
1 
 

Characterizing the Effects of Synergistic Thermal and Photo-

crosslinking during Biofabrication on the Structural and 

Functional Properties of Gelatin Methacryloyl (GelMA) 

Hydrogels 

Parth Chansoria, PhD 1,2, δ, Suleman Asif 1,2, Kathryn Polkoff 2,3, Jaewook Chung, PhD 2,3, Jorge 

A. Piedrahita, PhD 2,3, Rohan A. Shirwaiker, PhD1,2,4,5* 

 

AUTHOR ADDRESS 

1 Edward P. Fitts Department of Industrial and Systems Engineering, North Carolina State 

University, Raleigh, NC 27695, USA   

2 Comparative Medicine Institute, North Carolina State University, Raleigh, NC 27606, USA 

3 Department of Molecular Biomedical Sciences, North Carolina State University, Raleigh, NC 

27606, USA 

4 Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill and 

North Carolina State University, Raleigh, NC 27695, USA  

5 Department of Mechanical and Aerospace Engineering, North Carolina State University, 

Raleigh, NC 27695, USA   

* Corresponding author. Email: rashirwaiker@ncsu.edu  

 

 

 

mailto:rashirwaiker@ncsu.edu


2 
 

ABSTRACT 

Gelatin methacryloyl (GelMA) hydrogels have emerged as promising and versatile biomaterial 

matrices with applications spanning drug delivery, disease modeling, and tissue engineering and 

regenerative medicine. GelMA exhibits reversible thermal crosslinking at temperatures below 

37°C due to the entanglement of constitutive polymeric chains, and subsequent ultraviolet (UV) 

photo-crosslinking can covalently bind neighboring chains to create irreversibly crosslinked 

hydrogels. However, how these crosslinking modalities interact and can be modulated during 

biofabrication to control the structural and functional characteristics of this versatile biomaterial is 

not well explored yet. Accordingly, this work characterizes the effects of synergistic thermal and 

photo-crosslinking as a function of GelMA solution temperature and UV photo-crosslinking 

duration during biofabrication on the hydrogels’ stiffness, microstructure, proteolytic degradation, 

and responses of NIH 3T3 and human adipose-derived stem cells (hASC). Smaller pore size, lower 

degradation rate, and increased stiffness are reported in hydrogels processed at lower temperature 

or prolonged UV exposure. In hydrogels with low stiffness, the cells were found to shear the matrix 

and cluster into micro-spheroids, while poor cell attachment was noted in high stiffness hydrogels. 

In hydrogels with moderate stiffness, ones processed at lower temperature demonstrated better 

shape fidelity and cell proliferation over time. Analysis of gene expression of hASC encapsulated 

within the hydrogels showed that while the GelMA matrix assisted in maintenance of stem cell 

phenotype (CD44), a higher matrix stiffness resulted in higher pro-inflammatory marker (ICAM1) 

and markers for cell-matrix interaction (ITGA1 and ITGA10). Analysis of constructs with 

ultrasonically patterned hASC showed that hydrogels processed at higher temperature possessed 

lower structural fidelity but resulted in more cell elongation and greater anisotropy over time. 

These findings demonstrate the significant impact of GelMA material formulation and processing 
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conditions on the structural and functional properties of the hydrogels. The understanding of these 

material-process-structure-function interactions is critical towards the optimizing the functional 

properties of GelMA hydrogels for different targeted applications.  

 

Keywords: GelMA, Thermo-reversible crosslinking, Photo-crosslinking, Biofabrication, Tissue 

engineering, CryoSEM, qPCR 

 

1. Introduction 

Gelatin methacryloyl (GelMA) hydrogels have garnered significant interest toward a variety of 

biomedical applications owing to their highly desirable biochemical and biophysical 

characteristics1. The intrinsic physical characteristics of GelMA solution are similar to those of 

pure gelatin. These include similarity in rheological properties such as swelling and shear thinning, 

thermo-reversible crosslinking at lower temperatures, and the presence of arginine-glycine-

aspartic acid (RGD) and matrix metalloproteinase (MMP)-cleavable sequences that provide an 

ideal environment for cells to attach and proliferate to form a tissue1. Methacrylation of the lysine 

groups in the gelatin backbone renders photo-crosslinkability to GelMA2. In the presence of a 

photoinitiator within the solution, the methacrylate moieties within and between neighboring 

polymeric chains can be covalently bound upon UV exposure2,3, leading to an irreversibly photo-

crosslinked matrix. This stable matrix and its biocompatible and biodegradable properties offer a 

wide variety of applications such as scaffolds for tissue engineering1 and drug delivery4,5, wound 

healing6, biological templates for studying disease progression7, and extrusion2 and VAT 

photopolymerization bioprinting8. 
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Figure 1(a) illustrates the crosslinking mechanisms of GelMA hydrogels. The processing 

conditions during biofabrication govern these mechanisms, ultimately affecting the structural, 

mechanical and biological characteristics of the crosslinked hydrogel. As such, reducing the 

temperature of GelMA solution below the typical physiological temperature (37°C) induces 

thermo-reversible crosslinking through entanglement of neighboring polypeptide chains into 

networks1,9. Herein, GelMA is able to de-crosslink and return back to a liquid state once the 

temperature is increased (hence the thermo-reversibility)1. Interestingly, once the GelMA is in a 

thermally crosslinked state, inducing photo-crosslinking of the GelMA in the presence of a 

photoinitiator leads to covalent bonding between the neighboring methacrylate groups, entrapping 

the polypeptide chains in their entangled state and leading to an irreversible crosslinking.  
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Figure 1. (a) Creating photo-crosslinked GelMA constructs with or without thermally-induced 

crosslinking, and (b) the constitutive studies in this work. 

 

One approach to alter the properties of the hydrogel to suit various applications is to modify 

the material composition (e.g., degree of substitution and concentration, type and concentration of 

photoinitiator). This approach, including the impacts of independent thermally-induced 

crosslinking and photo-crosslinking on properties of different compositions of GelMA, has been 

well studied in literature2,10–15. A complementary, yet under-explored, strategy is to regulate the 

processing conditions and utilize the synergy between the two crosslinking mechanisms during 

biofabrication to achieve a broad range of hydrogel functional properties for a given GelMA 
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composition. With this strategy, the process parameters and resulting crosslinking modalities can 

be optimized not only to fine-tune the bulk hydrogel properties for a given application, but also to 

potentially control the properties of the material across space and time during the biofabrication 

process. Especially given the current trends in the development of new additive and hybrid 

biofabrication processes and platforms16, further exploring this process-driven strategy that can 

enable the regulation of properties of a single material between layers or between successive 

processing steps would be highly beneficial.  

This study investigates the synergy between thermally-induced crosslinking and photo-

crosslinking in response to the biofabrication processing conditions, and the resulting impact on 

the functional characteristics of the hydrogels. The effects of two critical process parameters – 

temperature of GelMA solution prior to photo-crosslinking and ultraviolet (UV) exposure duration 

during subsequent photo-crosslinking – on the matrix microstructure, 3D cell-matrix interactions, 

and resultant hydrogel construct functionality and fidelity over time are characterized. 

Understanding these material-process-structure-function interactions is essential to be able to 

utilize the fullest potential of hydrogel systems that undergo both thermal and photo-crosslinking. 

These interactions can be leveraged in future to optimize the hydrogels’ structural, mechanical, 

and biological functional characteristics relevant to its given applications.  

 

2. Materials and methods 

The constitutive studies in this work are highlighted in Figure 1(b). First, the stiffness in 

compression of different compositions of GelMA hydrogels formulated under different thermal 

and photo-crosslinking conditions were investigated. The GelMA composition that resulted in the 

broadest range of compressive stiffness relevant for tissue engineering applications was made the 
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focus of rest of the studies. Scanning electron cryomicroscopy (CryoSEM) was performed to 

elucidate fundamental changes to the microstructure of GelMA hydrogels under different 

crosslinking conditions and its relationship with the hydrogel stiffness. The effects of 

microstructure on the enzymatic degradation of hydrogels were also evaluated. Next, the effects 

of GelMA microstructure and stiffness on the viability and proliferation of two cell types 

commonly used in biofabrication – NIH 3T3 cells17–19 and human adipose stem cells (hASC)20,21 

– were investigated. Further, select GelMA hydrogel groups with encapsulated hASC were 

assessed for their effects on the expression of various genes pertaining to the maintenance of stem 

cell phenotype22, and cell-cell23 and cell-matrix interactions24,25. The final study assessed the 

impact of varying degrees of thermal and photo-crosslinking on the behavior of hASC patterned 

anisotropically within the GelMA matrices via ultrasound-assisted biofabrication (UAB)8,26,27.  

 

2.1 GelMA solution formulation 

The GelMA solution was prepared at a concentration of 5% or 10% w/v by adding the appropriate 

volume of sterile Dulbecco’s phosphate buffered saline (DPBS without phenol red, 25-508B, 

Genesee Scientific, San Diego, CA) to sterile, lyophilized, porcine-derived (Type A) GelMA with 

80% degree of substitution (DOS) or 40% DOS (MilliporeSigma, Burlington, MA). The 

consistency of the materials was confirmed via 1H NMR analyses (n = 3 per DOS) (see supporting 

information Figure S1). The solution was vortexed and allowed to homogenize at 37°C for 1 h. A 

LAP (Lithium phenyl-2,4,6-trimethylbenzoylphosphinate) photoinitiator (MilliporeSigma) was 

then added at 0.25% w/v concentration, which is consistent with previous work on GelMA 

hydrogels8,11. LAP, which has a photoinitiation wavelength of 405 nm28, has been demonstrated 
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to be more biocompatible during short and long-term culture studies compared to photoinitiators 

such as the Irgacure 295928,29, which has a lower photoinitiation wavelength (365 nm). 

 

2.2 Fabrication of GelMA hydrogel constructs 

For the compression testing, microstructural analysis, and proteolytic degradation studies, 

cylindrical GelMA hydrogel constructs (∅ = 7.5 mm, thickness = 5 mm) were fabricated via 

casting in negative molds made of a flexible resin (Smooth Cast® 300, Smooth-On Inc., Macungie, 

PA). In an untreated petri dish (60 mm, Millipore Sigma), 250 µl of GelMA solution at 37°C was 

added to the mold cavity and thermally or/and photo-crosslinked at different combinations of pre-

photo-crosslinking solution temperature (37°C, 22°C, 10°C; henceforth referred to as “warm”, 

“ambient”, and “cold” hydrogel groups, respectively) and UV exposure duration during 

subsequent photo-crosslinking (4 s, 6 s, 8 s, 10 s) via a 405 nm UV lamp (Fungdo, Shenzhen Fundo 

Smart Technology Co. Ltd., China). A distance of 20 mm was maintained between the lamp and 

the solution during all studies. The radiation intensity at the solution interface was determined 

using a pyranometer (Tenmars, Taiwan) to be 10 mW/cm2. For the warm group, the GelMA 

solution that was introduced into the mold cavity at 37°C was immediately photo-crosslinked for 

the appropriate duration. For the ambient and cold groups, the solution was allowed to thermally 

crosslink for 10 min at 22°C (controlled room temperature) and 10°C (cold water bath), 

respectively, prior to photo-crosslinking. This duration of thermal crosslinking (10 min) was 

determined from a supporting study that characterized the compression modulus of hydrogels 

under different thermal- and photo-crosslinking conditions (see supporting information Figure 

S2). After photo-crosslinking, the mold was carefully removed from around the discs, and the petri 
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dishes with the hydrogel discs were incubated at 37°C for 1 h to allow stress relaxation before 

commencing any testing.  

 

2.3 Determination of compression modulus of hydrogels  

To determine the impact of synergistic thermal and photo-crosslinking on the hydrogel stiffness, 

the constructs made using different GelMA compositions and processing conditions (Table 1) 

were assessed via uniaxial compression testing based on previously established protocols 30. 

Briefly, after stress-relaxation for 1 h at 37°C, the constructs (n = 3 per group) were subjected to 

compression in a universal testing system (5 N load cell, Instron, Norwood, MA) with a preload 

of 0.01 N and a constant strain rate at 0.125 mm/mm/min. The moduli were calculated as the slopes 

of the resulting stress-strain curves between 0-20% strain.  

 

Table 1. Summary of GelMA hydrogel formulations tested in uniaxial compression 

GelMA composition 
80% degree of substitution – 5% w/v concentration (80% DOS – 5% w/v)  
40% degree of substitution – 5% w/v concentration (40% DOS – 5% w/v) 
40% degree of substitution – 10% w/v concentration (40% DOS – 10% w/v) 

Pre-photo-crosslinking 
solution temperature Warm (37°C), Ambient (22°C), Cold (10°C) 

UV exposure duration 4, 6, 8, 10 s 

2.4 Evaluation of hydrogel microstructure via CryoSEM 

To study the effects of processing conditions on microstructure of GelMA hydrogels, the 80% 

DOS – 5% w/v composition was selected because it provided the widest range of stiffnesses (as 

per results in section 3.1). Constructs were fabricated at select combinations of pre-photo-

crosslinking solution temperature (cold, ambient, warm) and UV exposure duration (0 s (i.e., no 

exposure), 6 s, 10 s) and analyzed via cryoSEM imaging (n = 3 per group). For imaging, the 
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cryogenic scanning electron microscope (7600F, ALTO, Gatan, JEOL Ltd, Tokyo, JP) was 

prepped by adding liquid nitrogen to the sample preparation chamber and SEM stage (and their 

anticontaminators) to reduce their temperatures to at least -140°C and -165°C, respectively. Using 

an external vacuum pump, the cryoSEM was maintained at 4×10-6 mbar during the experiments. 

All imaging samples, except for the warm-0 s group, were made by slicing the stress-relaxed 

GelMA constructs into cuboids (60×2×2 mm3) that were then loaded onto the sample holding jigs. 

As the warm-0 s samples were in a liquid state, 50 µl of the formulation was added to the sample 

holding cavity within the jigs. The samples on the jigs were then rapidly frozen in slush nitrogen, 

followed by freeze fracturing inside the preparation chamber. The preparation chamber was heated 

until -90°C, and the samples were allowed to undergo sublimation for 5 min. The samples were 

then sputter coated in the presence of Argon at 10 mA for 4 min and transferred to the imaging 

chamber for viewing and imaging at 1 kV.  

The pore sizes within the cryoSEM images were characterized via a custom algorithm 

developed in MATLAB (Figure S3 (a)). Briefly, the scale of the image (3500X) was calibrated as 

per user input, followed by image binarization and cleaning based on user inputs. The two-

dimensional porosity was calculated as per Equation 131,32. 

 

% Porosity =  100(1 −  
𝐴𝑤ℎ𝑖𝑡𝑒

𝐴𝑡𝑜𝑡𝑎𝑙
)            (1) 

 

where Awhite is the area corresponding to the GelMA polymers in the binary image and Atotal is the 

total area of the image. Then, each pore was individually identified in the image and the pore size 

determined as equivalent circle diameter as per Equation 231,32. 
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Pore size = √(
4𝐴𝑝𝑜𝑟𝑒

𝜋
)            (2) 

 

where Apore = πr2 is the area of the pore and r is the approximate pore radius. In each image, twenty 

largest pore sizes were averaged to determine the mean pore diameter for that image. With a 

sample size of n = 3 per group, mean pore size comprised of an average of 60 pores. Prior to 

analyzing the cryoSEM images, the accuracy of the algorithm was verified to be 95% by applying 

it to three images (honeycomb structure, square, and round holes) with known porosities and pores 

sizes (Figure S3(b)).  

 

2.5 Evaluation of proteolytic degradation of hydrogels via trypsin-EDTA 

GelMA (80% DOS – 5% w/v) constructs were fabricated at different combinations of pre-photo-

crosslinking solution temperature (warm, ambient, cold) and UV photo-crosslinking duration (6 s, 

10 s) (n = 3 per group). The constructs were weighed and transferred to an untreated petri dish (35 

mm, Millipore Sigma). Then, 5 ml of 0.25% trypsin with 0.03% ethylenediaminetetraacetic acid 

(EDTA, Millipore Sigma) was added and the samples maintained under ambient conditions (22°C) 

for 30 min. At every 10 min interval, the sample was retrieved from trypsin-EDTA solution, 

dabbed carefully with a blotting paper, similar to a previous study,9 and weighed.  

 

2.6 Cell culture and GelMA bioink preparation 

The 3T3 fibroblasts (CRL-1658™, ATCC, Manassas, VA) were cultured (37°C, 5% CO2) in 90% 

v/v minimum essential medium without L-glutamine (MilliporeSigma) supplemented with 10% 

v/v fetal bovine serum (Thermo Fisher Scientific, Waltham, MA). The human adipose-derived 
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stem cells (hASC, R7788115, ThermoFisher Scientific) were cultured (37°C, 5% CO2) in 

MesenPro RS basal media with growth supplement (Thermo Fisher Scientific) and 1% L-

Glutamine (Thermo Fisher Scientific). Media changes were performed every 48 h until 80% 

confluency was reached, after which, the cells were enzymatically harvested (TrypLE Express, 

Gibco, Thermo Fisher Scientific) followed by centrifugation at 200 g for 5 min to obtain a cell 

pellet. The supernatant media was replaced by appropriate amount of warm (37°C) GelMA 

solution followed by gentle pipetting to constitute the GelMA bioink at 1×106 cells/ml. The bioink 

was maintained at 37°C for 15 min before commencing further experiments.  

 

2.7 Assessment of morphology of encapsulated cells and the hydrogel constructs 

The morphology of hASC and 3T3 cells encapsulated within different groups of GelMA hydrogel 

constructs was assessed over a week in culture. To create each construct, 250 μl of the warm 

GelMA bioink was added and homogeneously distributed within a well of an untreated 24-well 

plate (VWR International, Radnor, PA) and thermally and photo-crosslinked at different 

combinations of pre-photo-crosslinking temperature (warm, ambient, cold) and UV exposure 

duration (4 s, 6 s, 8 s, 10 s). The constructs (n = 3 per group) were cultured (37°C, 5% CO2) for a 

week with media changes every 24 h. 

During the week in culture, the constructs were imaged via phase contrast imaging (DM IL 

LED FLUO, Leica Microsystems, Wetzlar, Germany). At Day 7, the constructs within the 24-well 

plates were fixed in 1 ml of 10% neutral buffered formalin (Shandon™ Formal-Fixx™, Thermo 

Fisher Scientific). The plates were then covered by Parafilm® (Millipore Sigma) and maintained 

at 22°C for 24 h, followed by washing thrice with PBS and stored overnight at 4°C in 3 ml PBS 

buffer containing 0.4% Triton-X (MilliporeSigma). Next, 3 ml of PBS buffer containing 100 µl 
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Phalloidin and 100 µl NucBlue (ThermoFisher Scientific) was added, and samples maintained 

under ambient conditions (22°C) for 2 h before confocal imaging (Fluoview 3000, Olympus, 

Tokyo, Japan). The average cell length was measured using FIJI33 (n = 3 images per construct; n 

= 9 images per group), similar to a previous study34. In addition, the hydrogel constructs were 

carefully extracted from the 24-well plates, and their macroscopic images captured using a 

dissection microscope (Leica Microsystems, Wetzlar, Germany), followed by determining the size 

of the hydrogels (i.e., the area covered by the hydrogel within the 2D images) via FIJI33.  

 

2.8 Quantitative real time PCR (qRT-PCR) of hASC encapsulated within GelMA 

To study the effects of processing conditions on the gene expressions of the encapsulated hASC, 

GelMA hydrogel constructs of select groups (warm-4 s, cold-4 s, warm-10 s) were fabricated 

following the protocols described in section 2.7 and cultured (37°C, 5% CO2) for 48 h. In parallel, 

hASC were cultured in treated 24-well plates (VWR International) at the same seeding density 

(250,000 cells/well) to serve as controls. To harvest the cells from the constructs, the supernatant 

media was removed after 48 h and replaced with 1 ml of 0.25% trypsin-EDTA. After 5 min of 

proteolytic degradation, the contents within each well were vigorously pipetted to ensure cell 

detachment from the matrix, and 1 ml of hASC media was added to neutralize the trypsin. The 

contents were then passed through a 40 μm cell strainer (FalconTM, Thermo Fisher Scientific), 

followed by centrifugation of the flow-through at 200 g for 5 min to obtain a cell pellet for the 

sample. The supernatant media was then removed, and the cells were resuspended in 1 ml of PBS 

and centrifuged again.  

Total RNA was isolated from cells using RNeasy kit (Qiagen, Hilden, DE), and the RNA 

sample was treated with DNase following manufacturer instructions of Turbo DNA-free kit 
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(AM1907, Thermo Fisher Scientific). RNA concentrations were measured using nanodrop 

(Thermo Fisher Scientific). This was followed by cDNA synthesis from the DNA-free RNA 

sample using AffinityScript Multiple Temperature Reverse Transcriptase Kit (Agilent 

technologies, Santa Clara, CA).  PCR primers designed for each gene (Table 2) were validated by 

amplifying using polymerase chain reaction (PCR) followed by gel electrophoresis with 1~2% 

agarose in TAE buffer. Following manufacturer’s description of iQ™ SYBR® Green Supermix 

(Bio-Rad laboratories, Hercules, CA), qRT-PCR was performed with initial denaturation at 95°C 

for 3 min followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 30 s. 

Melt-curve analysis was followed to confirm that no non-specific amplification occurred.  The 

mRNA expression level of each target gene was normalized to that of the reference gene 

GAPDH35.  

 

Table 2. Primers for select gene expressions of human adipose stem cells (passage 2) 

Name Gene-type (with reference) Sequence 
GAPDH fwd 

Reference (housekeeping) gene35 
AAGGTGAAGGTCGGAGTCAACG 

GAPDH rev AGGTCAATGAAGGGGTCATTGATGG 
CD44 fwd 

Stem cell marker22 
AGATGGAGAAAGCTCTGAGCATCG 

CD44 rev TGTTTGCTGCACAGATGGAGTTG 
ICAM-1 fwd Intercellular adhesion and 

proinflammatory marker23 
CGGCCAGCTTATACACAAGAACC 

ICAM-1 rev ATTTTCTGGCCACGTCCAGTTTC 
ITGA1 fwd 

Cell-matrix interaction24 
TCTACCAAAAAGAATGAACCGCTTGC 

ITGA1 rev ATGATTGTACCGAGGCTGTCCAG 
ITGA10 fwd 

Cell-matrix interaction25 
TGTTCTTGCCCCTGGTGTTC 

ITGA10 rev TGTCCACCCCCAACATGTTG 
 

2.9 Ultrasound-assisted biofabrication of GelMA constructs with cell patterning 

To assess key characteristics of select groups of thermally and photo-crosslinked GelMA 

constructs (warm-10 s, cold-6 s; n = 3 per group) for biomimetic tissue engineering applications, 
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constructs with anisotropically organized hASC were fabricated via UAB8,26,27 – a hybrid process16 

capable of rapid and controllable patterning of cells within biomatrices, highly relevant to the 

engineering of soft tissues such as ligaments, tendons, and cardiac muscle. The UAB setup 

comprised of a non-treated petri dish (MilliporeSigma) with an attached transducer-reflector pair. 

The plate-type piezoelectric transducer (resonant frequency 2 MHz, Steiner and Martins Inc., 

Davenport, FL) and the reflecting glass coverslip (18×18×0.2 mm3) were attached opposite each 

other with a separation of 21 mm. The transducer was connected to an amplifier (240L, Electronics 

& Innovation Ltd., Rochester, NY) that received source signal from a function generator (Keysight 

Technologies Inc. Santa Rosa, CA). 

To create the warm-10 s constructs (n = 3), the UAB setup was placed on top of the UV lamp 

(405 nm, 10 mW/cm2 at the bioink interface) with an opaque mask containing a 20×20 mm2 

transparent opening positioned in between the lamp and the petri dish. 2 ml of warm GelMA bioink 

containing 1×106 hASC/ml was dispensed into the petri dish and the transducer actuated by a 

voltage signal comprised of 1 s bursts followed by 1 s pauses at 2 MHz and 50 Vpp, which has 

been previously demonstrated to be non-deleterious to cells (~100% cell viability)8. Actuation of 

the transducer resulted in the formation of a standing bulk acoustic wave (SBAW) with planar 

pressure nodes parallel to the walls of the transducer within the bioink26 due to the interference of 

the incident and reflected waves. The resulting acoustic radiation force caused the cells to organize 

along arrays representing the planar nodes of the SBAW; as per established theory, the arrays are 

separated by an integer multiple of half the wavelength (i.e., theoretical inter-array spacing = λ/2). 

The bioink was photo-crosslinked (10 s of UV exposure) after 1 min of transducer actuation, while 

the transducer remained actuated for 5 min. The crosslinked hydrogel construct was transferred to 
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an untreated petri dish (∅ 35 mm) and cultured (37°C, 5% CO2) in 4 ml of hASC media for a week. 

Media changes were performed every 48 h.  

To create the cold-6 s constructs (n = 3), the UAB setup was first placed in a cold (10°C) 

water bath. Then, the warm bioink was introduced and the transducer actuated (1 s bursts – 1 s 

pauses at 2 MHz and 50 Vpp) for 5 min, during which time, the bioink underwent thermal 

crosslinking. After 5 min of ultrasound actuation and thermal crosslinking, the UAB setup was 

transferred onto the top of the UV lamp, followed by selective photo-crosslinking (6 s of UV 

exposure) of the bioink through the mask. The setup was then placed within a larger petri dish (∅ 

100 mm) and incubated (37°C, 5% CO2) for 30 min to liquefy any uncrosslinked GelMA that was 

then aspirated. The crosslinked hydrogel construct (20×20×1.5 mm3) was then transferred to an 

untreated 6-well plate and cultured in 4 ml of hASC media for a week with media changes every 

48 hours.  

For both groups, constructs fabricated using the same UAB setup and crosslinking protocols 

but without ultrasound actuation, and hence, no cell patterning, were included as controls. At the 

end of the week, all constructs were stained for live/dead assay (Life Technologies, Carlsbad, CA), 

followed by fixation in 4 ml of 10% neutral buffered formalin and staining using phalloidin and 

NucBlue as described in section 2.7. Cell length and the inclination angle of the cells with respect 

to the aligned arrays (y-axis) was determined (n = 3 images per anisotropic construct, n = 9 images 

per group) using FIJI as described previously34.  

 

2.10 Statistical analysis 

Statistical analysis was performed in JMP® (SAS, Cary, NC) at significance level of α = 0.05 using 

a three-way ANOVA (compression testing) or two-way ANOVA (microstructural, proteolytic 



17 
 

degradation, and anisotropic construct analyses) with Tukey HSD post hoc tests. In the qPCR 

study, the effects of different matrix formulations on specific gene expression were compared 

using Student’s t-tests.  

 

3. Results 

3.1 Mechanical properties of GelMA hydrogels 

The results of uniaxial compression testing of the GelMA constructs of different compositions 

fabricated under different processing conditions are presented in Figure 2. The compressive elastic 

modulus (i.e., stiffness) of the hydrogels was significantly affected by GelMA composition, pre-

photo-crosslinking solution temperature, and UV exposure duration (p < 0.0001). The interactions 

of UV exposure duration with the composition and solution temperature were also significant (p < 

0.05). Post hoc analysis (Table S1) showed that the hydrogel stiffness was higher when the pre-

photo-crosslinking solution temperature was lower, which indicates a higher density of packing of 

polypeptide networks during thermal crosslinking (illustrated in Figure 1). Furthermore, the 

hydrogel stiffness increased with increasing UV exposure duration, which can be attributed to a 

greater number of covalent bonds forming between the methacrylate groups.  

Higher stiffness was noted in hydrogels of higher GelMA concentration because of increased 

presence of polymeric chains that could be thermally or photo-crosslinked. Higher DOS also 

resulted in stiffer hydrogels due to increased presence of moieties that could be covalently bound 

upon UV exposure. As such, doubling the GelMA concentration had a greater impact on the 

stiffness than doubling the DOS, in that, the 40% DOS – 10% w/v formulation was stiffer than the 

80% DOS – 5% w/v one. This signifies that higher packing density of polymers in the hydrogel 

has a higher contribution to stiffness compared to the amount of crosslinkable groups.  
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Figure 2. Results of uniaxial compression testing (setup shown in the inset images) of GelMA hydrogels. 

The modulus of hydrogels was higher at lower pre-photo-crosslinking solution temperature, greater UV 

exposure duration, and higher degree of methacrylate substitution and GelMA concentration. Post-hoc 

analysis can be found in supporting information (Table S1). 

 

The broadest range of stiffness was reported in the 80% DOS – 5% w/v hydrogels. For the 

same degree of thermal and photo-crosslinking, the lowest stiffness of 80% DOS – 5% w/v 

hydrogels (0.25 kPa) was similar to that of the 40% DOS – 5% w/v group (p > 0.05), and their 

highest stiffness (17 kPa) was similar to that of the 40% DOS – 10% w/v group (p > 0.05) (Table 

S1), respectively. Therefore, all further studies were conducted with the 80% DOS – 5% w/v 

formulation. 
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3.2 Microstructural analysis of GelMA hydrogels 

Figure 3(a) shows representative CryoSEM images highlighting the microstructure of different 

GelMA hydrogel groups. The results of porosity and pore size for each group determined via a 

custom MATLAB algorithm are presented in Figure 3(b). Both porosity and pore size were 

significantly affected by the interaction of pre-photo-crosslinking solution temperature and UV 

exposure duration (p < 0.0001).  

 Decreasing the temperature of GelMA before photo-crosslinking induced tighter 

entanglement of polypeptide networks, which is evident from a closer examination of the 

microstructure of the ambient and cold hydrogel groups (Figure 3(a)). Herein, increasing the UV 

exposure duration increased the number of covalent bonds between methacrylate groups, thereby 

reducing porosity and pore size (Figure 3(b)). There was also a direct correlation between the pore 

sizes and the compressive elastic moduli in that the stiffer hydrogel groups possessed smaller pores 

and lower porosity (Figure 3(b)). Irradiating these thermo-reversibly crosslinked hydrogels via 

UV in the presence of the LAP photoinitiator resulted in covalent bonding between the 

methacrylate groups in neighboring polypeptide chains, thereby irreversibly crosslinking the 

hydrogels. 
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Figure 3. (a) CryoSEM images at 650X magnification (insets at 3500 X magnification) demonstrating the 

microstructure of GelMA hydrogels formulated at varying pre-photo-crosslinking solution temperatures 

and photo-crosslinking durations. Hydrogels formulated solely by thermal crosslinking (without UV 

exposure) were included to enable clear comparisons between thermally and photo-crosslinked 

microstructures. Greater entanglement of polypeptide chains is evident in the microstructure in which 

subsequent photo-crosslinking created covalent bonds in between the polypeptide chains, leading to an 

irreversibly crosslinked matrix. (b) MATLAB image analysis and results of porosity (left) and pore size 

(right) of various GelMA hydrogel formulations. Both porosity and pore size were lower at lower pre-

photo-crosslinking solution temperature and higher UV exposure duration (p < 0.0001). Connecting letters 
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from post hoc analysis are shown above the bars. Groups not having atleast one common letter are 

statistically significantly different from one another (p < 0.05). 

 

3.3. Proteolytic degradation of GelMA hydrogels 

The effects of thermal and photo-crosslinking conditions on proteolytic degradation characteristics 

of select GelMA hydrogel groups are summarized in Figure 4. As postulated from the compressive 

stiffness and microstructure results, the degradation rate (slope of the curve) was faster at higher 

pre-photo-crosslinking temperature and lower UV exposure duration (p < 0.0001). These results 

indicate that inducing some degree of thermal crosslinking in the GelMA matrix prior to photo-

crosslinking can prolong the hydrolysis within the GelMA matrices. This will be highly beneficial 

during long-term in vitro and in vivo applications of GelMA hydrogels36.  

 

 

Figure 4. Trypsin-induced proteolytic degradation of GelMA hydrogels over time. The degradation rate 

decreases by reducing the initial solution temperature or increasing the UV exposure duration.  
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3.4. Encapsulated cell morphology and hydrogel construct fidelity over a week in culture 

Figure 5 shows the results of cell and construct morphology of different GelMA formulations 

during a week in culture. Micrographs demonstrating hASC and 3T3 cell morphology evolving 

over the week in culture are shown in Figure 5(a), and the corresponding analysis for the length 

of cells is shown in Figure 5(b). The length of the cells was significantly affected by the interaction 

of pre-photo-crosslinking solution temperature and UV exposure duration (p < 0.0001). 
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Figure 5. (a) Micrographs showing the behavior of 3T3 cells and hASC encapsulated in various GelMA 

formulations over a week in culture. The 3T3 cells formed spheroids in low stiffness hydrogels, with larger 

spheroids observed at the lowest stiffness. In moderate stiffness hydrogels, cells proliferated throughout the 

constructs, with higher cell attachment and proliferation noted in groups subject to higher degree of thermal 

crosslinking (ambient-4 s and 6 s, and cold-4 s). Cell elongation and proliferation were thwarted in the high 

stiffness groups (ambient-8 s and 10 s, and cold-6 s, 8 s, and 10 s). Scale bar (bottom right) is common for 

all the images. Compared to 3T3 cells, the hASC demonstrated better adherence to the matrix than 3T3 

cells. Spheroid formation and better cell proliferation throughout 3D hydrogels were observed over a wider 

range of GelMA formulations. Scale bar (bottom right) is common for all the images. (b) Length of the 3T3 

cells and hASC within different GelMA formulations, which is dependent on the interaction of the pre-

photocrosslinking solution temperature and the UV exposure duration (p < 0.0001). Collective analysis of 

the stiffness and length measurements demonstrates that a stiffness in the range of 2-6 kPa is ideal for an 

elongated cell morphology. Within this range, the cells are more elongated in the presence of entangled 

polypeptide networks due to thermal crosslinking, as is in the case of cold-4 s constructs with 3T3 cells. 

Connecting letters from post hoc analysis are shown above the bars. Groups not having atleast one common 
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letter are statistically significantly different from one another (p < 0.05). (c) Macroscopic images and 

micrographs (blue: nucleus, red: actin) of select GelMA formulations with 3T3 cells and hASC after a week 

in culture. Comparison between warm-10 s and cold-4 s formulations that have similar stiffness (p > 0.05) 

shows that increasing the entanglements of polypeptide chains through thermal crosslinking prior to photo-

crosslinking improves matrix fidelity over time. Increasing the UV exposure duration can further improve 

matrix fidelity, as is evident from comparison between cold-4 s and 6 s groups. Overall, hASC, being more 

contractile than 3T3 cells, led to greater matrix deformation over time.  

 

Considering these cell length results in conjunction with the hydrogel stiffness analyses 

(Figure 2), it is evident that an optimal stiffness is needed to elicit cell elongation within the 

hydrogels. For 3T3 cells, the mean cell length was the highest and comparable (i.e., not statistically 

significantly different) at 6, 8 and 10 s of UV exposure within warm formulations, at 4 and 6 s of 

UV exposure within ambient formulations, and at 4 s of UV exposure within cold formulations. 

The stiffness of these six formulations ranges from 2-6 kPa. Across these, the 3T3 cells were the 

most elongated within the cold-4s formulation, despite this formulation possessing the highest 

mean stiffness among the group. A similar trend was noted with the hASC, except that the hASC 

demonstrated elongation in all the ambient formulations. A more elongated cell morphology of 

hASC and 3T3 cells in the ambient and cold GelMA formulations, despite the higher mean 

stiffness in these groups compared to the warm formulations, could be attributed to the presence 

of tighter crosslinking sites resulting from the initial thermo-reversible crosslinking, which could 

emulate the structure of collagen1,9. This indicates that the introduction of moderate degree of 

thermal crosslinking in the GelMA matrix prior to photo-crosslinking facilitates cell adhesion. It 

should also be noted that in the hydrogels with the highest stiffness (cold-8 s and cold-10 s), the 

cells could not remodel the surrounding GelMA matrix and exhibited a less elongated morphology. 
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This trend in stiffness-cell morphology relationship is consistent with literature37,38. At very low 

stiffness (warm-4 s and warm-6 s), formation of cellular spheroids was observed in groups with 

the lowest compressive stiffness (Figure 5(a)). This is because it was easier for the contractile 

fibroblasts to shear through the hydrogel matrix and clump together into distinct spheroids. The 

spheroids were larger in the groups subject to 4 s of UV exposure, which could be attributed to the 

greater compliance of the GelMA matrix at lower stiffness. Due to the higher degree of attachment 

and contractility, hASC also demonstrated spheroid formation in the ambient-4 s hydrogels. 

Similar to the cell length, the morphology of cell-laden GelMA constructs (select groups 

shown in Figure 5(c)) after week in culture was also significantly affected by the interaction of 

pre-photo-crosslinking solution temperature and UV exposure duration (p < 0.0001). Looking 

collectively at the results of the construct morphology and the hydrogel stiffness (Figure 2), it is 

evident that despite having similar stiffnesses (p > 0.05, refer to the post hoc analysis in Table 

S1), the warm formulations demonstrate significantly higher matrix deformation (p < 0.05) 

compared to the cold formulations, which could be attributed to the absence of tighter crosslinked 

networks necessary to strengthen the matrix. Conversely, the cold hydrogels were more stable, 

physiologically. For hASC and 3T3 cells, the cold-6s and cold-4 s formulations were optimum, 

respectively, in that these allowed for cell elongation while exhibiting relatively lower matrix 

contraction. However, in case of hASC, cells exhibited less elongated morphology in the cold-6 s 

formulation compared to cold-4 s formulation (p < 0.05).  

 

3.5 Gene expression of hASC encapsulated within GelMA hydrogels 

Among the groups studied so far, the warm-10 s and cold-4 s groups had demonstrated similar 

stiffness (Table S1) and cell elongation (Figure 5(b)) but substantially different construct 
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morphology (Figure 5(c)) due to the presence of entangled polypeptide networks (Figure 3). In 

addition, the warm-4 s group possessed the lowest stiffness (Figure 2 and Table S1). Therefore, 

it was deemed essential to compare the gene expressions between these groups. The results of 

qRT-PCR are presented in Figure 6. 

 

 

Figure 6. Results of qRT- PCR. Presence of GelMA matrix upregulated the stem cell marker CD44 (p < 

0.05). In addition, as the matrix stiffness increased, there was substantial upregulation of pro-inflammatory 

marker, ICAM1, and cell-matrix interaction markers, ITGA1 and ITGA10. Connecting letters from post 

hoc analysis are shown above the bars. Groups not having atleast one common letter are statistically 

significantly different from one another (p < 0.05).  

 

The results show that the presence of GelMA matrix facilitates maintenance of hASC stem 

potency as indicated by small (~1.8 fold) yet significant (p < 0.05) increase in adipogenic stem 

cell marker – CD44. This indication of cell encapsulation in hydrogels facilitating preservation of 

stem cell potency is consistent with literature38,39. In comparison, all the GelMA-containing groups 
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demonstrated a substantial increase (> 5 fold) in the expression of ICAM1, which is a cell-cell 

signaling marker that has been shown to be associated with pro-inflammatory immune responses40. 

Such a response can be utilized advantageously in applications where a pro-inflammatory response 

is desirable. For example, GelMA patches containing encapsulated hASC could potentially be used 

to home macrophages and T-cells to a diseased site such as a cancerous tissue. On the other hand, 

in GelMA constructs that are intended for use as an implanted tissue substitute, an over expression 

of ICAM1 may result in excessive killing of encapsulated cells in the tissues through macrophage 

infiltration. 

The GelMA hydrogels also demonstrated an upregulation of ITGA1 and ITGA10 that encode 

for collagen binding peptides. This is because the gelatin backbone in GelMA consists of similar 

adhesion peptide sequences that are found in collagen41. The upregulation of cell-matrix 

interaction was higher at higher matrix stiffnesses. Of note, although the matrix stiffness of warm-

10 s and cold-4 s groups is similar, upregulation of ITGA1 gene in cold-4 s constructs compared 

to warm-10 s constructs demonstrates that the presence of entangled polypeptide chains in cold-4 

s leads to an improved cell-matrix adhesion. In such a scenario, introducing some degree of thermal 

crosslinking in the matrix prior to photo-crosslinking could improve the cell adhesion 

characteristics. At higher stiffness, although there is upregulation of pro-inflammatory marker 

ITGA1, molecular or materials strategies can be considered to prevent homing of immune cells. 

For example, blocking the interaction of ICAM1 with its ligand40, lymphocyte function-associated 

antigen 1 (LFA1), or hybridization with other immune-isolative materials such as alginate42, can 

be used as effective tools to prevent migration of immune cells to the implanted GelMA-based 

tissue.  
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Depending upon the desired application of the hydrogels and the encapsulated cell type, 

future studies can investigate the effects of GelMA matrix characteristics on the upregulation of 

genes related to the differentiation of hASC43,44, or other functional characteristics such as ECM 

production45 and extracellular vesicle secretion46. Herein, transcriptomic profiling via RNA-Seq 

could also reveal a wider gambit of changes to the gene expression of the encapsulated cells47.  

 

3.6. Demonstration of the need to understand the critical process-structure-function interactions: 

A use-case for hybrid biofabrication using GelMA hydrogels  

Results so far have demonstrated how synergistic thermal and photo-crosslinking under 

appropriate processing conditions can lead to more functional GelMA hydrogels. As per the results 

and discussion in section 3.4, cold-6 s formulation resulted in the most stable hydrogel with good 

hASC elongation, while the warm-10 s formulation allowed for significant matrix remodeling that 

could be beneficial for cell elongation and proliferation. Hence, hydrogels of these two groups 

were investigated for engineering anisotropic constructs featuring uniaxial cell organization via 

UAB (Figure 7(a)).  

The results of cellular responses and morphology of constructs fabricated via UAB and 

cultured over a week are summarized in Figure 7(b). As expected, the anisotropically patterned 

hASC in the warm-10 s group significantly molded the hydrogel matrix and established cell-cell 

contacts and elongated morphologies along the principal direction of alignment of cellular arrays. 

Over a week in culture, the cells proliferated predominantly along the principal direction of the 

arrays, as indicated by the angular orientation of the cells, which primarily lies within ±45° with 

respect to the array (y-axis). However, this creation of anisotropy was accompanied by significant 

reduction in the size of the hydrogel constructs (p < 0.05), and a reduction in the spacing between 
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the neighboring arrays of cell (i.e., a reduction in the inter-array spacing, p < 0.05). In contrast, in 

the cold-6 s group, the cells were unable to establish the relevant cell-cell contacts and proliferated 

isotropically over time, thereby losing the desired anisotropic organization, which could be 

attributed to the limited compliance of the matrix and inhibited cell elongation. However, the low 

matrix compliance ensured that the size of the hydrogel constructs and inter-strand spacing was 

not significantly affected (p > 0.05).  

 

 

 

Figure 7. (a) Fabrication of anisotropic GelMA constructs via UAB. The GelMA bioink with cells is 

dispensed within the UAB setup, and a SBAW is generated within the bioink upon actuation of the 
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transducer. The resulting acoustic radiation forces acts on the cells to organize them along pressure nodes 

separated by half the wavelength of the applied ultrasound (i.e., the theoretical inter-array spacing (λ/2)). 

The GelMA is then either directly photocrosslinked (for warm GelMA formulations) or allowed to thermo-

reversibly crosslink prior to photocrosslinking (for cold GelMA formulations). After photocrosslinking, the 

petri dish is heated to 37°C (for cold GelMA formulations only, since warm GelMA formulations are 

already at 37°C), due to which, any non-photocrosslinked GelMA can be easily aspirated away, leaving 

behind the GelMA construct with anisotropically patterned cells. The representative confocal image on the 

right demonstrates prevalence of cell (hASC) patterning along the thickness of the construct. (b) Live/dead 

(L/D) analysis demonstrates 100% hASC viability in all groups after a week in culture. The warm-10 s 

formulation allowed for significant matrix remodeling, leading to enhanced cell elongation (higher length) 

and alignment (angle within ±45° w.r.t the strand (y-axis)) along the patterned strands, albeit with 

significant matrix contraction (p < 0.05) and reduction in the inter-array spacing (p < 0.05). In contrast, the 

cold-6 s formulation demonstrated lesser degree of cell elongation and alignment, but better construct 

fidelity and maintenance of inter-array spacing over a week in culture due to more restrictive matrix 

remodeling. Connecting letters from post hoc analysis are shown above the bars. Groups not having atleast 

one common letter are statistically significantly different from one another (p < 0.05). 

 

Although the cells in the cold-6 s group did not exhibit elongation along the principal 

direction of the strand, the density of cell packing may be an important factor to consider here. The 

process of cell patterning in UAB is gradual, in that cells traversing to the nearest pressure node 

under the action of acoustic radiation forces also experience viscous drag forces that resist their 

motion27. In cold GelMA formulations, the thermal crosslinking of the matrix is occurring 

concomitantly with the ultrasound-driven movement of the cells to their nearest SBAW pressure 

nodes. This leads to an increase in the matrix viscosity and drag forces on the cells, resulting in a 

lower degree of cell packing in aligned cellular strands at the pressure nodes, as seen in Figure 
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7(b) 26. The reduction in the establishment of cell-cell contacts thereby affects cell proliferation 

along the principal direction of the strand. In such scenarios, several UAB design and process 

parameters can be optimized27. For example, reducing the separation between the transducer and 

reflector, increasing the duration of transducer actuation, and increasing transducer vibration 

amplitude can result in higher cell packing density along aligned strands while preserving cell 

viability. Optimizing such process characteristics to allow cell elongation while maintaining 

construct fidelity will be in the scope of our future work. 

 

4. Discussion 

GelMA hydrogels are increasingly being used for a variety of biomedical applications owing to 

their suitable biocompatibility and chemical properties including reversible thermal crosslinking 

and covalent photocrosslinking, which allow tunability of their physical characteristics. This work 

aimed at elucidating the critical material-process-structure-function interrelationships, which can 

aid in future research to appropriately tune hydrogel characteristics for their desired applications.  

In the first phase, the effects of two key processing parameters (pre-photocrosslinking 

solution temperature and UV exposure duration) and GelMA composition (concentration and 

degree of substitution) on the matrix stiffness was investigated. Herein, the range of observed 

stiffnesses of the hydrogels spanning the three GelMA compositions fabricated under different 

processing conditions is relevant to a variety of tissues48. For example, the stiffness of warm 

hydrogels that did not undergo thermal crosslinking prior to photo-crosslinking is similar to the 

stiffness of very soft tissues such as brain, thymus, and pancreas (0.25 – 5 kPa), whereas the 

ambient and cold hydrogels that were subject to some degree of thermal crosslinking possess 

stiffness similar to that of iris, lung, spleen, and liver (5 – 15 kPa). In future, it is possible to create 
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hydrogels possessing even higher stiffnesses by altering GelMA composition or increasing the 

extent of thermal and photo-crosslinking, which would be relevant for orthopaedic tissue 

engineering applications as well as tumor-based cancer or fibrotic disease models1.  

The same concentration of photoinitiator was used across all hydrogel formulations in this 

work. But it should be noted that the photoinitiator concentration can impact the hydrogel 

stiffness1,11 by altering the amount of free radicals present to initiate photopolymerization. For 

example, for a given set of material composition and processing conditions, increasing the 

photoinitiator concentration will result in creation of more free radicals, thereby leading to an 

increase in photocrosslinking density and hydrogel stiffness49. In future, once the extent of thermal 

and photo-crosslinking has been optimized for a given application as per the framework described 

in this work, the amount of photoinitiator concentration can be optimized as per Beer-Lambert law 

for modeling the photoinitiation kinetics or by introducing UV-absorptive dyes within the GelMA 

formulation, to precisely control the extent of photo-crosslinking50,51. This can help achieve the 

desired degree of photo-crosslinking while avoiding any additional crosslinking with subsequent 

UV exposure. 

The microstructure (Figure 3) and cell and construct morphology assessment (Figure 5) 

studies in this work focused on a single composition of GelMA (80% DOS – 5% w/v). These 

characteristics will vary by composition. A formulation with higher GelMA concentration would 

provide more attachment moieties for the cells, but the increased matrix density would further limit 

matrix remodeling and cell elongation. In this scenario, the amount of thermal crosslinking can be 

increased by reducing the pre-photo-crosslinking solution temperature. Using a lower DOS matrix, 

in conjunction, can reduce the subsequent extent of photo-crosslinking. Future studies can 

characterize the relationships between matrix concentration and DOS, processing conditions 
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(degrees of thermal and photo-crosslinking), and key functional responses of cells (e.g., stem cell 

phenotype, differentiation, and preservation of anisotropy over time) following the framework 

herein.  

Results of the morphology of 3T3 cells and hASC (Figure 5(a,b)) and their corresponding 

constructs (Figure 5(c)) showed that the matrix stiffness and microstructure needs to be optimum 

to allow for cell elongation, proliferation and the maintenance of construct fidelity. For example, 

for hASC, in comparison to 3T3 cells, a GelMA hydrogel with higher stiffness and degree of 

thermal crosslinking was more appropriate to ensure maintenance of construct fidelity, while 

allowing the cells to elongate and proliferate within the matrices. Future studies on different cell 

types could perform similar screening experiments to those outlined in the present work, to find 

out the optimal thermal and photo-crosslinking modalities during processing. Furthermore, the 

differences in cell behavior due to differences in matrix microstructure and stiffness have relevance 

to different applications of GelMA including tissue engineering. Applications that require 

significant matrix remodeling (such as cardiac tissue development) or cell elongation to generate 

cell-cell synapses (such as smooth muscle formation) would benefit from a more compliant matrix, 

in which case, inducing lesser degree of thermal crosslinking may be beneficial34,52. However, 

most biofabricated soft tissues such as tendons, ligaments and cardiac muscle require prolonged 

culture in a bioreactor, preferably under perfusion and dynamic loading conditions52,53. Herein, 

less stiffer hydrogels such as the warm-10 s formulation are likely to degrade or rupture under the 

dynamic culture conditions. This has direct relevance to the anisotropic tissue biofabrication 

approach highlighted in Figure 7. Herein, along with a balance of thermal and photo-crosslinking 

to promote matrix longevity, the packing density of the cells along the arrays (Figure 7) would 

also need to be optimized (e.g., by appropriately increasing the SBAW pressure or ultrasound 
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exposure duration) in order to establish the necessary cell-cell contacts to promote cell elongation 

along the arrays, eventually leading to matured tissue constructs with the desired shape-fidelity 

and anisotropic biomechanical characteristics.  

Similarly, an optimal balance between the extent of thermal and photo-crosslinking may be 

desirable for delivery of therapeutics (e.g., drugs, cells, cell-derived exosomes, etc.) wherein the 

release of encapsulated cargo depends upon the rate of matrix degradation and swelling. Lower 

degree of thermal crosslinking would lead to higher rate of matrix degradation and swelling36. As 

such, the thermal crosslinking and resulting matrix degradation and swelling properties would have 

to be optimized to match the desired rate of cargo delivery for a given therapeutic application36.  

In contrast, investigations into cell spheroid synthesis applications could utilize direct photo-

crosslinking of hydrogels without inducing any prior thermal crosslinking, and the size of self-

assembled spheroids could be controlled by fine-tuning the UV exposure duration. In the cell and 

hydrogel constructs morphology studies, cell aggregation was observed as early as day 3 in culture, 

and the spheroids continued to grow and fill the hydrogel matrix over time. These spheroids could 

be extracted out of the well plates as soon as they have reached the desired size, washed, and 

further maturated in separate culture plates, before their utilization in variegated applications 

including tissue biofabrication, disease modeling, and drug discovery. For other applications 

requiring maintenance of tissue-specific shape, which is highly relevant for multi-layered 

biofabrication approaches, the matrix properties need to be optimized such that the matrix does 

not deform over time in culture and the cells are able to attach and proliferate appropriately54–56.  

As seen in these results, introducing some degree of thermal crosslinking in GelMA matrices 

prior to photo-crosslinking improves cell elongation (Figure 5(b)) and construct fidelity (Figure 

5(c)). Currently, thermal crosslinking is primarily utilized in extrusion bioprinting approaches 
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wherein the GelMA bioink is usually allowed to thermally crosslink at lower-than-physiological 

temperatures in the printhead prior to printing. This imparts the desired viscoelasticity to the bioink 

and enables shear-thinning to facilitate extrusion through the narrow nozzle while shielding the 

cells from associated shear forces57,58. However, inducing thermal crosslinking may be challenging 

with beam scanning and mask projection stereolithography in which, the substrate moves vertically 

(up or down) through a vat of liquid resin to facilitate layer-wise selective photo-crosslinking of 

the construct59. For two-photon lithography and volumetric bioprinting, however, imparting some 

degree of thermal crosslinking may be feasible as long as the thermally crosslinked hydrogel is 

transparent to the incident light51,60.  

  

5. Conclusions  

The effects of thermal crosslinking and photo-crosslinking during biofabrication by 

controlling the pre-photo-crosslinking solution temperature and duration of UV exposure, 

respectively on the microstructural, mechanical, and biological properties of the GelMA hydrogels 

were characterized in this work. The results show that enhancing the extent of thermal crosslinking 

prior to photo-crosslinking increases the matrix entanglement, thereby improving the stiffness and 

long-term robustness of the hydrogels. Herein, the (80% DOS – 5% w/v) GelMA formulation 

demonstrated the widest range of stiffness, and constructs fabricated using GelMA solution at low 

pre-photo-crosslinking temperature (10°C) and moderate UV exposure durations (6, 8 s) allowed 

the hASC and 3T3 cells to proliferate throughout the matrix, while maintaining the fidelity of the 

biofabricated constructs. The capability to undergo both thermal and photo-crosslinking expands 

the applicability of GelMA hydrogels for a variety of biomedical applications. However, it is 

equally important to understand the nuanced effects of the extent of thermal and photo-crosslinking 
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on the functionality of the biofabricated tissues, as was demonstrated using the ultrasound-assisted 

anisotropic tissue biofabrication experiments in this work.  
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