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Abstract    

Hydrogels have emerged as promising biomaterials for tissue regeneration, yet their inherent 

swelling can cause deformation and reduced mechanical properties, posing challenges for 

practical applications in biomedical engineering. Traditional methods to reduce hydrogel 

swelling often involve complex synthesis procedures with limited flexibility. Inspired by 

nature's efficient designs, we present here the approach to improve hydrogel performance 

using 3D printing-assisted microstructure engineering. By utilizing polymerization-induced 

phase separation of hydrogel from co-polymerization of Gelatin methacrylate and 

hydroxyethyl methacrylate (poly(GelMA-co-HEMA)) in the confined space during vat 

photopolymerization (VPP) 3D printing, we replicate the cuttlebone-like microstructure of 

hydrogels with enhanced mechanical properties and swelling resistance. We demonstrate here 

a four-fold increase in elastic modulus compared to bulk polymerization of poly(GelMA-co-

HEMA), together with improved mechanical and dimensional stability. This method offers 

promising opportunities for practical biomedical and tissue engineering applications, 

overcoming previous limitations in hydrogel design and performance. 

 

 

Keywords: Bioinspired; tough hydrogels, anti-swelling; cuttlebone, polymerization-induced 

phase separation, 3D printing 

 

 

 

 



3 

 

Introduction 

High-performance biomaterials are becoming increasing popular for their use in innovative 

designs and tissue regeneration. While various synthetic and natural biomaterials have been 

developed, their biocompatibility and functionality still present challenges for biomedical 

applications.1, 2 Hydrogels, with their ability to promote cell proliferation, migration, and 

differentiation through specific cell-material interactions, has become the most preferred 

biomaterials for tissue regeneration.3-5 The high water content, porosity, and similarity to 

natural extracellular matrix (ECM) make hydrogels particularly suitable for biomedical 

studies.6 However, their intrinsic hydrophilic and porous network often leads to unavoidable 

swelling in aqueous media, significantly compromising their physical performance, 

especially in terms of mechanical strength, dimensional stability, and cellular adhesion.7-9 

This limitation severely hampers their use in tissue engineering, regenerative medicine, 

implant electronics, and artificial tissues.10-13 To address these issues, recent efforts have 

focused on reducing the swelling behavior of hydrogels. The most popular strategy involves 

increasing the crosslinking density of hydrogels through either covalent or physical cross-

linking.14-25 Other approaches include regulating the balance of hydrophobic-hydrophilic or 

post-treatment.26-28  While these approaches have proven effective in achieving desirable anti-

swelling properties and mechanical performance, they require sophisticated design, complex 

synthesis, and time-consuming processes. Furthermore, they often lack the flexibility to 

adjust the hydrogel's performance due to pre-set functionalities and chemistries.7, 25, 29, 30 

In contrast, creatures in nature have evolved unique microstructures with impressive 

mechanical performance and stability, utilizing intrinsic weak materials that are widely 

available in their surroundings.31 For example, nacre, found in the shells of mollusks, exhibits 

superior toughness through its aligned microstructures,32, 33 while cuttlefish bones are ultra-
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lightweight and damage-resistant through their multiple layered chambers, providing control 

of  movement even at great depth, e.g. 600 meters below sea level.34, 35  

In this work, we demonstrate the substantially improved mechanical properties, heightened 

swelling resistance, and enhanced mechanical stability of poly(GelMA-co-HEMA) hydrogels 

by 3D printing-assisted microstructure engineering. By utilizing polymerization-induced 

phase separation in the confined space during vat photopolymerization (VPP) 3D printing of 

poly(GelMA-co-HEMA), we achieve high-performance hydrogels with a uniform cuttlebone-

like microstructure. The 3D printing process, which mimics the natural creation of intricate 

multilayer materials as observed in e.g. mollusk shells, involves layer-by-layer 

construction.36-38 In VPP-based 3D printing methods such as Digital Light Processing (DLP) 

and Liquid Crystal Display (LCD) printing, the printing platform gradually lowers into the 

resin based on the desired layer thickness (LT), creating a confined space between the 

platform and tray (see Figure 1). When exposed to UV light, the ink undergoes 

photopolymerization-induced phase separation, causing polymer chains to condense within 

the confined space.39, 40 The polymer-rich domains then form the walls of pores within the 

hydrogel, ultimately creating a layered, cuttlefish bone-like microstructure. Further increasing 

the LT diminished the confining effect, reverting the microstructure of the hydrogel to a 

random porous arrangement same as bulk polymerization. Due to the uniform cuttlefish 

bone-like microstructure and condensed polymeric walls, we observe a four-fold increase in 

the elastic modulus of 3D-printed hydrogels of poly(GelMA-co-HEMA) compared to those 

fabricated via bulk polymerization. Most importantly, the printed structures exhibit 

significantly enhanced swelling resistance and mechanical stability, rendering our approach 

promising for practical applications in biomedical and tissue engineering. 
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Results and Discussion  

Cuttlefish Bone-Like Microstretches of 3D Printed Poly(GelMA-co-HEMA) Hydrogels. 

Gelatin, a form of denatured collagen, has gained popularity in the field of tissue engineering 

due to its ability to provide cell adhesion recognition motifs for cell-substrate interaction.41, 42 

Meanwhile, poly(hydroxyethyl)methacrylate (pHEMA), made from methacrylate monomers, 

is a biocompatible synthetic polymer that can be used for various soft tissue regenerative 

applications because of its ability to introduce mesoscopic pores and good mechanical 

characteristics.43, 44 By sequential crosslinking of methacrylate modified Gelatin (GelMA) 

with polyHEMA, an interpenetrating network of pHEMA and GelMA has been reported.45 In 

this study, we utilize a LCD 3D printer to print poly(GelMA-co-HEMA) hydrogel with 

varying ratio of GelMA and HEMA, which were cross-linked covalently. For example, 

hydrogels printed from a combination of 5% GelMA and 25% HEMA are labeled as G5H25-

3D, while hydrogels printed from combination of 10% GelMA and 20% HEMA are labeled 

as G10H20-3D. To understand the impact of material architecture over composition, 

hydrogels with the same formulations as 3D printed samples were also prepared using bulk 

polymerization and labeled as G5H25-B and G10H20-B, respectively.  

Figure 1a shows the 3D printing process of G10H20 on an LCD printer, which creates 3D 

objects layer by layer by using UV light to selectively cure liquid resin in the tray. The 

platform is raised after each layer is cured, with a 50 m layer thickness being used in this 

case. The printing ink, which consists of water, GelMA, and HEMA, will then flow into the 

confined space for the next layer. Free radicals are generated and polymerization is initiated 

when patterned light projects into the confined space. During the printing process, 

photopolymerization-induced phase separation causes the polymer chains to condense into 

polymer-rich domains, contributing to the formation of a 3D porous network.39, 44, 46 These 

condensed polymer domains are expected to adhere to both the previously formed polymer 
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layer and the fluorinated ethylene propylene (FEP) film of the tray,47-49 resulting in an evenly 

distributed 'wall-septa' structure, as shown in Figure 1a. The repeated printing process results 

in multiple layered-cellular microstructures, similar to those found in cuttlebones (Figure 1b).  

 

 

Figure 1. (a) Schematic demonstration the process of 3D printing of G10H20 using a LCD 

3D printer and the formation of the cuttlefish bone-like microstructures. Cross-sectional SEM 

image of (b) the cuttlefish bone, (c) G10H20 hydrogel prepared through bulk polymerization, 

(d) G5H25 hydrogel that was prepared through bulk polymerization and (e) G5H25 hydrogel 

that was prepared through 3D printing. 

 

On the other hand, hydrogels prepared through bulk polymerization exhibit a typical random 

porous structure with relatively thin pore walls, as seen in Figure 1c. The differences in 

architecture for 3D printed vs. bulk polymerization can be observed for multiple hydrogel 

compositions (as illustrated in Figure 1d and 1e for G5H25). Specifically, hydrogels 

produced through bulk polymerization showed pronounced differences in pore size that were 

dependent on the composition, while hydrogels produced through 3D printing displayed less 
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sensitivity to composition. As shown in Figure 1c and 1d, G10H20 and G5H25 produced 

through bulk polymerization displayed the maximum distributed pore size of  5 and 15 μm, 

respectively. However, both hydrogels produced through 3D printing had a maximum pore 

size of 25 μm when they were printed with a layer thickness of 50 μm (Figure S1). The 

significant differences in pore size and arrangement between hydrogels produced through 

different methods suggest that the pores in the hydrogels produced through 3D printing are 

more strongly influenced by the fabrication process and the confined space during printing. 

To verify the confined space effect, the printing layer thickness was set to 200, 300 and 400 

m in the printing files with other factors remained unchanged. Figure 2 demonstrates the 

significant impact of printing layer spacing on the pore size of both hydrogels, G5H25 and 

G10H20. When the printing layer spacing changes from 50 m to 200 and 300 m, the pore 

size of G5H25 increases from 25 m to 198 and 280 m, respectively. A similar trend was 

observed in G10H20, where the pore size shifted from 25 m to 180 and 250 m, 

respectively, as the layer spacing changed from 50 m to 200 and 300 m. It can thus be 

concluded that the pore size is mainly controlled by the confinement effect of the layer 

spacing. It is important to note that the layer thickness observed in the SEM images is smaller 

than the set layer thickness, due to sample shrinkage during SEM sample preparation via 

freeze-drying (Figure S2). As a result, the actual pore sizes are larger than those measured in 

the SEM analysis. To confirm this, the as-printed wet hydrogel was cross-sectioned and 

measured under an optical microscope, as shown in Figure S3. The optical microscopic 

images showed much more consistent layer thicknesses with the set printing thickness and 

revealed larger pore sizes as compared to those observed in the SEM analysis (Figure 2). 

When increasing the printing layer thickness to 400 µm, the confinement effect has a reduced 

impact on the hydrogel structure. The microstructure of the printed hydrogels reverts to that 
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of a randomly porous structure, similar to those formed through bulk polymerization, but 

with larger pore sizes. 

 

Figure 2. (a) Diagram of the layer thickness (LT) setting and cross-sectional SEM images of 

G5H25-3D and G10H20-3D hydrogels printed at a programmed LT of 50µm, 200µm 300µm 

and 400µm. Comparison of Young's modulus of (b) G5H25 and G10H20 hydrogels 

fabricated through 3D printing and bulk polymerization, (c) G5H25-B and G5H25-3D 

hydrogels printed with different LT of 50µm, 200µm 300µm and 400µm and (d) G10H20-B 

and G10H20-3D hydrogels printed with different LT of 50µm, 200µm 300µm and 400µm. 

Scale bar: 100 µm.  

 

Besides printing layer thickness, the ink composition also influences the confined space 

assembly and thus the printed microstructures. When further reducing HEMA monomer 

content in the component (e.g., G15H15 or G20H10), cross-sectional SEM images show 

diminished confined space effects (Figure S4). Decreasing HEMA monomer content leads to 

diminished polymerization-induced phase separation and tends to promote the formation of 

homogeneous hydrogel structures. This may be ascribed to the content of HEMA in 

influencing phase separation. Water acts as a good solvent for HEMA monomers but is a 

poor solvent for polyHEMA, as documented in the literature50-52 and our previous work.44 

Polymerization-induced phase separation occurs when the content of the HEMA is higher 
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enough in the ink.53, 54 Further reducing the HEMA content decrease the ratio of the 

hydrophobic moiety and shortens the PHEMA polymer chain, thereby restricting phase 

separation. The low content of the hydrophobic segment precludes phase separation, leading 

to the inability to achieve uniform microstructures, as evidenced in hydrogels G5H25 and 

G10H20. This can also be observed from the increase in opacity of the 3D printed G5H25 

compared to G10H20, which suggests a higher degree of phase separation in the printed 

G10H20. This observation indicates the formation of an immiscible aqueous phase within the 

3D printed hydrogels while all the bulky polymerized hydrogel are transparent in water.55, 56  

Polymerization-induced phase separation facilitates the formation of polymer-rich domains 

where the polymer chains are poorly hydrated.39 This enhances hydrogen bonding and 

entanglement between polymer chains, resulting in a stronger layered-cellular microstructure, 

as shown in Figures 1 and 2.  

Enhanced Hydrogel Performance by 3D Printing Process. The elastic modulus of 

hydrogels is known to influence cellular fate and function; thus, we sought to understand how 

confined space assembly and composition influence mechanical properties of our materials. 

Figure 2b compares the elastic modulus of hydrogels fabricated through 3D printing and bulk 

polymerization. We observed that an increase in the GelMA content leads to an increase in 

the elastic modulus of the hydrogel, as GelMA itself is known to result in a rigid structure 

upon polymerization. Interestingly, in contrast to previous studies, the results showed that the 

3D printed hydrogels displayed a nearly 400% increase in modulus compared to hydrogels 

prepared through bulk polymerization. Typically, hydrogels fabricated through 3D printing 

processes exhibit poor mechanical properties due to the weak interaction between building 

layers, limiting their use in practical applications.57 As discussed above, the increased 

modulus of the 3D-printed hydrogels is attributed to polymerization-induced phase 

separation, which leads to the condensation of polymer chains and enhances hydrogen 
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bonding and chain entanglement. As shown in Figure 2a, the 3D-printed hydrogels exhibit 

thicker polymerized walls and well-organized pores, resulting from the polymer chain 

condensation, which likely contributes to the improved modulus. 

The enhancement mechanism achieved through confined assembly was further explored 

through mechanical testing of G5H25-3D and G10H20-3D samples with varying pore sizes 

achieved through programmed printing layer thickness, as depicted in Figure 2c and 2d. The 

results showed a decrease in the modulus as the pore size increased. Notably, the samples 

with the smallest printing layer thickness (50 µm) exhibited the highest modulus for both 

G5H25 and G10H20. We believe the mechanical enhancement also arises from the 

microstructure engineering of the printed hydrogel, which mimics the structure of cuttlebone. 

Cuttlebone, composed mainly of brittle aragonite, demonstrates remarkable mechanical 

properties due to its intricate wall-septa microstructure, resulting in high specific stiffness 

(8.4 MN.m/kg) and significant energy absorption (4.4 KJ/kg) upon loading.35 The mechanical 

enhancement induced by this microstructure has been validated through molecular dynamics 

(MD) simulations35, 58, 59 and has been demonstrated in various engineered materials such as 

ceramics, metals, and polymers.60-62  Therefore, we propose that the outstanding performance 

of the hydrogel is largely attributed to its lamellar septa microstructure and phase separation-

induced polymer chains condensation, showing significant improvements compared to 

hydrogels with random porous structures.   
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Figure 3. (a) Visual representation of as-prepared G5H25-B and G5H25-3D hydrogels and 

after 180 minutes of swelling in de-ionized (DI) water and phosphate-buffered saline (PBS) 

of varying pHs (5.4, 6.5, 7.4, 10). Swelling ratio of hydrogel G5H25 over a period of 10, 20, 

30, 60, 90, 300 minutes in (b) PBS of varying pHs (5.4, 6.5, 7.4, 10) and in (c) DI water. 

Scale bar: 1.5mm. 
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Swelling Kinetic in Various Media. The uniform microstructures of 3D-printed hydrogels 

contribute to their improved anti-swelling properties, making them ideal for biomedical 

applications where swelling is undesirable. Previous studies have highlighted that hydrogels 

based on polyHEMA and gelatin tend to absorb water, resulting in noticeable swelling and 

diminished mechanical properties in aqueous environments.7 However, the condensed 

polymer chains and formation of cuttlebone-like microstructures in 3D-printed poly(GelMA-

co-HEMA) hydrogels restricts this swelling behavior. For instance, as illustrated in Figure 3a, 

the 3D-printed G5H25 hydrogel exhibited significantly reduced swelling when immersed in 

phosphate-buffered saline (PBS) at various pH levels compared to its bulk-polymerized 

counterpart. Notably, both the 3D-printed and bulk-polymerized hydrogels have similar water 

content and gel fraction, as indicated in Figure S6, with values of 62 ± 3% and 97 ± 2%, 

respectively.  

Figures 3b and 3c present the comparison of the swelling behavior between hydrogels 

fabricated via bulk polymerization and 3D printing, assessing their mass changes from 

freeze-dried to gel states in various media. In Figure 3b, hydrogel G5H25, synthesized 

through 3D printing, exhibited non-swelling in PBS buffer solutions (~100%) across all 

tested pH conditions, while the bulk polymerized counterpart showed swelling ratios ranging 

from 200% to 280%. In deionized (DI) water, the equilibrium swelling ratio for 3D printed 

hydrogel G5H25 was 180%, whereas the bulk polymerized hydrogel reached up to 880%. 

The cuttlebone-like microstructure induced restrictions on hydrogel swelling which can also 

be observed in hydrogel G10H20, albeit with a higher swelling ratio likely due to increased 

Gelatin content. Both 3D printed and bulk polymerized hydrogels of G10H20 displayed 

increased swelling ratios in PBS buffer solutions, with the 3D printed showing slightly lower 

swelling (180-200%) compared to the bulk polymerized one (200-220%) (Figure S7). In DI 

water, the equilibrium swelling ratio for 3D printed and bulk polymerized hydrogel G10H20 



13 

 

was 520% and 960%, respectively (Figure S7b). These results indicate that 3D printed 

hydrogels with cuttlebone-like microstructures can maintain their mechanical properties and 

dimensional stability in PBS buffer solutions, making them promising candidates for 

biomedical applications such as scaffolds and tissue engineering. 

Cell Adhesion and Biocompatibility. The potential of 3D printed hydrogels for biological 

applications was next evaluated by measuring their swelling properties and mechanical 

performance when exposed to full culture media (DMEM high glucose with 10% fetal bovine 

serum and 1% penicillin/streptomycin). The results, as illustrated in Figure 4a, demonstrate 

that the swelling ratio of the 3D printed hydrogels was significantly lower than that of their 

bulk counterparts. Additionally, the stability of the hydrogels was monitored over a 10-day 

incubation period to determine any effects of degradation under cell culture conditions. 

Figure 4b shows that hydrogels prepared by bulk polymerization experienced a significant 

decrease in mechanical integrity over the 10-day incubation period, accompanied by an 

increase in swelling ratio, indicating that the absorption of solution leads to swelling of the 

hydrogel and a loss of mechanical strength over time. On the other hand, the loss of 

mechanical integrity in 3D printed poly(GelMA-co-HEMA) hydrogels occurred at a slower 

rate, with at least 80% of their original rigidity (elastic modulus) being preserved by the end 

of the 10-day incubation. Surprisingly, the 3D printed G5H25 hydrogel (G5H25-3D) 

demonstrated an improvement in mechanical properties, with its elastic modulus and tensile 

strength increasing by 50% over the incubation period (Figure 4b, Figure S8 and Figure S9) 

which might be attributed to the much lower swelling ratio and additional cross-linkage from 

the proteins in the cell culture media. The printed cell culture scaffold from G5H25 showed 

enough hardness and toughness over the 10-day incubation, hence it was used for the 

following cell culture study. However, hydrogel scaffold made from G5H25 by bulk 

polymerization collapsed in the cell culture media in less than one day of incubation. This 
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was attributed to the inherent low elastic modulus of G5H25-B due to the low GelMA 

content and the swelling-weakening behavior as most reported hydrogels.  Therefore, 

hydrogel G5H25 was unable to be fabricated for subsequent cell culture experiments. To 

assess the mechanical properties of 3D printed and bulk polymerized scaffolds at cell-

relevant length scales that are important in mechanosensing of the matrix. Thus, we measured 

scaffolds incubated in cell culture media via nanoindentation. While the elastic modulus 

values obtained via nanoindentation differed from bulk material testing, the trends were 

consistent among formulations (Figure 4b), in which higher gelatin ratios resulted in stiffer 

matrices, as well as 3D printing exhibiting greater mechanical strength than bulk 

polymerized. This suggests that mechanical performance and stability are consistent across 

length scales and thus useful in a variety of applications.   

To identify differences in hardness and toughness changes of hydrogels fabricated by 

different methods, hydrogel (G10H20) rings (D = 20 mm, H = 10 mm, wall thickness = 5 

mm) were prepared by bulk polymerization in a mold or printed on a 3D printer. Figure 4d 

shows the supporting capability of the hydrogels changing with incubation time. Clearly, 

hydrogel G10H20 prepared by using the 3D printing method maintained structural stability 

after loading of 500 g without any noticeable deformation during the 10-day incubation in 

cell culture media (Figure 4d). However, large deformation can be seen for the bulk 

polymerized hydrogels after 5 days of incubation. These exciting results suggest that 

hydrogels with uniform porous structures and thicker polymerized walls achieved by the 3D 

printing process can significantly enhance the mechanical stability of hydrogels in aqueous 

media, thereby promoting more applications of such hydrogels in practical bioengineering 

applications.  
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Figure 4. Comparison of (a) percentage swelling ratio and (b) Young’s modulus of G5H25 

and G10H20 hydrogels fabricated through 3D printing and bulk polymerization when 

exposed to the cell culture media. (c) Nanoindentation test of the scaffolds used for the cell 

cultures. (d) Visual representation of compression testing using a 500g standard weight on the 

as-prepared G10H20-B and G10H20-3D hydrogels and after the hydrogel exposed to cell 

culture media over day 1, 5 and 10. 

 

To evaluate cellular adhesion and proliferation on bulk polymerized vs. 3D printed grid-

shaped hydrogel scaffolds, human dermal fibroblasts cells (WS1) were cultured on G5H25-

3D, G10H20-B, and G10H20-3D samples and quantified using a CCK8 assay at days 1, 5, 

and 10 (Figure 5a). WS1 cells cultured on each hydrogel sample displayed similar attachment 

and proliferation characteristics after the first 5 days of incubation, with absorbance values at 

450nm showing insignificant differences over that period. However, longer incubation 

periods revealed stark differences between the 3D printed and bulk polymerized hydrogels, 

with robust proliferation demonstrated only in the 3D printed hydrogel scaffolds. 

Comparisons among them revealed the highest absorbance in G10H20-3D, followed by 

G5H25-3D. This indicates that 3D printed hydrogels are more favorable for cell proliferation 

due to their ability to retain stiffness/rigidity over an extended period. 
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Figure 5. (a) Cell proliferation of WS1 cells cultured on G5H25-3D, G10H20-B and 

G10H20-3D hydrogels over day 1, 5 and 10. (b) CLSM images of WS1 cell on hydrogel 

scaffold of G5H25-3D, G10H20-B and G10H20-3D at day 1, 5 and 10 of cultivation after 

being dyed with Hoechst 33342 and CellMask Green. Blue fluorescence represents cell 

nucleus; green fluorescence represents cellular plasma membrane. Scale bar: 100 µm. 

 

In addition, confocal microscopy was used to observe cell adhesion and morphological 

characteristics after labelling the cell nuclei and plasma membrane with Hoechst 33342 and 

CellMask Green dyes, respectively (Figure 5b). Similar to the cell proliferation results, WS1 

cells displayed elongated morphology and favorable attachment to all hydrogel scaffolds on 
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day 1. However, by day 5, noticeable differences in adherence were observed between the 3D 

printed and bulk polymerized hydrogels, with G10H20-B having sparse cell attachment, 

indicating unsuitable mechanical properties that ultimately lead to poor cellular growth. By 

day 10, minimal cells were present on the hydrogel surface, and those attached had a circular 

morphology indicating a possibility of imminent cell death. In contrast, cells on G5H25-3D 

and G10H20-3D hydrogels were well attached and proliferated over the 10 days, suggesting 

that these hydrogels can provide a favorable microenvironment for the growth and 

proliferation of WS1 cells.   

 

Conclusions  

In summary, we have developed a new approach for significantly enhancing the mechanical 

properties and stability of poly(GelMA-co-HEMA) hydrogels in aqueous media through 3D 

printing-assisted molecular assembly, resulting in the formation of cuttlebone-like 

microstructures. Our results show that the bioinspired microarchitecture achieved via 3D 

printing-assisted polymerization-induced phase separation in the confined space yields a 

fourfold increase in elastic modulus and exceptional resistance to swelling compared to 

hydrogels synthesized via bulk polymerization. Furthermore, our study illustrates that 3D 

printed poly(GelMA-co-HEMA) hydrogels exhibit markedly improved mechanical and 

dimensional stability when subjected to cell culture media, contrasting with conventional 

bulk-polymerized hydrogels, which often experience collapse, deformation, and loss of 

mechanical strength under similar conditions. The bioinspired strategy presented here 

demonstrates an approach to restrict hydrogel swelling while providing enhanced mechanical 

stability, addressing the long-term challenges in utilizing hydrogels for bioengineering 

applications.  
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Methods and Material  

Synthesis of Methacrylated Gelatin (GelMA). Gelatin methacryloyl was synthesized by 

modification of our previous report procedure.63 In brief, 100 gram of type A bovine skin 

gelatin (300 bloom, Sigma Aldrich) was dissolved into 800 ml of 0.25 M carbonate buffer 

solution at 50 °C. Then, 10 mL of methacrylic anhydride (MA) was added dropwise at 4 

mL/hour under magnetic stirring at 400 rpm at temperate of 50 °C. After 3 hours reaction, the 

reaction mixture was left overnight at 37 °C and then neutralized to pH = 7 with 

hydrochloride acid. The solution was filtered and dialyzed in a MWCO 12,000-14,000 

dialysis tubing (Sigma Aldrich) against DI water for 1 week at room temperature, and 

subsequently lyophilized to yield a white powder. The Degree of methylacrylation (DM) of 

GelMA was determined by 1H NMR spectra( JEOL ECA500II spectrometer) operating at 

frequency of 400 MHz (Figure S10). Gelatin and dried GelMA powder were dissolved in 

D2O to a concentration of ∼30 mg/mL at 40 °C till a homogeneous solution was obtained. 

The DM of GelMA was defined as the number of methacrylate groups per available lysine 

found in the gelatin and was determined by 1H NMR in D2O according to the reference.64 The 

DM of GelMA in the present work was found to be approximately 87 %. 

Preparation of GelMA: HEMA Printing Ink. Solution preparation was conducted by 

dissolving various concentrations (5 wt%, 10 wt%) of GelMA powder into 70 wt% of DI 

water at 50 °C till a homogenous solution was obtained. Subsequently, HEMA of various 

concentrations (20 wt%, 25 wt%) and 0.5 wt% of LAP were added into the solution and 

sonicated until all constituents were dispersed uniformly.  

Preparation of Bulk Polymerized poly(GelMA-co-HEMA) Hydrogels. Bulk polymerized 

hydrogel samples were prepared though UV exposure of hydrogel solution placed between a 

glass mold. Briefly, 50mL of hydrogel solution was poured between a 100 mm × 35 mm × 

1.6 mm glass mold and placed in a UV cross linker chamber (405nm) for 5 minutes for 
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polymerization to occur. Samples were gently removed from the mold, cut to size with a 

razor cutter and kept in a 4 °C fridge till required.   

3D Printing of the poly(GelMA-co-HEMA) Hydrogels. 3D printed hydrogel samples were 

fabricated using Anycubic Photon 3D printer ( = 405 nm, Shenzhen Anycubic Technology 

Co., Ltd., China) with layer thickness of 0.05 mm and normal exposure time varied between 

20 to 65 seconds depending on each respective solution’s curing time (the specific printing 

conditions are provided in Table S1). After printing, the samples were post-cured in the UV 

cross linker chamber( = 405 nm) for 5 minutes, cut to size using a razer cutter and kept in a 

4 °C fridge till required.  

Mechanical Analysis. To measure the Young’s modulus, ultimate tensile stress and 

maximum strain, mechanical tests were performed with at least 5 replicates on a Instron 5569 

(Instron Corporation, MA, USA) equipped with a non-contact video extensometer at a ramp 

rate of 20mm/min using a 100-N load cell. Both as-prepared bulk and 3D printed hydrogels 

together with those exposed to cell culture medium over 1 day, 5 days and 10 days were 

subjected to testing. The tensile strength of hydrogels was calculated by dividing the 

maximum load with the original cross-sectional area of the test specimen. The young’s 

modulus of hydrogels was calculated as the slope of the linear portion of the stress–strain 

curve. Nanoindentation of the scaffolds were conducted after soaking in cell media for 4 

hours. In all nanoindentation tests, at least 3 replicates were conducted for each scaffold, with 

10 indentation readings taken on each replicate. The readings were averaged to determine the 

mean elastic modulus values for statistical purposes. 

Water Content Analysis. The water content of hydrogels were determined gravimetrically 

by measuring of wet weight (Ww) and dried weight (Wd) of the as-prepared hydrogels. The 

wet weight (Ww) was measured after removing the surface moisture of the hydrogel by 

wiping it with paper. After drying the hydrogel in a 45 °C oven for 24 hours, the dried weight 
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(Wd) was measured, and the water content of hydrogels was calculated from the following 

equation: Water content (%) =  (Ww-Wd)/Ww ×100. Measurements were performed 3 times for 

each sample and the results were displayed as a mean ± standard deviation.  

Swelling and Shrinking Kinetics. Both bulky polymerized and 3D printed hydrogel samples 

were cut into 1cm diameter circles with a thickness of 1.6 mm and freeze-dried overnight. 

After initial weighing (W0), the specimens were incubated in different solutions include cell 

culture media, Phosphate Buffer Saline (PBS) of various pH values (5.4, 6.5, 7.4, 10) and DI 

water. The incubated samples were taken out to measure the real time weight of hydrogel 

(Wt) at various time intervals (10, 20 30, 60, 90, 300mins). The swelling ratio of the 

hydrogels was defined using the following equation:65 

Swelling ratio (%) = (Wt-Wo)/Wo ×100 

Microstructure Morphology Analysis. The cross-sectional areas of both bulk and 3D 

printed hydrogel samples were analyzed using a Field-emission scanning electron microscope 

(FE-SEM, HITACHI FESEM SU8220) operated at 5 kV. Prior to SEM analysis, 1 cm2 

samples were immersed in DI water for a short period of time, freeze-dried (Martin Christ) 

overnight and coated with a thin graphite layer. Post-processing was conducted using ImageJ 

software (National Institutes of Health, Bethesda, USA). 

3D Printing of poly(GelMA-co-HEMA) Grid Structure for Cellular Growth. A grid STL 

file was extracted from the freecad database and modified with minor changes for 3D 

printing.  Hydrogel samples were prepared in a sterile environment using similar 

formulations described previously and the honeycomb structure was printed using the same 

printing parameters as before. 

WS1 Cell Culture and Seeding on poly(GelMA-co-HEMA) Hydrogels. Human dermal 

fibroblasts (WS1) gotten from ATCC were maintained in DMEM medium supplemented 
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with 10% Fetal Bovine Serum and 1% Penicillin / Streptomycin till 80% confluent. Prior to 

cell seeding, hydrogel samples were UV sterilized for 30 minutes, washed and pre-incubated 

with cell media overnight. Aliquots of the cell suspension were seeded on the grid scaffolds 

to achieve an initial cell density of 1 × 105 cells/cm2. The cell-seeded hydrogels were 

incubated for 4 hours to ensure attachment of cells. Thereafter, unbound cells were washed 

off, fresh media was topped up and the cell-laden hydrogels were left for 1 day, 5 days and 10 

days before further tests were conducted. Cell media was refreshed every 2 days.   

Compression Analysis. A cylindrical STL file with dimensions of 20 mm diameter with 5 

mm hollow radius and 10 mm in height was designed in Free CAD. Selected samples were 

polymerized or 3D printed using a similar method as mentioned above. Thereafter, samples 

were sterilized, placed in a 12-well plate and soaked in complete cell culture media in the 

incubator at 37 C, 5% CO2. After days 1, 5 and 10 respectively, samples were removed and 

compressed using a 500 g standard weight for 15 seconds. Images were captured using an 

Iphone 13.  

WS1 Cell Attachment and Proliferation. WS1 adhesion and proliferation capability 

towards poly(GelMA-co-HEMA) grid scaffolds were assessed using Cell-Counting Kit-

8(CCK8) reagent. After incubation periods of 1 day, 5 days and 10 days, the cell-laden 

scaffolds were washed thrice with 1x sterile PBS before 10% CCK-8 solution mixed with cell 

media was added into each well. Optical density at 450 nm was measured using a 

multifunction microplate reader (Infinite M200 Pro, Tecan) after incubation for 2 h at 37 °C. 

Fluorescence Cell Imaging. Cellular growth and morphology were qualitatively analyzed 

using fluorescence imaging of its nucleus and cell membrane. Hoechst 33342 cell staining 

solution was prepared by either diluting the Hoechst 33342 stock solution 1 : 2,000 in 1× 

PBS or CellMask Green cell-labeling solution 1:1,000 in complete cell media. Prior to 

staining, after day 1, 5 and 10 of incubation, cells were fixed with 4 % (w/v) 
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paraformaldehyde at room temperature for 15 min. Sufficient Hoechst 33342 staining 

solution was added and incubated for 5–10 minutes away from light. Thereafter, the Hoechst 

33342 staining solution was decanted and hydrogel scaffolds were washed three times with 

1× PBS to remove unbound dye. Next, CellMask Green staining solution was added to the 

scaffolds and incubated at 37 °C for 15 minutes. Thereafter, the staining solution was 

decanted and samples were washed five times with warm cell media to remove unbound dye. 

Samples were imaged using a Confocal Laser Scanning Microscope (Leica, Germany). 

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org/. 

Pore size distribution, comparison of the programmed printing layer height and measured 

samples layer thickness, Optical microscope images of the 3D printed wet hydrogels, SEM 

images of cross-sectional for hydrogels, comparison of the transparency of hydrogels, water 

content and gel fraction percentages, swelling ratio of hydrogel, photos of hydrogel after 

incubation, tensile curves, comparative NMR spectra of Gelatin and synthesized Gelatin-MA and 

detailed printing conditions for different composition and leyer-thickness. 
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