samples were then adhered to glass slides using
high-strength adhesive and submerged in PBS throughout
testing. Nanoindentation was conducted using a Chiaro nanoin-
denter (Optics 11, the Netherlands), equipped with a 0.45-N/m
stiffness cantilever and a 49.5-pm radius spherical tip. The
effective indentation modulus (E) was determined from the
loading segment of the force—depth curves.

2.6 Rheological characterization

Rheological characterization was performed using an
MCR301 rheometer (Anton Paar, Austria) with a 25-mm cone
plate geometry and a 750-um gap size. Shear-thinning, ther-
mosensitive, and dynamic yielding properties were analyzed
through shear rate ramps, temperature sweeps (4-37 °C), and
strain sweeps (0.1%—1000%), respectively. Recovery prop-
erties were evaluated through cyclic strain tests that alter-
nated between low (1%) and high (300%) strains.

2.7 Mechanical testing

Cylindrical samples (8 mm diameter, 5 mm height) were
fabricated through casting and measured with a vernier
caliper. Compression testing was performed using a Bose
ElectroForce 3200 system (Bose Corp., USA) at a rate of
0.1 mm/s until failure. The elastic modulus was calculated
from the stress—strain curve, and cyclic compression tests

(55%—60% strain) were conducted for at least 100 cycles to
evaluate performance.

2.8 Elastic modulus expression

As reported by William and David [28], the elastic modulus of
composite hydrogels was bounded by E(u) (upper bound) and
Ec(1) (lower bound), modeled using the following equations:

Ec(u) = Eme + Ep, (1)
Ee() =3 @

where E and V represent the elastic modulus and volume
fraction, respectively. Subscripts “c,” “m,” and “p” denote
composite, matrix, and particle phases, respectively.

2.9 Degradation experiment

GC hydrogels were placed in 5 mL of a collagenase type 11
solution (1 U/mL; EFL Inc., China) and incubated at 37 °C
for 2, 4, 6, and 10 h. At each time point, residual hydrogels
were rinsed with ultrapure water, followed by lyophiliza-
tion. Mass loss was determined by calculating the ratio of
the weight loss in dried samples to the initial dry weight of
the untreated hydrogels. Data were collected from three rep-
licate samples per group at each time point.

2.10 Embedded printing

GC hydrogels were printed using an embedded printing tech-
nique. First, tissue constructs, such as brain and liver models,
were printed in Aristoflex AVC. All digital models were
obtained from the National Institutes of Health (NIH) 3D
Print Exchange (https://3dprint.nih.gov) or created using
SOLIDWORKS 2018. Each 3D model was converted to
STL format and imported into SunP software for G-code
generation. GC hydrogels were loaded into 3-mL syringes
(BD, USA), which were then centrifuged at 1200 r/min for
30 s to remove air bubbles. The printing parameters used in-
cluded a speed of 3 mm/s and an extrusion rate of 0.38 uL/s,
maintained at a temperature of 24-25 °C. Following print-
ing, the constructs were exposed to light (405 nm, approxi-
mately 20 mW/cm?) for 30 s for crosslinking.

2.11 Sequential printing in a reversible ink
template (SPIRIT)

The liver model, complete with vascular networks and a
tumor, was fabricated using the SPIRIT printing technique.
The liver was printed in either Aristoflex AVC or a gelatin
microparticle suspension medium at a speed of 3 mm/s
and an extrusion rate of 0.38 pL/s, with the temperature set
to 25 °C. The internal vascular network was designed in
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Geomagic Wrap, where each curvilinear line of the network
was represented as piecewise linear segments to generate
the G-code. For the uncrosslinked liver structure, a 7.5%
gelatin ink was utilized to print the vascular network, main-
taining the same speed and extrusion rate while maintaining
the temperature at 24-25 °C. In addition, a 5-mm tumor
sphere was printed using 7.5% GelMA. Following print
completion, the construct was exposed to light (405 nm, ap-
proximately 20 mW/cm?) for 30 s. The printed structures
were then washed with PBS to eliminate the AVC suspen-
sion medium, and the gelatin microparticle suspension me-
dium was removed by heating to 37 °C. To verify the integ-
rity of the vascular network, the gelatin ink was dissolved at
37 °C, resulting in transparent vascular networks, which were
subsequently perfused with green and purple dye-filled PBS
solutions to confirm vascular continuity.

2,12 Statistical analysis

Data are presented as meanz+standard deviation, derived from
at least three independent samples. Statistical significance (p<
0.05) was determined using one- or two-way analysis of
variance (ANOVA), with Tukey’s honestly significant differ-
ence (HSD) test used for post hoc pairwise comparisons
(GraphPad Prism 9.0 for Windows).

3 Results and discussion

3.1 Design and characterization of the GC
hydrogel

In this study, we created a GC hydrogel based on GeIMA,
utilizing GelMA as both the microgel and the interstitial
matrix. GeIMA is a photocrosslinkable, gelatin-modified hy-
drogel that is commonly used in biomedical applications [29].
GelMA microgels were produced using microfluidics or
batch emulsions and were incorporated into a GelMA pre-
cursor solution at a concentration that matched the matrix
phase. The GC hydrogel was then photocrosslinked under
the same conditions used for the microgel. To evaluate the
microstructure and local mechanical properties, we performed
nanoindentation on cross-sections of the hydrogel. The re-
sults demonstrated distinct regions of low-modulus micro-
gels (blue in Fig. 1b) and high-modulus interstitial matrix
(yellow in Fig. 1b). The reduced modulus of the microgels
is likely due to swelling during the washing process. Com-
pression simulations of the hydrogels were conducted using
Abaqus, with the measured modulus values incorporated to
define material properties. Figure Sla (supplementary infor-
mation) shows the postcompression analysis, revealing that
the interstitial matrix experienced greater strain compared to
the microgels. Laser confocal microscopy further confirmed
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the biphasic distribution of the GC hydrogel showing red
microgels surrounded by a green interstitial matrix that fills
the gaps between them (Fig. 1c). In situ observations of the
compression process also indicated notable differences in
deformation, with microgels deforming less than the overall
sample (Fig. 1d), thus supporting the simulation findings.
Given that the microgels were precrosslinked, we hypoth-
esize that phase interactions are predominantly driven by re-
versible physical interactions, particularly hydrogen bonds.
During compression, these hydrogen bonds break, leading
to separation between the microgel and the matrix, which is
further validated by confocal imaging (Fig. 1d; Fig. S1b in
the supplementary information).

3.2 Effects of microgel proportion on the
mechanical properties

The mechanical properties and fatigue resistance of hydro-
gels under compressive loads are essential for biomedical
applications such as tissue regeneration scaffolds [30]. We
hypothesize that during compression, the GC hydrogel may
behave similarly to human adipose tissue, which absorbs
pressure for protection (Fig. 2a). To explore this, we investi-
gated how varying the microgel proportion affects the me-
chanical properties of GC hydrogels, while keeping the prop-
erties of the microgels and the interstitial matrix consistent.
We prepared GC hydrogels with microgel proportions of
40%, 60%, and 80%, as well as a jammed-microgel hydrogel
(100% microgel content) and a bulk hydrogel made entirely
from the interstitial matrix (0% microgel). The stress—strain
curves (Fig. 2b) indicated that an increase in the microgel
proportion gradually reduced the elastic modulus of the GC
hydrogel (Fig. 2c), without significantly altering the fracture
strain (Fig. 2d); this was likely due to the lower modulus of
the microgels. Although jammed microgel bioinks and pure
GelMA hydrogels fail rapidly under cyclic compression, the
GC hydrogel with 60% microgel content exhibited excellent
performance under 60% strain, showing minimal variation
in peak stress over 100 cycles (Fig. 2¢). However, at 70%
strain, rapid fatigue was observed (Figs. 2f and 2g). Notably,
a GC hydrogel with 40% microgel content failed quickly
during 60% strain cycling (Fig. 2h), demonstrating signifi-
cantly reduced cyclic performance compared to the 60% mi-
crogel sample (Figs. 2i and 2j). These results suggest that
varying microgel proportions define distinct elastic limits,
establishing the maximum strain at which cyclic perfor-
mance can be sustained. In addition, we investigated the
degradation behavior of GC hydrogels with differing micro-
gel proportions (Fig. S2 in the supplementary information).
Our results reveal that an increase in microgel proportion
accelerates the degradation rate of GC hydrogels. This may
be due to the system’s mechanical strength and the topologi-
cal characteristics of the matrix phase. A higher microgel
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Fig. 2 Effects of microgel proportion on the mechanical properties: (a) schematic of the compression principle for GC hydrogels; (b) compres-
sion stress—strain curves for GC hydrogels at various microgel proportions; (c) elastic modulus; (d) fracture strain; (e) cyclic compression stress—
strain curves for samples containing 60% microgels; (f) cyclic compression stress—time curves for samples with 60% microgels; (g) cyclic com-
pression stress—cycle count curves for samples with 60% microgels; (h) cyclic compression stress—strain curves for samples with 40% micro-
gels; (i) cyclic compression stress—time curves for samples with 40% and 60% microgels; (j) cyclic compression stress—cycle count curves for
samples with 40% and 60% microgels. One-way ANOVA was used for data analysis. Data in (c, d) are expressed as meanzstandard deviation (n=3).
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"p<0.05,

proportion contributes to an increased specific surface area,
promoting faster degradation. These findings have significant
implications for the potential application of GC hydrogels in
drug delivery systems. To further showcase the versatility of
our design, we created a PEGDA-based GC hydrogel, which
yielded similar results, including a lower modulus and excel-
lent cyclic performance (Fig. S3 in the supplementary infor-
mation). We hypothesize that the interconnected topology
of the interstitial matrix results in a combination of bending
and compression, enhancing deformability and enabling ro-
bust cyclic performance under high strain, akin to the bend-
ing deformation observed in graphene aerogels [31]. More-
over, we explored the effects of the modulus of microgels

p<0.0001. ns: not significant. MVF: microgel volume fraction

and the matrix phase on the mechanical properties of GC
hydrogels. We fabricated microgels and matrix phases using
GelMA at three different concentrations of soft (3%), me-
dium (7.5%), and stiff (15%), and prepared GC hydrogels
with a 60% microgel proportion. We observed that as the
matrix concentration remained constant, the modulus of GC
hydrogels increased with higher microgel concentrations
(Figs. S4a and S4b in the supplementary information), whereas
the softer microgels exhibited improved cyclic performance
(Fig. S4c in the supplementary information). A similar trend
was noted when the microgel concentration was fixed and
matrix concentrations varied (Fig. S5 in the supplementary
information). This relationship between elastic modulus and
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concentration aligns with the theoretical predictions outlined
in Sect. 2.8. Regarding cyclic performance, we hypothesize
that softer GC hydrogel components enable a more uniform
distribution and transfer of stress, thereby reducing stress
concentrations and the formation of defects. Finally, we fab-
ricated GC hydrogels by combining stiff microgels with a
soft matrix and used shorthand notation to represent the con-
centrations of both phases, where the numerical values indi-
cate their respective concentrations. For instance, “15D3M”
signifies a dispersed phase concentration of 15% and a
matrix phase concentration of 3%. The 15D3M sample ex-
hibited a higher modulus than 7.5D7.5M while maintaining
excellent cyclic performance. Based on these findings, we
propose a generalized strategy for tailoring the mechanical
properties of GC hydrogels by adjusting the modulus and
proportion of their two constituent phases.

3.3 Effects of hydrogen bonds on mechanical
properties

Photocrosslinking of GeIMA chains creates a covalently cross-
linked network in both phases of the GelMA-based GC hy-
drogel. The aldehyde and amino groups on the GelMA

polymer chains enable hydrogen bonding at the phase inter-
face, acting as both donors and acceptors [32]. Considering
the precrosslinked nature of the microgels, we hypothesize
that reversible physical interactions, particularly hydrogen
bonds, affect the mechanical properties of the hydrogel. To
test this hypothesis, we selected the GC hydrogel with 60%
microgel content to better understand the role of hydrogen
bonds in compressive and cyclic properties. Urea, a recog-
nized hydrogen bond disruptor, competes with polymer chains
for hydrogen bond sites, thereby disrupting the hydrogen
bonding network [33-35]. Following photopolymerization,
samples were soaked in a 1.0-mol/L urea solution to achieve
full swelling prior to testing, with a control group soaked in
PBS for comparison. The results indicated that the elastic
modulus of the urea-treated samples (14.46 kPa) was sig-
nificantly lower than that of the control samples (23.81 kPa)
(Fig. 3b). Toughness was also noticeably reduced (Fig. 3c),
whereas the fracture strain and stress remained similar be-
tween the two groups (Figs. 3d and 3e). The urea-treated
and control samples displayed excellent cyclic performance,
with the urea-treated sample showing a lower modulus but no
significant difference in the ratio of maximum stress after
100 cycles compared to the initial maximum stress (89.18%
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Fig. 3 Effects of hydrogen bonds on mechanical properties: (a) schematic of the hydrogen bond distribution within the GC hydrogel and interfa-
cial hydrogen bonds, along with the mechanism by which urea disrupts hydrogen bonds; (b) elastic modulus (n=4); (c) toughness (n=5);
(d) fracture strain (n=5); (e) fracture stress (n=5); (f) stress—strain curve during cyclic compression; (g) comparison of the ratio of stress after
100 cycles to the initial stress between the urea-treated samples and the control samples (n=5). One-way ANOVA was used for data analysis.

Data in (b—e, g) are expressed as mean=+standard deviation. “p<0.01,
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for urea-treated vs. 89.89% for control samples) (Fig. 3g).
These findings suggest that, although hydrogen bonds affect
the modulus of GC hydrogels, they do not significantly influ-
ence cyclic performance. We hypothesize that at lower strains,
hydrogen bond interactions at the phase interfaces contribute
to the modulus, and urea treatment weakens these interac-
tions, resulting in a reduced elastic modulus. At higher strains,
the stretching of GelMA chains, driven by covalent bonds,
accounts for the similar fracture stress and strain observed.
Toughness, which reflects the work done during compres-
sion, is affected by hydrogen bonds and the fracture energy
of the polymer chains; urea treatment disrupts hydrogen
bonds, thereby reducing toughness by eliminating their con-
tribution to the work done.

3.4 Effects of microgel proportion on
rheological properties

Ideally, the ink should have high viscosity in the syringe to
prevent cell sedimentation, transition to a low-viscosity state
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under high shear, during extrusion, to protect the cells, and
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(Fig. 4a). The rheological properties are crucial for assess-
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We characterized the rheological properties of GC hydrogel
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Fig. 4 Effects of microgel proportion on rheological properties: (a) schematic of the printing process for the GC hydrogel; (b) analysis of shear-
thinning properties; (c) temperature-sensitive analysis; (d) self-healing behavior under low shear (1%) and high shear (1000%) cycles; (e) strain
sweep analysis; (f) yield stress; (g) yield strain. MVF: microgel volume fraction
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the solid phase, primarily influencing yield strength, whereas
an increased interstitial matrix enhances stress transfer and
leads to higher yield strain. We also investigated the effects of
microgel size on the rheological and compressive properties
of GC hydrogels with 60% microgel content. Microgels with
average diameters of 20 um (batch emulsification, Fig. S7c
in the supplementary information) and 200 pm (microflu-
idic, Fig. S7d in the supplementary information) exhibited
shear-thinning behavior (Fig. S8a in the supplementary in-
formation) and strain-yielding characteristics (Fig. S8b in
the supplementary information). The smaller microgels exhib-
ited lower viscosity, likely due to improved dispersibility
and flowability within the matrix. Compression tests indi-
cated no significant differences in elastic modulus between
the two microgel sizes (Figs. S8c and S8d in the supplemen-
tary information), suggesting that variations at the micron
scale do not significantly affect the matrix’s crosslinking
density or modulus. Larger size differences, such as those
between micro- and nanoscale particles, require further inves-
tigation. These findings emphasize the tunable rheological
properties of GC hydrogels, making them suitable for 3D
printing applications.

(@)

(d)

First printing Second printing

(€) =100

Resection

Vessel Trace -

3.5 3D printing of GC hydrogels for the
preoperative planning model

In previous studies, we successfully encapsulated human he-
patic and endothelial cells within microgels and the matrix
of GC hydrogels to print 3D hepatic tissues, demonstrating
improved cell viability and metabolic function compared to
GelMA hydrogels [25]. In this study, we extend the applica-
tion of GC hydrogels to surgical organ models, emphasizing
the optimized mechanical and rheological properties of GC
hydrogels. By fine-tuning its composition, we achieved an
elasticity comparable to human tissue, thus facilitating the cre-
ation of 3D-printed models suitable for preoperative surgeon
training. We first evaluated the printing performance of GC
hydrogels in an AVC-based supporting bath, successfully
producing high-fidelity brain, ear, and bronchus models with
complex geometries (Figs. 5a—5c). Traditional 3D-printed
organ models, typically made from silicone, fail to replicate
the liver’s elastic modulus and intricate vascular network,
which are essential for accurate path planning and anatomical
positioning [36-38]. To address this limitation, we utilized
SPIRIT printing technology [39] to fabricate a biomimetic

Printed liver embedded
i with the vessel network

Right Wrong
resection resection
L]

Fig. 5 3D printing of GC hydrogels for the preoperative planning model: (a—c) printing performance of the GC hydrogel (brain, ear, bronchus);
(d) scheme of embedded printing and preoperative planning; (¢) embedded printing in AVC supporting bath; (f) preoperative planning and re-
section using a scalpel. Scale bars: 5 mm (a—c), 500 pm (e), and 200 pm (f)
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liver model embedded with vascular networks and tumor
structures for preoperative planning (Fig. 5d). Specifically,
a primary liver model was printed using GC hydrogels in the
AVC supporting bath, followed by the sequential printing
of the vascular network and tumor structures (Fig. 5e). The
success of SPIRIT printing is attributed to the dual-printing
capability of GC hydrogels, which serve as both bioink and
a temporary supporting bath, enabled by their tunable rheo-
logical properties. As Fig. 5f shows, we successfully created
a liver model with hierarchical vascular channels and tumor
aggregates. Following photopolymerization, the sacrificial
template was removed to form the vascular network. Once
taken out of the bath, the model was used for preoperative
practice, and perfusion experiments confirmed the connec-
tivity of the vascular network (Fig. S9 in the supplementary
information). Surgical rehearsals verified the model’s utility
for tumor resection, enabling the simulation of both correct
and incorrect path selections. Moreover, the model demon-
strated reusability; following sectioning, GeIMA adhesive
facilitated light-induced reassembly and repeated resections.
This study thus establishes a rational framework for design-
ing GC hydrogels with tailored properties, where the preop-
erative planning model serves as a proof of concept for their
versatile potential in biomedical applications.

4 Conclusions

In this study, we systematically investigated the factors in-
fluencing the mechanical properties and printability of GC
hydrogels. Using confocal microscopy and nanoindentation,
we quantitatively assessed the spatial distribution of micro-
gel interfaces and the variations in modulus. Our results
showed that the elastic modulus of GC hydrogels decreased
with increasing microgel content while demonstrating im-
proved cyclic properties compared to both jammed micro-
gel and pure GelMA hydrogels. We also discovered that the
disruption of hydrogen bonds resulted in reduced modulus
and toughness, although it did not affect the fracture or
cyclic properties. In addition, we demonstrated the adjust-
able shear-thinning and self-healing properties of GC hydro-
gels, which enable the dual-printing capability, functioning as
both a printable bioink and a supporting bath for embedded
printing. We successfully fabricated a liver model with em-
bedded vascular networks and tumor structures using GC
hydrogels, enhancing preoperative training for surgeons. This
work establishes a rational framework for the tunable design
of GC hydrogels, facilitating their integration into advanced
biomedical engineering platforms. In the future, by incorpo-
rating bioactive factors or living cells, the tunable mechani-
cal and rheological properties of GC hydrogels can be lever-
aged to fabricate more complex tissue constructs such as
cartilage or breast repair.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500018.
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