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Abstract

Synthetically-modified proteins, such as gelatin methacryloyl (GelMA), a.k.a. gelatin methacrylate 

or gelatin methacrylamide, are growing in popularity for bioprinting and biofabrication. GelMA is 

a photocurable macromer that can rapidly form hydrogels, while also presenting bioactive peptide 

sequences for cellular adhesion and proliferation. The mechanical properties of GelMA are highly 

tunable by modifying the degree of substitution via synthesis conditions, though the effects of 

source material and thermal gelation effects have not been comprehensively characterized at lower 

concentration gels. Herein, we investigate the effects of animal source and processing sequence on 

scaffold mechanical properties. Hydrogels of 4-6 wt% were characterized. Depending on the 

temperature at crosslinking, the storage moduli for GelMA derived from pigs, cows, and cold-

water fish range from 723-7340 Pa, 516-3484 Pa, and 294-464 Pa, respectively. The maximum 

storage moduli are achieved only by coordinated physical gelation and chemical crosslinking. In 

this method, the classic physical, thermo-reversible gelation of gelatin occurs when GelMA is 

cooled below a thermal transition temperature, which is subsequently ‘locked in’ by chemical 

crosslinking via photocuring. The effects of coordinated physical gelation and chemical 

crosslinking are demonstrated by precise photopatterning of cell-laden microstructures, inducing 

different cellular behavior depending on the selected mechanical properties of GelMA.
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INTRODUCTION

The native extracellular-matrix (ECM) is comprised of many macromolecules, providing a 

tissue-specific environment for cellular interaction, function, differentiation, and 

proliferation.1 The most abundant protein present in ECM is collagen, characterized by 

triple-helix fibrils with diameters ranging from approximately 12 to 500 nm.2–3 These fibrils 

provide key structural support in the ECM, and possess bioactive peptide sequences for cell 

adhesion and proliferation.4–5 Furthermore, collagen plays a role in cell differentiation and 

regulation, suggesting the integration of collagen into bio/synthetic matrices may be critical 

to achieve physiologically accurate tissue function.6–7 Specifically, tuning collagen 

concentration and matrix stiffness has been shown to affect lineage specification and 

activation of mesenchymal stem cells due in part to resultant cell morphology, focal-

adhesion structure, and the binding of integrin adhesion receptors to available ECM 

components.8–10 Unfortunately, collagen is neither easily chemically-modified nor 

processible. Modification of collagen is primarily limited by availability of accessible 

functional groups, e.g. free amines, thus requiring more complex modification strategies to 

generate the desired macromers.11–14 Collagen exhibits thermal gelation reversibility, 

limited mechanical strength, batch-to-batch variability, and high cost. To address these 

disadvantages, collagen triple helices can be denatured or chemically-modified. Gelatin—the 

product of hydrolyzing collagen—is a single strand biopolymer containing lysine groups, 

presenting free amines, that can be modified to create a processible biopolymer.15 Gelatin 

methacryloyl (GelMA), a.k.a. gelatin methacrylate or gelatin methacrylamide, is a 

methacrylate-functionalized gelatin that can undergo free radical polymerization.16–18. The 

mechanical properties of GelMA are tunable by changing the crosslink density via 
controlling the degree of substitution (DS) during synthesis, changing the weight percent 

solids in the desired hydrogel, amount of photoinitiator, and processing conditions, such as 

temperature or irradiation power. Basic mechanical properties of thermally gelled and 
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photocured GelMA have been characterized and typical GelMA moduli lie within a suitable 

range for tissue engineering (<100 Pa to 30 kPa).16, 19–21

Gelatin obtained via hydrolysis of collagen sourced from different animals are known to 

have different physical and chemical properties.22–24 The most widely used gelatins for 

GelMA synthesis is derived from bovine and porcine collagen, though cold-water fish 

derived gelatin has been explored for temperature sensitive applications due to its much 

lower melting point.25–27 Gelatin is hydrolyzed from collagen through acidic, alkaline, or 

enzymatic methods. Type-A gelatin is obtained through acidic hydrolyzation of collagen, 

and type-B gelatin originates from alkaline hydrolysis.22 Treatment processes can affect 

final properties of gelatin and GelMA, resulting in a range of physico-chemical properties 

and available functional groups for modification.28–29 Type A gelatin has been reported to 

have more free carboxyl groups and a higher isoelectric point compared to type B. Porcine 

skin gelatin is most commonly type A and bovine skin gelatin is most often type B. Gelatin 

from different animal sources is also reported to have different amino acid contents, 

molecular weights, and isoelectric points.25, 28 These characteristics have been analyzed in 

unmodified gelatin, comparing porcine, bovine, and piscine originated materials.28, 30 

Mammalian gelatin is well characterized, exhibiting Bloom strengths, higher imino acid 

content, and higher molecular weights when compared to cold-water fish gelatin.30 

Furthermore, when comparing mammalian gelatin from porcine and bovine sources, porcine 

gelatin has higher glycine and proline content, as well as higher gel strength.28 Most gelatin 

characterization is motivated by applications in the food science field as an additive, 

stabilizer, or clarifying agent.15, 31 Studies directed toward modified gelatin for tissue 

engineering applications are distributed across many reports, though information on 

unmodified gelatin remains valuable as many unmodified gelatin properties are conserved in 

GelMA.

Processing and operational temperature also play important roles in the mechanical 

properties of GelMA hydrogels. GelMA, like gelatin, undergoes physical gelation at a sol-

gel transition temperature. When gelatin is cooled below the gel point, it undergoes a 

conformational transition from a coiled polymer to a helical collagen-like structure.32–34 

Weak hydrogel bonds form between gelatin and water, creating a disorganized nest of partial 

helices and trapped water. This gel will revert to solution once heated above the transition 

temperature. Although gelatin hydrogels have mechanical properties that would be 

appropriate for a 3D tissue engineering, applications are limited due to the material returning 

to liquid form at human core body temperatures (37°C).

By comparison, GelMA hydrogels can maintain favorable physical properties across a wider 

temperature range, due to the presence of irreversible covalent crosslinks. As GelMA 

hydrogel properties are highly process dependent, reports of the mechanical properties are 

poorly consolidated and vary due to processing variables such as gelatin source, synthesis 

methods, concentration, polymerization temperatures, etc.16–18, 20, 23, 35–38 GelMA 

undergoing physical gelation followed by chemical crosslinking has been described 

previously by Rizwan et al. as a method to fabricate stiff, patterned substrates for use in 

corneal tissue engineering.39 This group briefly reported mechanical properties of physical 

and chemically crosslinked ‘GelMA+’ synthesized from type A gelatin with unreported 
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Bloom strength. They used compressive testing to confirm an 8-fold increase in mechanical 

strength as compared to chemical crosslinking alone, testing GelMA concentrations of 10 wt

% and higher with 0.5 wt% Irgacure 2959 photoinitiator. Zaupa et al. also reported an 

increase in compressive modulus upon physical and chemical crosslinking, including a 15-

fold increase for bovine-derived GelMA with a 220 g Bloom strength at a 10 wt% 

concentration with 0.2 wt% Irgacure 2959 photoinitiator.7 Compressive modulus of 

materials physically and chemically crosslinked were also assessed at a 40 wt% 

concentration with 0.5 wt% Irgacure for applications in creating microspheres for cell 

experiments.40 Most recently Park et al. demonstrated the temperature effects on the 

mechanical properties of GelMA, specifically analyzing type A porcine-derived GelMA 

with a 300 g Bloom strength and a 60% DS.41 All reported measurements by Park et al. 
were made at a 35 wt% concentration hydrogels, which exceeds commonly demonstrated 

ranges for 3D cell cultures and bioprinting. Many prior reports investigate dual crosslinking 

at high concentrations (>10 wt%), which is not particularly useful for embedded cell 

proliferation and organization in vitro. Low concentration GelMA, around 5%, with lower 

DS has been reported to better support embedded cell proliferation, sprouting, and network 

formation, particularly for vasculature cells. 17, 21 Accordingly, we seek to expand on that 

report by investigating a range of GelMA concentrations and sources more suitable to 3D 

cell culture and bioprinting. Other methods for enhancing mechanical properties of GelMA 

have been reported, primarily by adding additional materials for reinforcement. Examples 

include PEG-derivatives, bioglass, graphene oxide, alginate, and even unmodified gelatin.
36, 42–47

Herein, we take advantage of the unique properties enabled by physical gelation by 

coordinating thermal and chemical crosslinking to achieve both physically and covalently 

crosslinked GelMA hydrogels. GelMA is thermally annealed at 4°C to induce substantial 

thermal gelation, and subsequently photocured to create chemical crosslinks. When GelMA 

is chemically photopolymerized while in the gelled state, otherwise temporary complex 

structures and hydrogel bonds are ‘locked in’ by chemical crosslinks. Therefore, a stiffer 

hydrogel is formed, with physical and chemical crosslinks conserved at body temperature. 

This phenomenon may explain variations in reported GelMA mechanical properties, as 

consistent temperature conditions are not always reported in published studies. Furthermore, 

we utilize coordinated physical gelation and chemical crosslinking and chemical 

crosslinking alone to pattern scaffolds, resulting in proximal scaffolds with variable 

mechanical properties created with the same precursor material. We characterize the 

rheological properties of GelMA hydrogels with coordinated physical gelation and chemical 

crosslinking at low concentrations suitable for tissue engineering scaffolds. We demonstrate 

the ability to tune mechanical properties of GelMA in three ways: varying available 

methacryloyl groups to form covalent crosslinks, the selection of gelatin animal source, and 

processing temperatures. We also use thermal processing and photolithography to pattern 

GelMA and analyze the morphology of human dermal fibroblasts in response to varying 

scaffold stiffnesses. Lastly, we demonstrate the effect of thermal processing of GelMA on 

the proliferation of integrated cells by analyzing the sprouting and expansion of embedded 

tissue spheroids.
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Through characterizing the mechanical properties of GelMA synthesized with different 

gelatin animal sources and degrees of substitution, as well as polymerized at different 

temperatures, we offer a consolidated report of the many metrics that must be taken into 

consideration when using GelMA for biomedical applications. Even further, we demonstrate 

the utility of tuning these metrics to elicit different cellular responses from both adherent and 

embedded cells.

RESULTS & DISCUSSION

The chemical and physical properties of unmodified gelatin from different animal sources 

has been reported, and a wide range of mechanical properties has been achieved.28, 30–31, 38 

Particular attention has been paid to the difference between cold-water fish and mammalian 

derived gelatins.30–31 Not only are differences apparent in the rheological properties, but 

also in amino acid composition, Bloom strength, and isoelectric point. This information for 

the most common gelatin is provided in Table 1.

Bloom strength is a metric to define the strength of a gel, defined as the weight in grams 

required to depress a plunger into a gelatin sample by 4mm.48 Gelatin must be cooled at 

10°C for 16-18 hours prior to a Bloom test. Cold-water fish gelatin does not gel at 10°C, 

therefore Bloom strength is not reported. We observed each gelatin source varies in color, 

opacity, powder consistency, and solubility (data not shown). We have quantitatively 

demonstrated characteristics specific to origin and processing method for multiple GelMA 

types and degrees of substitution by colorimetric assays to quantify available primary 

amines and oscillatory rheology for mechanical property characterization. A key feature 

differentiating mammalian derived GelMA from cold-water fish derived GelMA is the 

ability to form reversible physical gels at temperatures above 10°C, which can be exploited 

to tune the physical properties of GelMA hydrogels. We demonstrate ‘locking in’ of the 

physical networks typically only present below the sol-gel transition temperature, through 

successive chemical crosslinking via photocuring (Figure 1). The rheological and swelling 

properties of GelMA hydrogels that underwent coordinated physical gelation and chemical 

crosslinking were compared to those just photocured. The application of the coordinated 

crosslinking technique was demonstrated with human cells cultured on 2D patterned gels, as 

well as proliferation and migration from embedded tissue spheroids.

Degree of substitution.

We used a conventional trinitrobenzene sulfonic acid (TNBSA) assay to quantify free 

primary amines in unmodified and modified gelatin. For unmodified gelatin samples from 

different animal sources, porcine had the most available free amines and piscine had the 

least available free amines (Figure S2b). Available primary amines may be attributed to 

processing technique, Bloom strength, and molecular weights of unmodified gelatin. It has 

been previously reported that gelatin with different Bloom strength, from different suppliers, 

has differing lysine content, identifying a direct correlation between Bloom strength and 

lysine content.49

GelMA was synthesized with different amounts of methacrylic anhydride, referred to as 

‘Low’ (93.75 μL MA, or 0.63 μM MA, per g Gelatin, ‘Mid’ (375 μL MA, or 2.5 μM MA, 
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per g Gelatin) and ‘High’ (750 μL MA, or 5.0 μM MA, per g Gelatin). DS was calculated 

from the ratio of free amines in modified gelatin and unmodified gelatin. DS increases for 

increasing amount of methacrylic anhydride, except for piscine GelMA, which showed 

similar DS for the medium and high amount of methacrylic anhydride, added (Figure S2a). 

The maximum DS for piscine GelMA was determined to be around 75%. Furthermore, 

considering porcine and bovine GelMA consisted of similar degrees of substitution for 

reaction condition and the available free amines were highest in porcine GelMA, porcine 

GelMA must consist of the most available groups to be covalently crosslinked at the same 

reaction conditions. This finding is consistent with rheological data collected. GelMA 

synthesis reaction parameters have been tuned via buffer pH adjustment to ensure reaction 

conditions are optimized depending on the isoelectric point of gelatin.50 Considering 

isoelectric points for type A and type B gelatin vary, reaction conditions can be optimized 

depending on these values to increase DS. The range of DS is relatively small in this study, 

with the lowest DS higher than 25%, as compared to other studies, which report DS as low 

as 7%.18, 51 Very low DS GelMA, at a low concentration, will not reach an extent of 

crosslinking necessary to form a solid gel to support cell culture or micropatterning; 

therefore, we restricted the DS to values in which a free-standing hydrogel could be formed.

Crosslinking kinetics of GelMA derived from different animal sources.

The crosslinking kinetics of GelMA from each animal source at Low, Mid, and High DS was 

measured using a parallel plate rheometer with UV curing accessories. The GelMA samples 

were photocured at 5 mW·cm−2 for 300 seconds. GelMA samples were tested at a 

concentration of 5 wt% with 0.5 wt% Irgacure 2959 photoinitiator. This concentration was 

chosen due to the favorable embedded cell properties at low weight percent GelMA, 

allowing cell outgrowth and sprouting depending on cell type.17, 52–54 High weight percent 

hydrogels often result in limited cell migration and proliferation, longer degradation times, 

limited remodeling, and poor bio-integration. Before curing, samples were stored at 37 °C, 

as to be in a sol phase. Upon exposure to UV light, samples cured over time as demonstrated 

by the increasing storage modulus (G’) (Figure 2a–c). The cure points were calculated by 

taking the second derivative of the storage modulus (G’), defining where the rate of increase 

of the storage modulus (G’) begins to decrease (Figure S6b). The gel points were determined 

by identifying where the loss modulus (G’’) and storage modulus (G’) intersect (tan(δ) = 1) 

(Figure S6a). Although gel points are informative for defining the transition of GelMA from 

a liquid to a solid material, we consider curing points more appropriate for discussion in this 

study. Cure points are a more suitable metric for defining the UV exposure necessary to 

achieve a solid scaffold that is freestanding, defined the end of the curing process, and can 

support 3D cell culture. The higher the curing point, the longer it takes the material to 

polymerize, which is a critical parameter for 3D tissue engineering and bioprinting. We 

found that piscine GelMA had higher curing points at all degrees of substitution compared 

to porcine and bovine GelMA. We also found that for bovine GelMA, the curing point was 

highest for the lowest DS. The curing point is important to consider when utilizing 

biopolymers with living cell populations for tissue engineering. Most 3D bioprinters operate 

in a UV intensity between 0 and 30 mW·cm−2. Moreover, 3D bioprinters that additively 

generate structures, i.e. consist of many consecutive layers cured using a flood lamp, require 

fast curing materials to limit the radiation dose delivered to the resident cell populations. To 

Young et al. Page 6

Macromol Biosci. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maintain bioprinting capability and cell viability with reasonable curing points, it is 

important to rapidly polymerize scaffolds at low light intensity. Using the same 

measurement technique, we calculated the curing point necessary for samples at increasing 

UV intensities. For all tested GelMA compositions, curing points are less than 30 seconds 

when cured at 30 mW·cm−2 (Figure 3). Low DS piscine gels took longer than 30 seconds to 

cure when exposed to UV light at less than 25 mW·cm−2. For all other GelMA 

compositions, curing points were longer than 30 seconds when UV light intensity was below 

15 mW·cm−2.

Storage moduli of GelMA from different animal sources.

Storage moduli for GelMA synthesized from porcine, bovine, and cold-water fish gelatin 

sources were measured over a range of frequencies using a parallel plate rheometer. After 

curing using a UV rheometer accessory, a frequency sweep was performed from 0.1 Hz to 

10 Hz at 1% strain at room temperature. All GelMA samples demonstrated consistent 

storage modulus (G’) measurements across the entire frequency sweep (Figure S3). Storage 

modulus (G’) values were averaged across frequencies and compared to determine changes 

in mechanical properties across GelMA samples from different animal sources and degrees 

of substitution (Figure 4a–c). Rheological analysis was also performed at 37°C, with results 

collected at room temperature versus cell culture temperature in similar ranges, confirming 

conclusions drawn from rheological characterization at room temperature can be applied to 

cellular assays performed at 37°C (Figure S13). Storage modulus (G’) data agreed with 

TNBSA measurements, demonstrating that more available crosslink groups results in gels 

with a higher storage modulus (G’). Generally, storage moduli (G’) are lower for GelMA 

synthesized from gelatin with lower molecular weights and available crosslink groups. For 

all degrees of substitution, porcine GelMA had the highest storage moduli compared to other 

animal source. High and mid degrees of substitution did not have significant changes in 

storage modulus (G’) for porcine GelMA, and both were significantly higher than porcine 

GelMA with the lowest DS. Bovine GelMA did not have significantly different storage 

moduli with different degrees of substitution, suggesting available methacrylate groups 

affects time to gel but not final mechanical properties for GelMA. Piscine GelMA had the 

lowest storage moduli for all degrees of substitution, with non-significant differences in 

storage moduli for high and mid degrees of substitution, and the lowest storage modulus 

(G’) of all the samples for the low DS gels. Consequently, crosslinking kinetics and final 

material properties are different for GelMA from different animal sources and with different 

degrees of substitution.

Coordinated physical gelation and chemical crosslinking in GelMA.

Free-radical photopolymerization of GelMA results in chemical crosslinks between 

methacrylamide and methacrylate groups on the gelatin backbone.55–56 This randomly 

organized crosslinking strategy results in hydrogels that have proportionally stronger 

mechanical properties with higher available crosslinks, controlled by the DS during 

synthesis or the available free amines for modification in gelatin.18 Storage modulus (G’) is 

highest for GelMA hydrogels with the highest DS. When crosslinked above the sol-gel 

transition temperature, these covalent crosslinks are the determining factor for final 

mechanical properties. When below the sol-gel transition temperature, gelatin undergoes 
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physical gelation, where the gelatin backbone attempts to reorient into a partially coiled 

collagen-like structure. This is characterized by a mixture of coil-like structures, as well as 

random weak hydrogen bonds between gelatin backbones. This gel will revert to liquid upon 

heating above the transition temperature in gelatin. Interestingly, GelMA demonstrates 

physical gelation, much as unmodified gelatin, and available methacryloyl groups can 

facilitate chemical crosslinking after physical gelation. This results in a final gel that 

maintains physical bonds due to backbone proximity being conserved by chemical 

crosslinks. With rheological frequency sweeps collected as described previously, it is 

demonstrated that GelMA photocured after incubation at 4°C degrees (after physical 

gelation) has up to an 8x higher storage modulus (G’) compared to chemical crosslinking 

alone (Figure 4a–c). Porcine GelMA hydrogels remain stronger than bovine GelMA 

hydrogels, consistent with rheological data of chemical crosslinking alone, which is as 

expected considering porcine gelatin has both a larger Bloom strength and more available 

groups for chemical crosslinking. Piscine GelMA hydrogel’s mechanical properties are the 

same regardless of polymerization after incubation at 37°C or 4°C because physical gelation 

does not occur. Differences in mechanical strength due to DS is conserved when 

polymerized after physical gelation. Porcine GelMA trends were consistent, with GelMA 

consisting of higher degrees of substitution possessing a higher mechanical strength under 

coordinated crosslinking. Bovine GelMA with coordinated crosslinking also demonstrates 

mechanical properties that are not significantly different for samples with different degrees 

of substitution.

Initial storage moduli for porcine and bovine GelMA is between 100 and 1000 Pa due to 

physical gelation of the sample prior to testing (Figure 4d–f). Although increased DS results 

in stronger gels after chemical crosslinking, samples that are only physically gelled exhibit 

the inverse response. GelMA with higher degrees of substitution result in softer gels when 

only undergoing physical gelation. This may be due to methacryloyl groups impeding 

random physical bonds, causing a weaker network in GelMA with higher degrees of 

substitution.

Swelling properties of GelMA.

Crosslink density and molecular weight between crosslinks is directly correlated to water 

content in a hydrogel, affecting the diffusion of nutrients and the mesh size, which 

influences cell migration and adhesion.57–58 Swelling properties were used to determine the 

molecular weight between crosslinks (Mc) for GelMA from different animal sources and 

with different degrees of substitution (Figure S7). Swelling ratio (Q) was calculated using 

the weight of the swollen gel (Ws) and the weight of the dry gel (Wd) with Equation 1:

Q = Ws
Wd

(1)

GelMA polymerized at 37 °C demonstrated higher swelling ratios then those calculated for 

GelMA polymerized at 4 °C, except for piscine GelMA, which remained the same (Figure 

S7). The Mc was calculated using Equation 2 derived from the Theory of Rubber Elasticity:
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Mc = 1
G

cRTQ−1/3 + 2
Mn

(2)

Using the measured shear modulus (G) and swelling ratio (Q), the defined concentration (c) 

and molecular weight (Mn) of GelMA, as well as the universal gas constant (R) and absolute 

temperature (T), we can determine Mc for each GelMA sample processed at different 

crosslinking conditions. Molecular weight values were determined based on ranges 

determined from Bloom strength provided from the supplier (Table 1). While the Theory of 

Rubber Elasticity may not fully describe the crosslinking and gelation mechanism of the 

described system, it has been used previously to describe Mc in thermally-gelled gelatin59–61 

and to quantify the Mc in covalently-crosslinked GelMA and other covalently-crosslinked 

hydrogels.62–65 Further exploration of the synergistic or interfering effects of concurrent 

covalent and physical crosslinking may offer valuable insight into the fundamental 

development of GelMA hydrogels and may be explored in future efforts. Herein, we report 

the calculated Mc from both rheological and swelling characterization for GelMA hydrogels 

derived from different animal sources and processed at different temperatures. The 

molecular weight between crosslinks were higher for GelMA polymerized after incubation 

at 37 °C compared to GelMA polymerized after incubation at 4°C (Table 2). The difference 

in molecular weight between crosslinks between the same GelMA materials crosslinked at 

different temperature is described as ΔMc, with the percent increase of Mc for GelMA 

polymerized at 37° compared to Mc for GelMA polymerized at 4°C shown in parentheses. 

Photocuring porcine gelatin, after incubation at 37°C, resulted in a greater than 200% 

increase in Mc. For the same conditions, bovine GelMA exhibited an 86% increase. Piscine 

values were similar with only a 10% change calculated between processing temperatures. 

These calculations confirm that porcine and bovine GelMA with coordinated physical and 

chemical crosslinking have shorter molecular weight between crosslinks, increased crosslink 

density, and reduced mesh size, resulting in less swelling. This dense network contributes to 

much higher storage moduli when compared to samples chemically crosslinked alone, 

suggesting that GelMA that undergoes consecutive physical gelation and chemical 

crosslinking increases crosslink density.

Effect of processing temperature during chemical crosslinking of GelMA.

The rheological properties of porcine GelMA photocured after incubation at 37°C and 4°C 

was characterized under a temperature sweep from 4°C to 50°C to investigate the effect of 

processing temperature on the subsequent properties of the GelMA hydrogels. Specifically, 

we aimed to investigate if any reversible physical gelation of GelMA was still exhibited after 

photocuring (Figure 5). Photocuring after incubation at 4°C increased the storage modulus 

(G’) compared to photocuring after incubation at 37°C. For comparison, we calculated the 

percent change in the storage modulus (G’) between the peak temperature (50°C) and 

minimum temperature (4°C). GelMA hydrogels created from materials with low DS 

exhibited the greatest difference in storage modulus (G’) across the temperature sweep. For 

Low GelMA hydrogels photocured after incubation at 4°C and 37°C, the change in storage 
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modulus (G’) was 21% and 81%, respectively. A similar trend was exhibited for both the 

Mid and High GelMA hydrogels. This effect is attributed to the conserved ability for the 

GelMA hydrogels to undergo reversible physical gelation. Specifically, in GelMA hydrogels 

that have coordinated physical gelation and chemical crosslinking, i.e. photocured after 

incubation at 4°C, the initial physical gelation “pre-organizes” the GelMA and a lesser 

variation in storage modulus (G’) is exhibited.

Furthermore, increasing the DS reduces the storage modulus (G’) difference across the 

temperature sweep for GelMA hydrogels that have coordinated physical gelation and 

chemical crosslinking. This may be attributed to the higher degree of substitution, i.e. 
increased crosslink density, acting as an irreversible means to “lock in” the physically gelled 

state; therefore, lesser re-organization occurs during the temperature sweep. Interestingly, 

High DS GelMA polymerized after incubation at 4°C shows a change in storage modulus 

(G’) of 49%. This can be attributed to fewer bonds due to physical gelation as compared to 

Low and Mid DS. As discussed previously, when only physically gelled at 4°C, GelMA with 

the High DS has a lower storage modulus (G’) when compared to Low and Mid DS, due to 

methacryloyl groups impeding the formation of physical bonds upon gelation. Therefore, for 

GelMA with coordinated physical gelation and chemical crosslinking, chemical crosslinks 

are in a much higher abundance than physical bonds. This phenomenon may explain the 

higher change in storage modulus across a temperature sweep when compared to the change 

in storage modulus for GelMA with a lower DS. In contrast, in GelMA hydrogels that do not 

have coordinated physical gelation and chemical crosslinking, i.e. photocured after 

incubation at 37°C, there is an inverse relationship between DS and change in storage 

modulus (G’) across the temperature sweep. This supports the reasoning that the lower 

crosslink density for low DS hydrogels increases the degrees of freedom for the GelMA to 

form a physical gel. Overall, GelMA with coordinated gelation and crosslinking shows a 

lesser change in storage moduli over the temperature sweep when compared to GelMA with 

chemical crosslinking alone.

Human dermal fibroblast morphology on porcine GelMA.

Scaffold mechanical properties play a key role in cellular proliferation, differentiation, 

adhesion, and migration. Tissues have different storage moduli, ranging from 0.5 to 20000 

kPa for fat and bone, respectively.66–67 One way to characterize cellular response to 

substrate stiffness is through determining morphological patterns and cytoskeletal 

organization. We observed human dermal fibroblast (HDFn) response to GelMA stiffness, 

modulated by temperature at crosslinking. HDFn actin structure distribution and 

proliferation rates have been shown to vary depending on scaffold properties.68–70 HDFns 

were seeded on polymerized porcine GelMA scaffolds and morphological properties were 

quantified to demonstrate a cellular response to substrate stiffness. High DS porcine GelMA 

at a low concentration of 4 wt% were used for this analysis. We selected 4 wt% GelMA 

because concentrations of 5 wt% or less, while difficult to bioprint due to low viscosity, 

demonstrate improved cellular viability, sustained proliferation, and exhibit modulus ranging 

from 0.25-1.5 kPa.71–75 In our experiments, scaffolds polymerized at 4°C possessed 

coordinated physical gelation and chemical crosslinking, resulting in a stiffer scaffold. 
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HDFns seeded on coordinated gelation and crosslinked scaffold demonstrated an elongated 

morphology (Figure 6a).

Alternatively, HDFns seeded on GelMA scaffolds polymerized above the gel point at 50°C, 

demonstrated a round morphology (Figure 6b). The morphology of the cells cultured on 

different scaffold stiffnesses were quantified by determining the aspect ratio, where an 

aspect ratio of 1 described a circular cell. Cells growing on the softer surface, polymerized at 

50°C, had a significantly lower aspect ratio compared to cells grown on stiffer scaffold that 

was polymerized at 4°C (Figure 6c).

Spatial organization of cells was also demonstrated through patterning scaffold 

polymerization at different temperatures using a photomask. A porcine GelMA scaffold was 

cooled to 4°C and polymerized under a striped photomask, heated to 50 °C, and 

repolymerized without a photomask. This resulted in lines of softer GelMA alongside stiffer 

GelMA (Figure 7d). The cellular morphologies observed on stiff or soft scaffolds (Figure 

7a–b) can be seen along patterned lines corresponding to crosslinking conditions during 

photomasking (Figure 7c). Through these results, we can conclude that photomasking with 

coordinated gelation and crosslinking is a suitable method for patterning stiff substrates 

alongside much softer substrates without requiring multiple materials. Microfabrication of 

unique structures with variable stiffnesses has utility in the fabrication of biomimetic cell 

culture scaffolds, specifically for co-culture models and controlling stem cell fate via 

material stiffness.76–77 Typically, scaffold patterning with variable stiffness requires multiple 

precursor materials and fabrication steps, limiting resolution and feasibility. Pairing 

traditional GelMA photo-crosslinking with coordinated gelation and crosslinking provides a 

new tool for spatially patterning hydrogel scaffolds for tissue engineering applications in 2D 

and 3D.

MDAMB231 Spheroid Outgrowth in GelMA.

Cells respond to environmental conditions much differently when adherent in 2D compared 

to embedded in 3D.78 Adherent cells grown on 2D surfaces tend to polarize and spread 

depending on substrate properties, and form planar protein adhesions to the culture surface. 

Alternatively, in 3D cultures cells have no prescribed polarity and can spread in any 

direction depending on available adhesion proteins and chemical gradients. Due to the 

highly dynamic nature of 3D culture, and tendency for cells to migrate and spread, scaffold 

considerations are much different in 3D compared to 2D cultures. Cells embedded within 

scaffolds are limited in size, shape, and proliferation capabilities depending on the matrix 

material properties, crosslinks, bioactive groups, and water content. Without the conditions 

necessary for cell invasion and proliferation into a scaffold, cells will remain spherical and 

will not interact with the surrounding matrix to provide a dynamic tissue structure despite 

maintaining high viability.17 Cellular response to surrounding matrices are of importance 

when designing scaffold structures for tissue engineering or bio-integration applications. 

Despite GelMA possessing RGD groups, which allow cells to integrate and adhere to the 

scaffold, without the appropriate porosity, water content, and mechanical properties, 

dynamic integration of cellular networks will not be achieved. Even further, optimal 

environments for cell proliferation varies depending on cell type and desired application. 
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Some cells prefer softer matrices, while others display peak activity in matrices with stiffer 

and denser fibers.79–80 The tunable nature of GelMA depending on material source, DS, 

concentration, and processing temperatures suggests broad applications in tissue 

engineering, as long as both the sourcing and processing parameters are defined to achieve 

the desired material properties.

To demonstrate embedded cell activity dependence on scaffold properties, we embedded 

MDAMB231 spheroids inside of porcine and cold-water fish GelMA with different degrees 

of substitution and temperature at crosslinking. MDAMB231 cells are human epithelial 

mammary adenocarcinoma cells that will invade surrounding matrices when cultured into 

spheroids. MDAMB231 spheroids formed, after culturing in a cell repellent round-bottom 

plate in complete medium supplemented with 3.5 wt% Matrigel for 3 days. After culturing, 

spheroids were embedded in low, mid, and high DS porcine or piscine GelMA. GelMA with 

embedded spheroids were incubated at 37°C or 4°C for 10 minutes prior to UV exposure at 

10 mW·cm−2, and culture medium was added on top of polymerized gels. Brightfield images 

were collected after polymerization and quantified by measuring the integrated radial profile 

around the spheroid edge. Using radial profile measurements, we compared GelMA scaffold 

effects on spheroid core size, measuring cell aggregates in the center of the spheroid without 

measuring the cells sprouting outward or detached. The radius of the spheroid core is 

identified as maximum intensity radius from integrated radial profile measurements (Figure 

S10). Prior to embedding in GelMA, spheroids were 272 ± 72 μm in diameter. All spheroids 

reduced in size upon embedding into a GelMA scaffold compared to sizes prior to 

embedding. Spheroid size immediately after embedding in GelMA varied depending on 

GelMA properties, with stiffer gels generally resulting in larger spheroids (Figure S12a). 

The largest resultant spheroids were those embedded in porcine GelMA polymerized at 4°C. 

For spheroids embedded in porcine GelMA and photocured at 37°C, an inverse relationship 

was observed between DS and spheroid diameter. While it has been demonstrated that 

increasing GelMA stiffness results in smaller spheroids, this property is typically controlled 

by total concentration of GelMA. We hypothesize that the observed effect of DS and 

temperature on initial spheroid size may be attributed to the different gelling kinetics 

between Low and High DS GelMA. After four days of culture, spheroids were fixed, 

stained, and imaged to determine core size and outgrowth. Spheroid viability was confirmed 

using live/dead stain (Figure S11). As expected, spheroid core decreased in size after culture 

for stiffer gels, such as porcine GelMA photocured at 4°C. (Figure S12b). It is known that 

compressive stresses will prevent spheroid growth due to volume constraints, an effect 

observed with various spheroid and scaffold types.81–84 We observed the most limited 

growth in porcine GelMA polymerized at 4°C, where we also observed the scaffold radially 

shrinking over time. Acellular porcine GelMA with high DS polymerized at 4°C in a well 

plate exhibited a 28.7 ± 2.1% decrease in scaffold diameter 3 days after crosslinking. When 

polymerized at 37°C there was a 12.7 ± 0.54% decrease in scaffold diameter 3 days after 

crosslinking, significantly less collapse than samples polymerized at 4 °C. The exhibited 

scaffold collapse, when polymerized at 4°C may be attributed to the subsequent breakdown 

of the physical bonds formed during gelation. Although the described GelMA collapse is 

observed in both scaffolds without cell populations, it is important to note that matrix 

stiffening and contraction occurs because of ECM deposition in a 3D matrix. It has been 
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observed that MDAMB231 cells will secrete ECM and stiffen the matrix directly 

surrounding cells, resulting in localized contraction within the scaffold and subsequent 

matrix stiffening.85 Therefore, we can expect scaffold collapse and contraction to have a 

direct impact on embedded cell populations, while ECM secretions from embedded cells 

will additionally affect the surrounding scaffolds. Both material and resident cell dependent 

effects on matrix contraction and stiffening must be considered when engineering 3D 

structures to best predict resolution and structural integrity of the desired geometry and 

application, particularly when using GelMA in 3D printing for tissue engineering.

Embedded spheroid outgrowth, sprouting, and proliferation is dependent on the material 

properties of GelMA (Figure 8). Spheroids embedded in matrices with the highest DS did 

not sprout into the surrounding matrix, and spheroids in the weakest matrix demonstrated no 

invasion. Spheroid invasion was observed in GelMA with storage moduli roughly between 

400 and 1100 Pa. The most cell migration from the spheroid into the surrounding GelMA 

scaffold was observed with spheroids embedded in porcine GelMA with low DS 

polymerized at 37°C, which has a storage modulus (G’) of on average of 723 Pa. Several 

publications report storage moduli greater than 5000 Pa, primarily in GelMA with 

concentrations greater than 10 wt%.18, 20, 51, 86 Limited cell invasion was observed in 

piscine GelMA with low DS polymerized at 4°C with the lowest storage modulus (G’) of 

294 Pa. This is due to the low storage modulus (G’) matrix lacking necessary structural 

integrity to support spheroid outgrowth. This observation suggests that there is an optimal 

window of material stiffnesses for spheroid outgrowth in GelMA, which is not a result of 

gelatin animal source. Therefore, gelatin animal source can be a tool to achieve a desired 

material stiffness, rather than a generalized matrix selected due to ambiguous chemical 

properties defined by amino acid compositions and available adhesion molecules. 

MDAMB231 spheroids proliferate into the surrounding scaffold when GelMA has storage 

moduli (G’) between 400 to 800 Pa. Similar conclusions have previously been published, 

suggesting an optimal window of concentrations is present for melanoma spheroid cell 

invasion into collagen scaffolds.87 This study reports matrices that are too soft lack 

structural integrity to support cell invasion, while cell migration is limited in stiff matrices 

due to high material density. Additionally, a study published by Berger et al. highlights that 

supplementing GelMA scaffolds with fibrous collagen is required for MDAMB231 spheroid 

invasion into scaffolds with storage moduli (G’) higher than the optimal window identified 

herein.84 Spheroid invasion was observed in composite GelMA-collagen scaffolds with 

storage moduli (G’) as high as 12 kPa. This suggests spheroid invasion may be possible in 

GelMA scaffolds with coordinated physical gelation and chemical crosslinks upon 

supplementing the matrix with fibrous support materials, such as collagen.

Although the physical properties of high concentration GelMA often result in materials that 

are easier to process, improving printability for 3D printing and micropatterning 

applications, they are unlikely to support dynamic cell proliferation and spreading for 

embedded cell populations. Consideration of animal source, DS, and temperature at 

polymerization is critical to ensure desired response of embedded cells for tissue 

engineering and 3D printing applications.
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CONCLUSIONS

Three-dimensional scaffolds are a key element of bioprinting and tissue engineering, 

providing a biomimetic or bioactive environment where cells exhibit in vivo characteristics. 

Popular scaffolds, such as Matrigel® and isolated collagen, are biocompatible, bioactive, 

and biodegradable, but are limited by small ranges of processing temperature, mechanical 

tunability, and available modification chemistries. Easily processible scaffolds, such as 

polyethylene glycol (PEG) and polysaccharide derivatives, natively lack bioactive 

components necessary for cell integration. GelMA offer both the desired bioactivity and 

tunable processing parameters to achieve the necessary material properties for 

micropatterning, printing, and 3D cell culture.

To contribute a guide for selection of GelMA synthesis and processing conditions, we have 

shown that animal source material of gelatin and the order of thermal processing steps affect 

the ultimate mechanical and functional properties of GelMA. This may be due to the method 

of hydrolysis, Bloom strength, molecular weight, and available primary amines. Gelation of 

gelatin can also be leveraged to achieve storage modulus (G’) eight times higher than 

traditional crosslinked GelMA by coordinating physical gelation with chemical crosslinking. 

Coordinated physical gelation and chemical crosslinking can be used to pattern scaffolds to 

spatially align materials with different mechanical strengths but the same bulk chemical 

properties using photomasks. Even further, these scaffolds can be used to culture cell types 

that prefer stiffer surfaces with low concentration GelMA, therefore minimizing material 

requirements and avoiding possible solubility issues that may arise when attempting to 

achieve similar stiffnesses through adjusting concentration alone. Unfortunately, when not 

properly considered, this phenomenon also results in undesirable material outcomes. GelMA 

is increasing in popularity for 3D printing applications, particularly due to its 

biocompatibility, native groups for cell adhesion, and photocuring ability. Despite these 

advantages, GelMA often does not have the viscosity required for optimal bioprinting at 

concentrations that allow cell integration and proliferation. Many bioprinting companies 

recommend adjusting material properties by cooling GelMA, inducing gelation and 

therefore a ‘more printable’ material. This may account for variations in expected cellular 

interactions with the printed matrix due to an increase in final storage modulus (G’) and 

molecular weight between crosslinks, as well as issues with repeatability in print quality. 

Our findings suggest more care needs to be taken when choosing GelMA animal source and 

polymerization temperature for tissue engineering applications, while also offering a new 

and exciting alternative to composite materials in applications where stiff scaffolds are 

desired.

EXPERIMENTAL METHODS

Gelatin Methacryloyl Synthesis:

GelMA was synthesized as previously reported.47 Gelatin from porcine (Millipore Sigma, 

Type A, 300 g Bloom), bovine (Millipore Sigma, Type B, 225 g Bloom), or cold-water fish 

(Millipore Sigma) was dissolved in 1X PBS at 1 g gelatin per 10 mL 1X PBS at 60°C. After 

gelatin dissolved, temperature was cooled to 50°C and methacrylic anhydride (Millipore 

Sigma) was added per three reaction conditions. Briefly, these were defined by the ratio of 
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methacrylic anhydride to gram of gelatin: 750 μl·g−1, 375 μl·g−1, and 93.75 μl·g−1. These 

reaction conditions and subsequent GelMA samples are referred to as ‘High’, ‘Mid’, and 

‘Low’ degrees of substitution, respectively. The reaction was continued for 4 hours at 50°C. 

The reaction was stopped by adding equivalent volume of 1X PBS. The solution was 

dialyzed in distilled water using dialysis tubing with a molecular weight cutoff of 12-14 kDa 

(Spectrum) at 40°C for 7 days, with deionized water changed daily. GelMA was frozen at 

80°C overnight and lyophilized for 5 days. The final product was stored at 4°C until use.

Colorimetric Detection of Primary Amines:

Methacrylation of GelMA was quantified by measuring the available primary amine groups 

with 2,4,6-trinitrobenzene sulfonic acid (TNBSA) (Millipore Sigma) after synthesis. 

GelMA, gelatin, and Bovine Serum Albumin (Millipore Sigma) were dissolved in 0.1 M 

sodium bicarbonate (VWR) at pH 8.5 at 400 μg·mL−1 and diluted to 200, 150, 100, 50, and 

20 μg·mL−1 with 0.1 M sodium bicarbonate (NaHCO3). Glycine (Millipore Sigma) was 

dissolved at 20 μg·mL−1 and diluted to 15, 10, 5, 2, and 0 μg·mL−1 with 0.1 M NaHCO3. 

BSA and glycine were used as standard compounds for calculating the primary amine 

concentration. Each solution was tested in triplicate with 100 μL per well in a 96 well plate. 

TNBSA was diluted to 0.01% with 0.1 M NaHCO3 and 50 μL was introduced to each well. 

Reaction continued for 2 hours at 37°C. Reaction was stopped by adding 50 μL of 10% 

sodium dodecyl sulfate in deionized H2O and 25 μL 1 N HCl to each well. Absorbance was 

measured at 420 nm and 335 nm using a Biotek Synergy H1 microplate reader to determine 

available primary amines. Each tested condition was replicated (n = 9). Statistical analysis 

included t-test comparisons with a p-value of 0.05. Error bars are plotted as the standard 

deviation.

UV Rheological Analysis:

GelMA samples were prepared by first dissolving 0.5 wt% 2-Hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone photoinitiator (Millipore Sigma), also referred to as 

Irgacure 2959, in deionized water at 50°C. GelMA was dissolved at 5 wt% in Irgacure 2959 

solution at 50°C. Some samples were incubated at 37°C prior to testing. Samples photocured 

after physical gelation were prepared by pipetting a 1 mL solution into a 20 mm diameter 

acrylic cylinder surrounded by tape and allowed to gel at 4°C for at least an hour. Piscine 

samples were not pipetted into a mold prior to testing due to lack of gelation. Crosslinking 

kinetics were determined using a TA Instruments Discovery Series Hybrid Rheometer HR-3 

with the 365 nm UV LED accessory. Calibration was performed before use with a Silver 

Line radiometer. Measurements were collected with a 20 mm upper aluminum plate and a 20 

mm acrylic bottom plate, allowing light to crosslink the GelMA samples from the UV LED 

accessory below. Liquid samples were tested with a gap size of 300 μm, gel samples were 

tested with a gap selected when a normal force was sensed with the loaded sample, between 

1300 and 1500 μm. Samples were exposed to UV light at an intensity of 5 mW·cm−2 for 300 

seconds, with a constant frequency of 1 Hz and strain at 1%. Storage modulus before and 

after UV polymerization for GelMA incubated at 4°C were determined by taking the initial 

and final values from the UV crosslinking kinetics data (Figure 4d–f). After polymerization, 

a frequency sweep was performed from 0.1 Hz to 10 Hz at 1% strain. Storage moduli 

measurements were compared between samples crosslinked after incubation at 37°C and 
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4°C by averaging modulus across the frequency sweep (Figure 4a–c). Curing points were 

determined by calculating the second derivative of the storage modulus (G’) curve during 

polymerization. Gel points were determined by determining when tan(δ) = 1. For data that 

did not have a crossover point, gel point was identified when tan(δ) is at a maximum. All 

measurements were collected at ambient room temperature, though tested immediately after 

removing from incubation temperature. All measurements were completed in triplicate (n = 

3). Statistical analysis included t-test comparisons with a p-value of 0.05. Error bars are 

plotted as the standard deviation.

Temperature Sweep Rheological Analysis:

Porcine GelMA samples were prepared at 5 wt% with 0.5 wt% Irgacure 2959 in a 6 well 

plate, with 2 mL unpolymerized GelMA introduced in each well. Samples were polymerized 

for 5 minutes with a UV lamp (Dymax) at 10 mW·cm−2. GelMA samples were polymerized 

after at least an hour of equilibration at either 37°C or 4°C. Temperature sweeps were 

collected using StressTech Rheometer (ATS Rheosystems) with a Peltier plate temperature 

system and 20 mm serrated parallel plate accessory. Measurements were made by holding 

strain and frequency constant at 5% and 1 Hz, respectively, and sweeping temperature from 

50 °C to 4 °C. Samples equilibrated at the initial temperature for 5 minutes prior to testing 

and equilibrated at each set temperature for 60 seconds. All measurements were completed 

in triplicate. Error bars are plotted as the standard deviation.

Swelling Characterization:

GelMA was dissolved at 6 wt% with 0.5 wt% Irgacure 2929 in deionized H2O at 50 °C. 

GelMA solution was added to each well of a 12 well plate at 1 mL per well and incubated at 

4°C or 37°C for at least 1 hour. Cooled samples were photocured on ice for 180 seconds at 

10 mW·cm−2. Heated samples were photocured for 180 seconds at 10 mW·cm−2. Deionized 

H2O was added to each well and incubated for 24 hours at 37 °C to remove uncrosslinked 

material and reach equilibrium water content. Samples were removed from PBS, blotted 

with an absorbent pad, and weighed using an analytical balance. Samples were frozen 

samples overnight at −80 °C and lyophilized for 24 hours. They were then weighed again 

using an analytical balance. Each condition was testing in triplicate. Statistical analysis 

included t-test comparisons with a p-value of 0.05. Error bars are plotted as the standard 

deviation.

Cell Growth on GelMA:

GelMA was cured between sterile PDMS and a glass coverslip, using #1 glass coverslips as 

spacers to achieve gel thickness of approximately 150 μm. High DS GelMA and 

photoinitiator was dissolved in 1X sterile PBS at 4 wt% and 0.5 wt%, respectively. Just 25 

μL GelMA solution was pipetted between PDMS and coverslip, with coverslip spacers, and 

chilled for 15 minutes at 4°C to allow gelation. Using a photomask on transparency paper, 

gels were patterned at an intensity of 60 mW·cm−2 for 60 seconds. Gels were then heated to 

50°C for 5 minutes, and then flood exposed to UV without the mask for 60 seconds at 60 

mW·cm−2. Gels were covered in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 

fetal bovine serum and 1X penicillin/streptomycin solution in a 37°C incubator with 5% 

CO2 and 100% humidity prior to cell seeding. The same protocol was followed for un-
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patterned gels, with only the heating or cooling step prior to flood UV exposure. Human 

neonatal Dermal Fibroblasts (HDFn) (Lonza) were cultured per standard protocol with 

DMEM with 10% fetal bovine serum and 1X penicillin/streptomycin solution in a 37°C 

incubator with 5% CO2 and 100% humidity. Cells were trypsinized and seeded on top of 

gels at a density of 50,000 cells mL−1 in a 6-well plate. After 24 hours of culture, cells were 

fixed with 4 wt% paraformaldehyde, permeabilized with 0.5 v/v% Triton-X and blocked 

with 2 wt% bovine serum albumin. Cells were stained with phalloidin-iFluor488 (Abcam) 

and DAPI, and they were imaged using a Zeiss LSM 710 confocal microscope. Aspect ratio 

values were determined using ImageJ software. A threshold was applied to all images and 

then the ‘Measure particle’ function was used to define cell outlines. Aspect ratio 

measurements are defined as the longest distance of the cell divided by the shortest distance. 

Cells were analyzed at n ≥ 55, imaged from 40X magnification. Statistical analysis included 

t-test comparisons with a p-value of 0.05. Error bars are plotted as the standard deviation.

Spheroid Culture and Quantification:

MDAMB231 spheroids were created using the liquid overlay technique described 

previously.88 In short, MDAMB231 mammary cancer cells (ATCC) were cultured in DMEM 

with 10 % fetal bovine serum and 1X penicillin/streptomycin solution. Round bottom, cell-

repellant 96 well plates were seeded with 100 μL suspension solution with 10,000 

MDAMB231 cells. Suspension solution consisted of cell medium supplemented with 3.5 

w/v% Matrigel®. Cells were cultured for 3 days in a 5% CO2, 100% humidity incubator at 

37°C. After the culture period, spheroids were removed from the well plate, pooled, 

centrifuged to produce a pellet, and washed with cell medium. Spheroids were suspended at 

a concentration of 1 spheroid per 25 μL media. GelMA was dissolved in phosphate buffered 

saline at 10 wt% with 1 wt% Irgacure photoinitiator. GelMA solution was combined with 

spheroid solution at a 1:1 ratio to achieve 1 spheroid per 50 μL solution containing 5 wt% 

GelMA with 0.5 wt% photoinitiator. GelMA solutions containing spheroids were pipetted 

into single wells of a 16-well chamber slide or 96-well plate at 75 μL per well to achieve at 

least one spheroid per well. GelMA solutions were polymerized at an UV intensity of 10 

mW·cm−2 for 120 seconds. The GelMA samples containing spheroids were covered with 

100 μL cell medium. Medium was replaced every 48 hours after seeding. After 4 days of 

culture, spheroid viability was tested by adding calcein AM and ethidium homodimer-1 to 

each well to achieve a final concentration of 2 μM and 4 μM, respectively. Cells were 

incubated for 1 hour at 37°C. Images were collected using a Nikon TE 2000E inverted 

fluorescent microscope with a mechanical stage, and Micro-manager software. 89 Spheroids 

were imaged to observe morphology and sprouting by first fixing with 4% 

paraformaldehyde for 30 minutes, followed by permeabilization with 0.5 v/v% Triton-X for 

10 minutes. Cells were stained with phalloidin-iFluor488 (Abcam) and DAPI and imaged 

using a Zeiss LSM 710 confocal microscope. Fifty z-stack imaged were collected of each 

spheroid, and max projected for analysis. Spheroid size was determined from fluorescent 

images manually using ImageJ software. Quantification of brightfield images was also 

achieved using ImageJ software. The ‘Find Edges’ function was used to determine edges of 

spheroids, and then a profile plot of the normalized integrated intensities from the center of 

the spheroid was calculated using the Radial Profile plugin. Statistical analysis included t-
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test comparisons with a p-value of 0.05. Error bars are plotted as the standard deviation. 

Spheroids were analyzed at n ≥ 3.

GelMA Contraction:

GelMA and photoinitiator was dissolved in 1X PBS at 5 wt% and 0.5 wt%, respectively. 

Solutions were pipetted into a 96 well plate at 100 μL per well and polymerized after 

incubation for 25 minutes at 37°C and 4°C. Additional 1X PBS was added on top of 

polymerized GelMA at 100 μL per well and incubated at room temperature for 44 hours 

followed by a 27 hour incubation at 37°C. Diameter was measured by taking brightfield 

images using a Nikon TE 2000E inverted fluorescent microscope with a 1X objective, and 

quantifying with ImageJ software. Samples were tested in triplicate. Statistical analysis 

included t-test comparisons with a p-value of 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
GelMA undergoes (a) only chemical gelation via crosslinking in the presence of Irgacure 

2959 photoinitiator and UV light above the thermal gel point, (b) only physical gelation 

when cooled below the gel point, and (c) coordinated physical gelation and chemical 

gelation via crosslinking when cooled below the gel point and exposed to UV light in the 

presence of Irgacure 2959 photoinitiator. (d) Adherent cells undergo morphological changes 

depending on the GelMA crosslinking method and subsequent scaffold stiffness.
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Figure 2. 
GelMA synthesized from (a) porcine gelatin, (b) bovine gelatin, and (c) cold-water fish 

gelatin was photo-cross-linked (λ =365 nm) on a parallel plate rheometer at room 

temperature with 5mW·cm−2 intensity for 5 minutes after incubation at 37°C to determine 

crosslinking kinetics. GelMA synthesized from (d) porcine gelatin, (e) bovine gelatin, and 

(f) cold-water fish gelatin was photo-crosslinked (λ =365 nm) with the same testing 

parameters after incubation at 4°C to determine crosslinking kinetics of materials with both 

physical and chemical crosslinks. GelMA samples were tested at high, mid, and low DS. 

Data represents the average Storage modulus (G’) across three replicates.
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Figure 3. 
Cure points for GelMA synthesized from different animal sources and (a) low, (b) mid, and 

(c) high degrees of substitution were determined based on crosslinking kinetics. Cure points 

were used to determine polymerization times with different UV intensities for all conditions, 

useful for defining printability of each material. The green region highlights cure points that 

require less than 30 seconds of UV Exposure, a metric important for ‘bioprintability’ and 

micropatterning. Error bars are plotted as the standard deviation (n≥3).

Young et al. Page 26

Macromol Biosci. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Storage modulus (G’) was compared for samples polymerized after incubation at 37 °C and 

4°C for (a) porcine GelMA (b) bovine GelMA and (c) cold-water fish GelMA. Generally, 

storage modulus (G’) increases with increasing DS. Porcine GelMA had higher storage 

moduli compared to samples synthesized from other sources and cold-water fish GelMA had 

the lowest. These measurements correlated to Bloom strength of unmodified gelatin. The 

trends noted for chemical crosslinking alone were conserved for dual crosslinked GelMA. 

Except for cold-water fish gelatin, which does not undergo physical gelation, GelMA 

samples demonstrated much higher storage moduli when dual crosslinked compared to 

chemical crosslinking alone. Storage modulus (G’) measurements of physical crosslinks 

alone were compared to that of coordinated physical and chemical crosslinks for (d) porcine 

GelMA, (e) bovine GelMA, and (f) piscine GelMA. Statistical analysis included t-test 

comparisons with a p-value of 0.05 (n=9). Error bars are plotted as the standard deviation.
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Figure 5. 
Rheological measurements were collected sweeping from 4-50 °C for porcine samples at (a) 

low, (b) mid, and (c) high degrees of substitution. GelMA polymerized at 4 °C is shown in 

blue and GelMA polymerized at 37 °C is shown in red. GelMA with physical crosslinking 

alone and the lowest DS showed the highest change in storage modulus (G’) between set 

temperatures, while the GelMA with the highest DS showed the lowest change in storage 

modulus (G’). GelMA crosslinked after incubation at 4°C showed less change in storage 

moduli with differing temperature compared to GelMA crosslinked at a warmer temperature. 

Data represents the average Storage modulus (G’) across three replicates.
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Figure 6. 
Human dermal fibroblasts adopted different morphologies depending on matrix stiffness. (a) 

HDFns grown on porcine GelMA polymerized at 4°C showed a longer more fibril 

morphology, while (b) HDFns cultured on top of porcine GelMA polymerized at 50°C 

showed a rounder morphology and cytoskeletal organization. (c) HDFns grown on GelMA 

polymerized at 4°C had a significantly higher aspect ratio compared to those from softer 

porcine GelMA scaffolds polymerized at 50°C. Cells were analyzed at n ≥ 55, imaged from 

40X magnification. Statistical analysis included t-test comparisons with a p-value of 0.05. 

Error bars are plotted as the standard deviation.
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Figure 7. 
(a) Longer and thinner HDFn morphologies on stiffer gels and (b) rounder HDFn 

morphologies on softer gels were observed in (c) porcine GelMA scaffolds patterned using 

lithography and temperature differences. (d) Brightfield images show clear lines between 

stiff GelMA polymerized at 4°C and soft GelMA polymerized at 50°C.
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Figure 8. 
MDAMB231 human mammary spheroids were cultured within GelMA scaffolds with 

different animal sources, degrees of substitution, and polymerization conditions. Phalloidin 

and DAPI stains were used to determine cell invasion into surrounding matrix. Stiffer 

matrices resulted in minimal spheroid outgrowth. Matrices with storage moduli between 400 

and 1100 Pa demonstrated invasion into the surrounding matrix. The GelMA with the 

highest and lowest storage modulus (G’) demonstrated minimal invasion into the 

surrounding matrix. Optimal cell proliferation was realized in hydrogels will storage moduli 

between 400 and 800 Pa.
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Table 1.

Chemical properties and Bloom strength varied for each animal source depending on hydrolysis method and 

resultant GelMA type.

Source Type Hydrolysis Method Bloom Strength Molecular Weight Isoelectric point

Porcine Skin* A Acid 300 g 50-100 kDa 7.0-9.0

Bovine Skin* B Lime 225 g 40-50 kDa 4.7-5.0

Cold-Water Fish Skin* A Acid n/a 60 kDa 6

*
Information provided by Millipore Sigma
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Table 2.

Molecular weight between crosslinks was determined for each GelMA DS and polymerization temperature. 

The change in molecular weight between crosslinks between GelMA polymerized at 37°C and 4°C was 

determined for each gelatin source.

Source Polymerization Temperature
Molecular Weight (Mc) between Crosslinks (Da)

Δ Mc
High DS Mid DS Low DS

Piscine
37°C 16,394 22,846 24,548

2,439 (10%)
4°C 23,013 23,285 24,805

Bovine
37°C 16,021 to 19,077 15,370 to 18,162 16,060 to 19,134

8,092 (88%)
4°C 8,433 to 9,210 8,597 to 9,406 9,332 to 10,292

Porcine
37°C 15,383 to 22,219 15,289 to 22,024 17,060 to 25,896

13,563 (223%)
4°C 4,909 to 5,444 4,978 to 5,529 7,208 to 8,422
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