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Abstract

Naturally-derived proteins, such as collagen, elastin, fibroin, and gelatin (denatured collagen) hold 

a remarkable promise for tissue engineering and regenerative medicine. Gelatin methacryloyl 

(GelMA), synthesized from the methacryloyl modification of gelatin, mimicking the structure of 

extracellular matrix, has widely been used as a universal multi-responsive scaffold for a broad 

spectrum of applications, spanning from cell therapy to bioprinting and organoid development. 

Despite the widespread applications of GelMA, coupled stiffness and porosity has inhibited its 

applications in 3D cellular engineering wherein a stiff scaffold with large pores is demanded (e.g., 
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at concentrations >10 wt%). Taking advantage of the orthogonal thermo-chemical responsivity of 

GelMA, we have developed microfluidic-assisted annealable GelMA beads, that are first stabilized 

by temperature-mediated physical crosslinking, flowed to form a scaffold structure, and then 

chemically annealed using light to fabricate novel bead-based 3D GelMA scaffolds with high 

mechanical resilience. We show how beaded GelMA (B-GelMA) provides a self-standing 

microporous environment with an orthogonal void fraction and stiffness, promoting cell adhesion, 

proliferation, and rapid 3D seeding at a high polymer concentration (~20 wt%) that would 

otherwise be impossible for bulk GelMA. B-GelMA, decorated with methacryloyl and 

arginylglycylaspartic acid (RGD) peptide motifs, does not require additional functionalization for 

annealing and cell adhesion, providing a versatile biorthogonal platform with orthogonal stiffness 

and porosity for a myriad of biomedical applications. This technology provides a universal method 

to convert polymeric materials with orthogonal physico-chemical responsivity to modular 

platforms, opening a new horizon for converting bulk hydrogels to beaded hydrogels (B-

hydrogels) with decoupled porosity and stiffness.

Graphical Abstract
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Introduction

Hydrogels, hydrophilic polymer networks that may absorb water up to several orders of 

magnitude higher than their dry mass, have secured a promising role in developing cell 

microenvironments for tissue engineering [1–8]. Common strategies to build hydrogel 

scaffolds for biomedical applications encompass chemical crosslinking and physical 

bonding [9,10], enabling permanent and/or reversible network formation for controlled 

delivery of target cells and cargos [11–17]. In the past few decades, significant effort has 

been devoted to design, synthesize, and engineer hydrogels at the micro- and nanoscale to 

impart unique properties, such as surface patterns, injectability, and stimuli-responsiveness 

[18–22]. These properties are typically applied to “bulk” hydrogels, wherein one or several 

types of building blocks (e.g., polymer chains and/or nanoparticles) interact throughout the 

whole network, leaving no connected voids or other openings among the constituents at the 

microscale.

Sheikhi et al. Page 2

Biomaterials. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To obtain a micron-sized characteristic mesh size ξ, the storage modulus of the hydrogel G’ 
~ kBT/ξ3 is in the order of mPa, an implausibly low modulus, in which random micron-sized 

pores would also be randomly arranged without interconnectivity. Here, kB is the Boltzmann 

constant (~ 1.38×10−23 m2 kg s−2 K−1), and T denotes temperature [23]. On the other hand, 

stiff hydrogels, often demanded in a variety of tissue engineering applications, including 

bone and muscle tissue engineering, may not provide a favorable microenvironment for 

cells, due to the small mesh size, impaired nutrient and oxygen permeation, and the stress 

exerted to the encapsulated cells during the polymer network formation.

Lack of pore interconnectivity in “bulk” hydrogels, inhibiting effective cell elongation, 

migration, and polarization has stimulated an immense interest towards developing 

microporous scaffolds based on small-scale gel building blocks, such as microspheres. To 

address some of the challenges associated with bulk hydrogels, droplet microfluidic-assisted 

small-scale gel particle fabrication has emerged for biomedical applications [24]. Recently, 

microporous annealed particle (MAP) gels have emerged through a two-step chemical 

reaction cascade, involving (i) the chemical crosslinking of individual micron-sized beads 

made up of synthetic materials followed by (ii) the chemical annealing of beads into a larger 

interconnected scaffold. Multi-armed poly(ethylene) glycol-vinyl sulfone microbeads, 

decorated with arginylglycylaspartic acid (RGD) cell adhesive peptide motifs and tissue 

adhesive peptides have been crosslinked through the Michael-type addition with cysteine-

terminated matrix metalloprotease (MMP)-sensitive peptide sequences [25]. The 

individually crosslinked beads were annealed via the covalent bonding between the K (Ac-

FKGGERCG-NH2) and Q (Ac-NQEQVSPLGGERCG-NH2) peptides obtained by activated 

Factor XIII (FXIIIa).

Hyaluronic acid (HA) has also been used as a platform for producing bead-based hydrogels. 

Acrylamide-modified HA has been doped with SH-containing pendent peptides, namely Q 

and K peptides, which was mixed with dithiol matrix metalloproteinase (MMP)-sensitive 

linker peptide (Ac-GCRDGPQGIWGQDRCG-NH2), annealed using FXIIIa and thrombin, 

star PEG-N-acryloxysuccinimid (NHS), or white light-activated Eosin Y [26]. The chemical 

annealing methods required up to 90 min to complete, while the light-mediated strategy took 

place in ~ 1 min. Host-guest interactions among the beads have been adapted to reduce 

chemical complexity and impart reversibility to the bead-bead binding, allowing for a shear-

thinning behavior. Photoinitiated thiol-ene reaction of norbornene-modified HA with a di-

thiol crosslinker (dithiotritiol, DTT) yielded individually-crosslinked beads, which where 

reversibly annealed using adamantane-cyclodextrin guest-host binding [27]. This 

technology, however, demands the off-chip UV light curing of individual (non-annealed) 

beads, which may introduce additional complexity to controlling the shape, stiffness, and 

homogeneity of the beads. Crosslinking beads in the oil phase is highly prone to oxygen 

quenching as a result of a sharp oxygen gradient within the beads [28], which may result in 

heterogenous stiffness.

Here, we introduce a facile, universal strategy to convert thermo-sensitive materials with 

crosslinkable moieties into bead-based scaffolds. As an important model biomaterial, we 

have selected a naturally-derived protein, gelatin (denatured collagen), which has a broad 

range of biomedical applications for tissue engineering and regeneration [29–33], benefitting 
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from built-in RGD peptides, tissue adhesiveness, and thermo-sensitivity. Gelatin, modified 

with methacrylic anhydride (MA), known as GelMA has been widely used as a 

photocrosslinkable biomaterial to mimic the extracellular matrix (ECM), owing to its 

inherited properties from collagen, ECM’s most abundant structural protein. Unique 

properties of GelMA, including cell and tissue binding cues, biocompatibility, bioactivity, 

tunable stiffness and biodegradation, cost effectiveness, and facile synthesis have been 

explored in a broad spectrum of applications, from tissue engineering to wound healing, 

cargo delivery, soft lithography and microfabrication [34–37].

We show that GelMA, a photocrosslinkable, thermo-responsive protein derivative, may be 

produced in the form of microbeads using a flow focusing microfluidic device and be readily 

purified from the oil/surfactant coating in a cold aqueous environment without any chemical 

reaction, in contrast to all of the existing [25–27] annealable beaded platforms, which make 

use of chemical crosslinking before the purification. The photochemically-active, physically-

crosslinked beads are then crosslinked and annealed to each other through UV light 

exposure in the aqueous phase, yielding a beaded GelMA (B-GelMA) scaffold with 

interconnected pores. We shed light on the key advantages of the B-GelMA platform over 

conventional (bulk) GelMA by investigating their mechanical, rheological, and biological 

characteristics. B-GelMA, providing orthogonal void fraction and stiffness provides a novel 

platform for 3D cellular engineering, e.g., fibroblasts and endothelial cells, using stiff 

matrices (e.g., GelMA ~ 20 %w/v) without compromising cell viability, which may 

otherwise be impossible. Promising cell viability, adhesion, proliferation, elongation, and 

seeding inside stiff B-GelMA may set the stage for the next generation of ECM-mimicking 

microporous cell scaffolds for accelerated healing and regeneration.

Materials and methods

Materials and methods are detailed in a parallel publication [38]. Briefly, a flow focusing 

device was fabricated from polydimethylsiloxane (PDMS) using soft lithography to produce 

a water-in-oil emulsion containing GelMA with a high degree of methacryloyl substitution 

and a photoinitiator (PI, Irgacure 2959, 0.5% w/v) in the aqueous phase and Novec 7500 oil-

surfactant (0.5 wt% PicoSurf) mixture in the oil phase. Surfactant-stabilized micron-sized 

GelMA beads in the oil were produced and physically-crosslinked by decreasing 

temperature to 4°C, followed by breaking the emulsion using a 20% perfluorooctanol 

solution in Novec 7500 oil and removing the oil through pulse centrifugation, the 

decantation of supernatant, and the addition of cold (4°C) DPBS. The physically-stabilized 

microbeads were resuspended in cold DPBS including PI, readily injected using a positive 

displacement pipette, crosslinked and annealed to neighboring microbeads via UV light 

exposure.

Results and discussion

The flow focusing microfluidic device is able to effectively produce uniform-sized GelMA 

microbeads, through pinching the aqueous phase with oil/surfactant flows, as presented 

schematically in Figure 1a. The microbeads are then collected as a disperse phase in a 

continuous oil phase, which may be readily purified by a secondary surfactant after 
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physically crosslinking the beads at 4 °C. This initial physical crosslinking step is essential 

to prevent the dissolution of beads once they are transferred into an aqueous medium, 

allowing for the elimination of any chemical/light treatment, which have frequently been 

required in other beaded systems, such as HA [26,27] and poly(ethylene) glycol-vinyl 

sulfone [25]. The purified beads may undergo subsequent chemical crosslinking using 

various mechanisms, such as UV-light mediated radical polymerization, forming an 

annealed 3D scaffold with permanent microporosity. The microfluidic setup, comprising 

flow focusing device to generate the GelMA beads and a reservoir for bead collection is 

shown in Figure 1b.

The capability of the microfluidic flow focusing device to generate GelMA beads with 

various sizes was explored by changing the GelMA solution (aqueous phase) concentration 

and the ratio of oil to aqueous flow rates. Figure 1c presents the size of oil/surfactant-

stabilized beads versus the ratio of oil to aqueous flow rates. The beads with 7% (w/v) 

GelMA content were produced in the range of ~ 70 – 120 μm. Smaller beads are generated 

at higher oil-to-water flow ratios, as a result of increased pinching of the aqueous phase by 

the oil flow. A flow focusing device allows for a wide range of bead size production with a 

simple microfluidic device, only by tuning the flow. Increasing the polymer concentration to 

10% and 20% (w/v) slightly decreases the maximum bead size to ~ 112 and 105 μm, 

respectively.

The stability of the physically-crosslinked beads is a critical factor in designing advanced 

structures, because it regulates the “allowed” processing time, defined as the maximum time 

that beads may hold their shape and integrity in an aqueous medium. Figure 2a presents the 

time-evolution of physically-crosslinked GelMA microbead sizes (diameter) at various 

temperatures. At 4 °C, the beads hold their shape for up to at least 6 h, showing no 

significant change in their diameter. After 12 h, the bead diameter increases by ~ 15%, 

which may be because of the partial swelling. At room temperature (25°C), the beads are 

more susceptible to temperature and can maintain their size only for about 3 min. After 10 

min, 30 min, and 1 h, the size increases by ~ 7%, 20%, and 45% respectively. After 1 h, the 

beads are highly swollen and ready for dissolution in the medium, which makes them hardly 

observable. The sensitivity to temperature is more severe at physiological temperature, 

resulting in a complete dissolution of beads in less than 7 min at 37°C. The results may be 

explained by the sol-gel transition temperature of GelMA, originated from the temperature-

dependent triple helix formation [39] of denatured collagen fibers at 31-32°C [40]. This 

behavior is of utmost importance in designing structured scaffolds from the microbead 

building blocks.

To investigate the stability of chemically-crosslinked microbeads at physiological 

conditions, a diluted monolayer of beads, containing the PI was exposed to UV light for 2 

min in a cold DPBS-PI solution. The crosslinked beads were then incubated at 37°C for an 

extended time. The results, presented in Figure 2a, attest to the excellent stability of the 

chemically-crosslinked beads at the high temperature. The swelling and shrinkage of the 

crosslinked beads may be engineered through altering the osmolarity gradient between the 

beads and media. When the physically-crosslinked beads are loaded with 1× DPBS and 

placed in a 5× DPBS solution, the osmotic pressure results in the flux of water out of the 
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beads, shrinking the beads (Figure 2b). Oppositely, when the ionic strength inside the beads 

is higher than the medium, osmotic flow of water swells the beads. Ion-regulated swelling of 

GelMA microbeads may be exploited for designing stimuli-responsive carriers. Notably, the 

chemically-crosslinked beads did not undergo significant swelling or shrinking (Figure 2b).

The physically-crosslinked beads may be then assembled into a structurally sound multi-

layer scaffold through packing and UV-light mediated chemical crosslinking and annealing. 

Figure 3a demonstrates how physically-stabilized packed microbeads in an aqueous solution 

undergo chemical annealing, forming a densely-packed self-standing microporous scaffold 

(B-GelMA). The mechanical properties of the scaffolds, play an important role in their 

biomedical applications. For example, injectable scaffolds for cardiac and abdominal tissue 

engineering must mimic the native tissues and withstand large strains and stresses of the 

heartbeat and other activities, such as coughing. The stiffness of left ventricle during diastole 

is ~10-20 kPa and it increases to 200-500 kPa when diastole finishes [41]. Importantly, the 

pressure in the heart may reach ~ 19 kPa in a healthy adult [42], and intra-abdominal 

pressure may be elevated to ~ 34 kPa [43].

The mechanical properties of B-GelMA fabricated from a 20% w/v GelMA solution in 

DPBS are characterized in terms of tensile and compression moduli (Figure 3b). The high 

mechanical resilience of B-GelMA scaffolds enables handling them for measuring tensile 

strength. The tensile stress versus strain for B-GelMA and GelMA scaffolds are presented in 

Figure 3c. When prepared similarly, e.g., 2 min of UV light-mediated crosslinking, at a 

certain strain, the tensile stress of B-GelMA is lower than the bulk material, possibly as a 

result of high microporosity and lower contact area among beads. Figure 3d presents the 

tensile modulus of B-GelMA and bulk scaffolds. B-GelMA attains a tensile modulus in the 

range of 10-30 kPa, whereas, for the bulk GelMA, the tensile modulus spans ~ 100-200 kPa, 

for a crosslinking time ~ 1-3 min.

The compression moduli of the scaffolds, measured from the linear fits to the stress-strain 

curves at strain < 10% (Figure 3e), are summarized in Figure 3f. When GelMA is not 

chemically crosslinked, at room temperature, it forms a physical gel with a compression 

modulus ~ 3 and 6 kPa for B-GelMA and bulk scaffolds, respectively. Chemical crosslinking 

for 60, 120, and 180 s results in the formation of mechanically resilient B-GelMA scaffolds 

with compression moduli ~ 25, 46, and 107 kPa, respectively. To the best of our knowledge, 

such a mechanical stiffness is remarkably higher than any other beaded platforms. For 

example, a maximum compression modulus of ~ 1 kPa is reported for acrylamide-modified 

HA doped with SH-containing peptides [26]. In comparison to the bulk GelMA, the 

compression moduli of B-GelMA scaffolds are lower by 2-5 folds.

Despite the lower compression modulus of B-GelMA scaffolds than GelMA, we 

investigated the local stiffness of the single beads in the annealed scaffold using AFM-

assisted nanoindentation to identify the stiffness at the microscale relevant to an adhered 

cell. The compression modulus of the beads was measured at an indentation depth ~ 100 nm 

to understand the local stiffness of the scaffolds that cells may experience. Figure 3g 

presents the stress-strain curves of B-GelMA and GelMA, obtained through the indentation 

of the beads and bulk gel. As can be seen in this figure, at a certain strain, the compression 
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stress of beads is close to the bulk hydrogels. The compression moduli of the beads, 

calculated from a linear fit to the stress-strain curves are very close to the bulk gel (Figure 

3h), attesting to the identical GelMA crosslinking in both types of gels.

To conduct further structural characterization, the storage G’ and loss moduli G’’ of B-

GelMA scaffolds were measured at varying angular frequencies using a standard oscillatory 

rheology technique. G’ and G’’ versus angular frequency at an oscillatory shear strain ~ 

0.1% are presented in Figures 3i and 3j, respectively. At angular frequencies below ~ 10 rad 

s−1, the storage moduli of the scaffolds are almost independent of the frequency, showing a 

typical solid-like behavior. Increasing the frequency increases the storage moduli, showing a 

shift towards a glassy behavior [44]. Accordingly, the B-GelMA scaffolds behave like the 

bulk GelMA. Increasing the crosslinking time increases the viscoelastic moduli, as observed 

in the compression and tensile moduli. For example, at an angular frequency ~ 1 rad s−1, the 

storage moduli ~ order of 100 and ~ 1000 Pa and loss moduli ~ order of 10 and 100 Pa were 

obtained for B-GelMA with a crosslinking time ~ 60 and 180 s, respectively. The bulk 

scaffolds attain higher viscoelastic moduli, e.g., at 180 s crosslinking time, G’ ~ order of 

5000 Pa and G” ~ order of 200 Pa, respectively (Figures 3k and 3l).

The void fraction of B-GelMA with varying stiffness was measured through the 3D 

reconstruction of z-stacks, obtained from confocal microscopy of fluorescent-labelled 

scaffolds. A large molecular weight fluorescent dextran was incubated with the annealed B-

GelMA scaffolds, diffusing into the interconnected void spaces without penetrating the 

beads. Figure 4a shows the 3D projection of B-GelMA scaffolds from the top and 

orthographic views, showing the void space, labeled in green. The z-stacks were individually 

analyzed to measure the diameter distribution of equivalent circles filling the void space 

(Figure 4b). The void fraction versus the crosslinking time is presented in Figure 4c. While 

increasing the crosslinking time increases the scaffold stiffness (Figure 3), it does not have 

any significant effect on the void fraction, which is ~ 15% for all scaffolds. The median pore 

diameter, presented in Figure 4d, has a similar trend to void fraction. Increasing the B-

GelMA scaffold stiffness does not affect the pore size, and all the scaffolds attain a median 

pore diameter ~ 20 μm. Accordingly, B-GelMA generates a protein-based bottom-up 

hydrogel scaffold with orthogonal porosity and stiffness.

The biological activity of B-GelMA in hosting cells was investigated by mixing NIH/3T3 

fibroblasts with physically-crosslinked GelMA beads, followed by UV light exposure for 

120 s to form cell-laden B-GelMA scaffolds. A high concentration of GelMA (20% w/v) 

was selected to elucidate the fundamental differences between the bead-based and the bulk 

scaffolds. The fibroblasts were cultured for 14 days in the B-GelMA scaffolds. Figure 5a 

presents the live/dead assay of cell-laden B-GelMA during a 2-week culture period. While 

cells readily integrate in the B-GelMA scaffolds through filling the interconnected 

microscale voids and adhere to the beads, permitting their spreading and proliferation in the 

complete course of culture (Figure 5b), the majority of encapsulated cells in the bulk GelMA 

do not survive the first day of culture (Figure 5c). Enhanced cell spreading on and among the 

beads in B-GelMA is presented in Figure 5d. The cell viability was quantified by 

normalizing the number of live cells with the total cell number, presented in Figure 5e. The 

B-GelMA scaffold affords ~ 100% cell viability; whereas, the cell viability on the bulk 
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GelMA ~ 0%. The metabolic activity of the cells, encapsulated in the scaffolds, measured 

using the PrestoBlue® assay (Figure 5f), demonstrate ~ 3.4, 8.5, 17.9, and 25.8 folds 

increase in days 3, 5, 7, and 14 post seeding, respectively, attesting to the enhanced 

proliferation.

Cell seeding from the scaffold surface inward was studied by placing a droplet of HUVECs 

(~5×104 cells) on the annealed/crosslinked scaffolds, presented schematically in Figure 6a. 

The droplet was allowed to be uptaken by the scaffold for ~ 5 min, followed by 3D confocal 

imaging. Figure 6b presents the 3D projection of B-GelMA and GelMA scaffolds from side 

and orthographic views. As can be seen in these images, immediate 3D cell seeding, i.e., 

penetration inside the B-GelMA takes place; whereas, the bulk GelMA scaffolds do not 

permit cell penetration. The fast penetration of cells inside the B-GelMA scaffolds may be a 

result of capillary forces among the beads, enhancing cell transportation via convection. 

Such enhanced delivery within a scaffold enabled by the interconnected microporosity may 

enable the rapid infiltration of cells inside B-GelMA, as universal scaffolds for advanced 

applications, such as time-sensitive cell culture (e.g., neonatal cardiomyocyte for cell 

therapy post myocardial infarction) and a broad range of co-culture systems, including the 

vascularization of bone and tumor models.

Conclusions

Regulating cellular behavior and function using chemical and biological cues of naturally-

derived materials demands fine tuning of their mechanical and structural properties. 

Incorporating cells in chemically-modified bulk 3D hydrogel scaffolds permits improved 

cellcell and cell-matrix interactions in a microenvironment that mimics ECM. However, bulk 

hydrogels with high stiffness and small pore size are detrimental to cells, preventing inward 

oxygen and nutrient diffusion and cell-matrix migration, proliferation and integration. We 

have introduced a novel hydrogel platform based on annealing tens of micrometer-sized 

beads made up of a chemically-modified naturally-derived protein, GelMA, readily allowing 

for orthogonal physical and chemical dual crosslinking. Temperature-driven physical 

crosslinking of the beads enables the facile purification of gel building blocks without 

further chemical reaction, overcoming some of the challenges of newly-emerging beaded 

scaffolds, including oxygen-mediated impaired crosslinking. Beaded GelMA (B-GelMA) 

provides remarkable cell viability, adhesion, proliferation, and immediate 3D seeding, which 

would otherwise be impossible at a high concentration of bulk GelMA. This technology may 

be extended to other heat-responsive materials, setting the stage for transforming bulk to 

beaded scaffolds with independent control of microporosity from stiffness through a facile 

microfluidic strategy.
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Figure 1. Microfluidic-assisted fabrication of beaded GelMA (B-GelMA).
(a) Schematic of surfactant-stabilized microbead production from a GelMA pre-polymer 

solution using a flow focusing microfluidic device, followed by purification in cold water 

(4 °C) to obtain stable physically-crosslinked GelMA microbeads. The microbeads may 

readily be crosslinked in the presence of photoinitiator to form an annealed microporous 

structure using UV light. Other viable crosslinking methods include visible light and redox 

pair-mediated fre-radical polymerization, commonly used to prepare bulk GelMA [37]. (b) 

Images of the flow focusing microfluidic device, comprising an inlet for the GelMA solution 

flow, pinching flow (oil/surfactant) inlets, and one outlet flow. The surfactant-stabilized 

beads were continuously monitored in an oil reservoir, followed by collecting them in a 

microcentrifuge tube and washing to remove the oil/surfactant. (c) GelMA bead size versus 

fluid (oil-to-water) flow ratio and GelMA concentration (7%, 10%, and 20 %w/v), showing 
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the versatility of the flow focusing technology in generating beads with sizes ~ 70-115 μm 

by altering the flow. The optical images show the beads made up of a 7% GelMA solution.
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Figure 2. Stability and tailored swelling of GelMA beads.
(a) Stability of GelMA beads is investigated at varying temperatures over time. At 4 °C, 

GelMA is physically crosslinked, allowing for a long-term stability, which enables the facile 

processing of beads for a myriad of applications, such as crosslinking, annealing, and 

culturing cells. Increasing the temperature decreases the stability, resulting in the dissolution 
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of beads. Importantly, chemically-crosslinked beads withstand the physiological temperature 

for at least 24 h. (b) Tailored swelling and shrinking of GelMA beads are achieved through 

regulating the ionic strength gradient inside and outside the microbeads. When the 

physically-crosslinked beads containing 1× DPBS are placed in a 5× DPBS solution, they 

shrink, and when 1× DPBS-loaded beads are incubated in DI water, they swell (T = 4 °C). 

The chemically-crosslinked beads for 120 s do not undergo significant swelling and 

shrinking (T = 37 °C). The scale bars represent 200 μm.
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Figure 3. Annealing GelMA microbeads yields beaded GelMA (B-GelMA).
(a) UV light-mediated annealing of GelMA beads prepare from a 20% w/v GelMA solution 

in DPBS, resulting in intra- and inter-bead crosslinking, forming self-standing microporous 

B-GelMA scaffolds with a tailored number of packed bead layers. (b) Schematic of sample 

preparation for tensile and compression moduli characterization. (c) Tensile stress versus 

tensile strain, and (d) tensile moduli of B-GelMA and bulk GelMA, crosslinked using UV 

light (intensity ~ 10 mW cm−2 for 60 s, 120 s, and 180 s). Note that uncrosslinked beads 

were characterize as a control. (e) Compression stress versus compression strain, and (f) 
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compression moduli of B-GelMA and bulk GelMA, crosslinked as described in (c, d). (g) 

Atomic force microscopy (AFM) indentation force versus indentation depth for B-GelMA 

and GelMA. The small indentation depth (~ 100 nm) enables to probe the stiffness 

(compression moduli) (h) of individual beads as well as the bulk gel surface. Rheological 

properties of B-GelMA compared to the bulk GelMA in terms of storage (i) and loss (j) 
moduli versus angular frequency. A summary of storage and loss moduli at an angular 

frequency ~ 1 rad s−1 and strain ~ 0.1% is presented in (k) and (l), respectively.
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Figure 4. Pore characterization of B-GelMA.
(a) 3D confocal projection of B-GelMA scaffolds. Void space is imaged by incubating 

scaffolds in FITC-labeled dextran. (b) Process overview for pore size analysis. 2D slices 

were analyzed using a custom-built MATLAB algorithm to detect void spaces between the 

annealed beads. Void area was converted to circles of equal area to extrapolate equivalent 

diameter. (c) Void space fraction for B-GelMA scaffolds, prepared using varying 

crosslinking times, i.e., varying matrix stiffness. (d) Median pore diameter of B-GelMA 

scaffolds versus crosslinking time. The porosity and void fraction of B-GelMA scaffolds are 

independent of the matrix stiffness. Accordingly, B-GelMA generates a protein-based 

microporous scaffold with orthogonal porosity and stiffness.
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Figure 5. B-GelMA provides a microporous scaffold with independent stiffness and pore size for 
3D cell culture.
(a) Schematic of 3D cell culture in B-GelMA versus bulk GelMA. (b) Assessment of live 

(green) and dead (red) cells, showing that the 3D encapsulation of NIH/3T3 fibroblasts in B-

GelMA scaffolds with a high polymer concentration (20% w/v) results in high cell viability, 

excellent adhesion, and significant proliferation, compared to the bulk GelMA (c) in which 

cells do not survive the first day of culture. Scale bars are 500 μm. (d) Fluorescent 

microscopy image of cells adhering to the annealed GelMA beads and spreading among 
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them. (e) Cell viability, defined as the number of live cells divided by the total cell number 

for GelMA and B-GelMA, showing that while GelMA do not support cells, B-GelMA yields 

~ 100% viability within an extended time. (f) Metabolic activity of the cells, measured using 

the PrestoBlue® assay, showing that B-GelMA affords an ~ 25-fold increase in the 

metabolic activity (proliferation) within 14 days. No metabolic activity was observed in the 

bulk GelMA.
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Figure 6. Three-dimensional cell seeding in B-GelMA versus bulk GelMA scaffolds.
(a) Schematic of cell seeding experiments wherein a concentrated HUVEC solution is 

placed on top of the pre-made scaffolds, followed by immediate confocal imaging. (b) 

HUVECs seeded on top of the B-GelMA readily transfer into the micropores of the scaffold 

in less than 5 min (left panel), shown in the confocal microscope images; whereas, the bulk 

GelMA (20% w/v) does not support immediate cell infiltration. B-GelMA scaffolds 

(thickness 0.5-1 mm) were seeded from the top and imaged from the bottom. Cells were able 

to penetrate all the way through the scaffold. The images only show a depth of field ~ 250 

μm from the bottom. For the bulk gel, the scaffold thickness ~ 250 μm, and the image 

presents the whole 3D sample. Image dimensions ~ 1550 μm × 1550 μm × 254 μm.
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