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ABSTRACT

Granular hydrogels are an emerging biomaterial platform increasingly used in biomedical 

applications, including therapeutic delivery and tissue regeneration. Assembled from micron-

scale hydrogel particles through physical assembly or chemical cross-linking, granular hydrogels 

possess micro- and macroscopic pores that facilitate molecular transport and cell migration. 

However, current granular hydrogels are typically fabricated with defined stiffness, porosity, and 

compositions that do not recapitulate the dynamic nature of native tissues, including the tumor 

microenvironment. To address this challenge, we have developed dynamic granular hydrogels 

formed by gelatin-norbornene-carbohydrazide (GelNB-CH) microgels. GelNB-CH microgels were 

first prepared from a microfluidic droplet generator coupled with the rapid thiol-norbornene photo-

click gelation. The collected microgels were annealed via inverse electron-demand Diels-Alder 

(iEDDA) click reaction to form granular hydrogels, which were dynamically stiffened via hydrazone 

bonding. Notably, adjusting the concentration of the stiffening reagent (i.e., oxidized dextran, 

oDex) enabled dynamic stiffening of the granular hydrogels without affecting the void fraction. 

Pancreatic cancer-associated fibroblasts (CAFs) seeded in the granular hydrogels spread rapidly 

throughout the scaffold and induced cancer cell migration. This work enhances the design of 

granular hydrogels, offering a highly adaptable biomaterial platform for in vitro cancer modeling.

KEYWORDS: Granular hydrogels, gelatin, tumor microenvironment, pancreatic cancer, cancer-

associated fibroblasts. 
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1. INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) comprises about 90% of all pancreatic cancer 

cases, with a five-year survival rate of 13% in 2025.1 The tumor microenvironment (TME) of PDAC 

is marked by excess deposition of extracellular matrices (ECM),2 resulting in high matrix stiffness 

that limits the permeability of therapeutics.3 The excess matrices are deposited by cancer-

associated fibroblasts (CAFs), which also interact closely with pancreatic cancer cells (PCCs) to 

guide their cell-fate processes.4, 5 Studies have shown that healthy pancreatic tissues are 

substantially softer (Young’s modulus E ~3 kPa, equivalent to shear modulus G’ ~1 kPa) than 

their cancerous counterparts.6, 7 The variation in stiffness manifests spatiotemporally in the TME. 

To this end, many hydrogel-based PDAC models have been developed to present the cells with 

a microenvironment of varying stiffness. For example, we have reported biomimetic hydrogel 

models for PDAC research, in which the gels were crosslinked via a modular thiol-norbornene 

photo-click reaction between multi-arm poly(ethylene glycol)-norbornene (PEGNB) and bis-

cysteine-bearing peptides.8-11 Zhang et al. created gelatin-methacrylate (GelMA) hydrogels with 

stiffness ranging from 1 kPa to 20 kPa to demonstrate enhanced cancer cell colony formation in 

stiffer gels.12 Curvello et al. utilized collagen-nanocellulose matrices to demonstrate that 

PCC/CAF co-cultures resulted in a threefold increase in stiffness compared to a PCC monoculture 

control.13 To mimic the dynamic tumor tissue properties, we have reported several hydrogel 

systems whose crosslinking density could be adjusted on-demand through modular click 

chemistry, hydrazone bonding,14, 15 enzymatic reaction,16, 17 or viscoelastic interactions.18, 19 

Most chemically crosslinked hydrogels are considered mesoporous, with an average 

‘mesh size’ of a few tens of nano-meters.20, 21 Unless the gels were designed to degrade, these 

mesoporous hydrogels would restrict macromolecular transport and cell migration.22 To this end, 

hydrogels with micron-scale pores have been engineered to overcome the constraints of 

mesoporous bulk hydrogels.23-25 One such example is granular hydrogels assembled from 

individual microgels, which can be fabricated from inverse suspension/bulk emulsion,14, 26 in-air27 
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or droplet chip microfluidics,28 extrusion or volumetric bioprinting,29 or mechanical crushing of bulk 

hydrogels.24 These microgels can be physically packed into a tight scaffold30, 31 with limited 

porosity and diffusivity.32 Microgels can also be assembled into granular hydrogels through 

secondary chemical reactions between the microgels, forming “microporous annealed particle” or 

MAP scaffolds.33 MAP scaffolds typically exhibit large voids between the microgels, enabling cells 

to migrate more freely without significantly degrading the biomaterial matrix.34 The void fraction in 

granular hydrogels could be controlled by adjusting microgel packing density or by incorporating 

sacrificial microgels that degrade post-assembly.35 For example, Seymour et al. create scaffolds 

with 60% of void space at the expense of a compromised scaffold integrity.35 An alternate example 

by Qazi et al. created continuously longer void spaces with rod-shaped microgels.36

The microgel size and annealing process can affect the scaffold’s void space and 

adhesion properties.37-40 For example, Widener et al. showed that homogenous microspheres 

were more suitable for culturing Jurkat T cells as they maintained an even cell distribution and 

higher viability.40 Caldwell et al. demonstrated that microgels with diameters in the hundred-

micron range promote a spindling morphology of mesenchymal stem cells compared to those with 

ten-micron diameters.38 Truong et al. used norbornene-modified hyaluronic acid to prepare 

microgels for further conjugating cell-adhesive peptide RGD to promote fibroblastic growth for 

wound healing.37 Most granular hydrogel scaffolds are annealed with secondary reactions such 

as photocrosslinking,41, 42 Michael-type addition,43 guest-host interaction,40 or inverse electron 

demand Diels-Alder (iEDDA) click reaction.14 Additionally, cell-generated traction force or cell-

secreted ECM may serve as a mechanism to assemble the microgels and further stabilize the 

scaffold alongside the chemical annealing reaction.44

Granular hydrogels have been exploited to model cancer in vitro. For example, Kieda et 

al. generated MCF-7 breast cancer spheroids in dextran-alginate microgels for drug testing.28 

Zhang et al. used GelMA/Matrigel microgels to model cellular clustering for lung cancer.45 Clara-

Trujillo et al. demonstrated the proliferation of multiple myeloma cells in fibronectin/hyaluronic 
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acid microgels in a suspension culture.46 Nguyen et al. demonstrated the conjugation of collagen 

I to polyacrylamide microgels to improve glioblastoma spreading.34 Molley et al. modeled 

melanoma-endothelium interactions using a packed granular hydrogel.26 Nonetheless, few 

studies have exploited granular hydrogels to model the PDAC microenvironment. Atkins et al. 

used granular hydrogels to probe the mechanical effects of PDAC cells when transferred between 

soft and stiff microenvironments.47 Siciliano et al. utilized alginate microgels containing pH-

sensitive fluorescent probes to measure optically the extracellular pH values of PDAC cells 

treated with chemotherapeutics.48 Nonetheless, these microgels/granular hydrogels did not 

exhibit dynamically tunable properties. 

In this study, we developed a dynamic granular hydrogel platform to investigate the impact 

of matrix stiffening on pancreatic CAFs and PCCs. We used a dually modified polymer, gelatin-

norbornene-carbohydrazide (GelNB-CH), due to its capacity to support three orthogonal click 

reactions: thiol-norbornene photocrosslinking, tetrazine-norbornene iEDDA click reaction, and 

hydrazide-aldehyde hydrazone click reaction.15 Our prior work has established dynamic GelNB-

CH hydrogels and microgels that promote cell spreading and proliferation as stiffness increases.14, 

15 In this work, we designed a new microgel processing workflow to prepare annealed GelNB-CH 

granular hydrogels, followed by dynamic tuning of granular hydrogel stiffness to assess pancreatic 

CAF spreading and growth patterns.  

2. MATERIALS & METHODS

2.1 Materials

Type A gelatin (230-280 bloom) was purchased from VWR Scientific. 4-arm PEG-thiol 

(PEG4SH, 10 kDa) and 4-arm PEG-amido-succinic-acid (PEG4ASA) was purchased from Laysan 

Bio. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), dextran (15 – 25 kDa), and FITC-

dextran (2 MDa) were acquired from Sigma-Aldrich. Sodium metaperiodate (NaIO4) was 

purchased from Fisher Scientific. Tetrazine-amine was purchased from Click Chemistry Tools. 
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Carbic anhydride, carbohydrazide, and N-(3-Dimethylaminopropyl)-N’-ethyl carbodiimide (EDC) 

hydrochloride were purchased from Acros Organics. HOBt hydrate was acquired from Oakwood 

Chemical. O-(7-Azabenzotriazole-1-yl)-N, N, N, N’-tetramethyluronium hexafluorophosphate 

(HATU) was purchased from Chem-Implex International. 5% Pico-Surf in Novec 7500 and Novec 

7500 solutions were acquired from Sphere Fluidics and 3M, respectively. PDMS for droplet chip 

replicas (SYLGARDTM  184) and for annealing chambers used in material characterization and 

cell study (DOWSILTM SE 1700) was purchased from Dow Chemical. CF-488A-carbohydrazide 

was purchased from Biotium. Fluoraldehyde and 2,4,6-trinitrobenzene sulfonic acid (TNBSA) 

were obtained from Fisher Scientific. All other chemicals were obtained from Fisher Scientific 

unless otherwise noted. 

2.2 Macromer synthesis and characterization

GelNB-CH was synthesized according to our published protocol.15 First, the primary 

amines on pristine gelatin (1 g) were reacted with carbic anhydride (0.6 g) to form GelNB in 18 

mL of PBS at pH 8 (adjusted by adding 1N NaOH) and room temperature for 18 hours.49 The 

product was dialyzed against ddH2O for 48 hours and freeze-dried. The degree of NB substitution 

was characterized by a fluoraldehyde assay and determined to be 5.1-5.4 mM per wt% gelatin, 

equivalent to 85-90% norbornene substitution. Next, GelNB was reacted with carbohydrazide 

(CH) with a ratio of 1 g GelNB to 1.2 g CH. The reaction occurred through EDC/HOBt-assisted 

`carbodiimide chemistry, using 2.25 mmol of EDC and HOBt each, in 13 mL 1:1 DMF/ddH2O at 

pH 5 and room temperature for 24 hours. The product was dialyzed against ddH2O for 48 hours 

and freeze-dried, to which the degree of CH substitution was determined to be 3.5-4 mM per wt% 

(by TNBSA assay). Oxidized dextran (oDex) was synthesized by reacting 1 gram of 15 – 25 kDa 

dextran with 1.58 grams of NaIO4, yielding two aldehyde groups on C2 and C4 positions on 

dextran backbone.50 Fluorescent CF488A-oDex was prepared by quickly vortexing 5 μL of 5 mM 

CF488A-carbohydrazide within 100 μL of a 5% oDex solution at 4°C. 
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2.3 Fabrication of GelNB-CH microgels via microfluidic droplet chip generation

Microfluidic droplet chips were formed via soft lithography from a silicon wafer master 

device with SYLGARD™ 184 PDMS to produce replicas. The replicas were cleaned with acetone 

and treated with air plasma treatment and mounted on a glass slide. A precursor solution 

containing GelNB-CH (5 or 10 wt%), PEG4SH (1 or 2 wt%), and LAP (2 mM), was mixed in a 1-

milliliter syringe. Two syringe pumps (Braintree Scientific, BS-300) were used concurrently to 

pump the aqueous precursor phase (10-40 microliters per minute) and the oil phase (Novec 7500 

with 2% Pico-Surf, 30-200 microliters per minute) through the droplet chip and collected in a 

microcentrifuge tube. The droplets were photocrosslinked through exposure to 365 nm light at 5 

mW/cm2 for 2 minutes. The resultant microgels were collected by passing through a 40-micron 

cell strainer, with the oil drained into a 50-mL conical tube. The strainer and conical tube were 

centrifuged for five seconds to remove the remaining oil from the microgels. The collected 

microgels were imaged with BioTek Lionheart FX microscope (Agilent Technologies) and 

microgel diameters were obtained using ImageJ software. The polydispersity index (PDI) of 

microgel populations was determined using the equation shown below.51 

Polydispersity index =  ( Standard deviation of population
Mean diameter of population

)
2
     (1)

2.4 Hydrogel characterization

Precursor solutions with 5 or 10 wt% of GelNB-CH and 1-3 wt% PEG4SH were prepared 

for determining their viscosity. Viscosity testing occurred with a parallel plate rheometer (Anton 

Paar MCR102) under ramp logarithmic shear stress reported as a function of viscosity at a given 

shear rate. Thus, the primary interest for the viscosity of each precursor solution occurs at the 

specific shear rate as experienced in the microfluidic system. The shear rate at the optimized 

syringe pumping rate was determined by the Hagen/Poiseuille equation as shown below.

Shear rate =  4∗[Volumetric flow rate]
π∗[radius]3      (2)
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The radius of the microchannel is 125 microns and the volumetric flow rate of the aqueous 

precursor is 18 microliters per minute, resulting in a final shear rate of 195.58 1/s. Per the definition 

of Poiseuille’s law, this shear rate is applicable to fluids of all viscosities that flow through the 

microchannel of the microfluidic system. Bulk hydrogels of all precursors were formulated for 

strain-sweep shear modulus measurement with oscillating shear strain applied in a ramp 

logarithmic increase from 0.1% to 5% strain from a parallel plate rheometer. 

2.5 Scaffold assembly and characterization

The microgels were washed with PBS and incubated in PBS containing oDex (0.0125 to 

0.1 wt%) at room temperature for 24 hours. Phase contrast images were taken of microgels to 

observe their changes in diameter due to the formation of additional hydrazone bonding. Bulk 

hydrogels were incubated in oDex solutions of the same concentrations and measured with strain-

sweep shear rheometry. A combination of the results of bulk hydrogel and microgel behavior 

determined the stiffening parameters for microgels to form scaffolds. The microgels were 

prepared into a scaffold with initial vortexing within a 0.5 wt% PEG-tetra-tetrazine (PEG4Tz) 

solution and centrifuged at 6,000 RPM (Thermo Scientific Sorvall ST 8R) for 90 seconds. The 

aggregate of microgels was incubated at room temperature for one hour. The PEG4Tz 

supernatant was aspirated and reserved for molding the scaffold. The microgels were transferred 

to 7.5-mm diameter circular molds (DOWSIL™ SE 1700 PDMS) to create scaffolds that were 

roughly 1 mm in thickness. The PEG4Tz supernatant was refreshed over the microgels and 

incubated at room temperature for another hour. The resultant scaffold was removed from the 

mold and placed within an oDex solution between 0.0125 wt% and 0.1 wt% for 24 hours at room 

temperature. To determine the relative oDex distribution through the scaffold, solutions of 

CF488A-oDex were used to observe the distribution of oDex in the granular hydrogel. 

Fluorescence images throughout the granular hydrogels were captured with Oxford BC43 

benchtop confocal microscope (Andor Instruments). Scaffolds were characterized for their shear 
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modulus with parallel-plate rheometry (Anton Paar MCR102) and their Young’s modulus with 

micro-indentation (Cell Scale Micro Tester G2) with a 0.3048-millimeter diameter beam and a 1-

millimeter spherical indenter. 

2.6 Cancer cell culture and spheroid assembly

1303-GFP-49-hT-CAFs and Td-tomato Pa03Cs (gifts from Dr. Melissa Fishel, Indiana 

University School of Medicine) were maintained in high glucose DMEM supplemented with 10% 

FBS and 1% antibiotics/antimycotics and maintained at 37°C with 5% CO2. Cell spheroids were 

formed via the protocol for the AggreWell™400 culture plate from STEMCELL Technologies. 

Briefly, the microwells within the well plate are rinsed with an anti-adherence solution and culture 

medium. Cells were seeded within the well and allowed to settle in the microwells for 24 hours 

before harvesting. 

2.7 CAF spheroids embedding in dynamic granular hydrogels

CAF spheroids were assembled with roughly 100 cells per spheroid, and roughly 6000 

spheroids were harvested. Separately, microgels were formed under sterile conditions as 

previously described and annealed for one hour via incubation with 0.5 wt% PEG4Tz at room 

temperature. Next, CAF spheroids were mixed amongst the microgels and pipetted into a 10-mm 

glass-bottom tissue culture dish, forming a disc-shaped spheroid-laden granular hydrogel. Each 

granular hydrogel contained up to 1000 spheroids. A layer of 0.5 wt% PEG4Tz solution was added 

on top of the scaffolds for one hour. Culture medium was added over the granular hydrogels after 

the one-hour period. The granular hydrogels either remained in the culture medium or were 

supplemented with 0.1 wt% oDex one day post-embedding and were cultured for 4 days with daily 

imaging via confocal microscope.

2.8 Individual CAF seeding in Pa03C spheroids-laden dynamic granular hydrogels

Pa03c spheroids were assembled with roughly 150 cells per spheroid, and roughly 6000 

spheroids were harvested. Pa03C spheroid-laden granular hydrogels were prepared as described 
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in the section above. Individual CAFs were suspended in culture medium at 106 cells/mL and 

seeded atop the Pa03C spheroid-laden granular hydrogel. Dynamic stiffening and cell culture 

processes were performed as described above.

2.9 Immunostaining CAF from 2D culture

For 2D culture of CAF on hydrogels, flat bulk hydrogels were formed with the same 

precursor as the microgels. CAF spheroids were formed and seeded on top of the hydrogels, 

which either remained in the culture medium or were stiffened via supplementing the media with 

0.1 wt% oDex one day post-seeding. The spheroid-seeded flat hydrogels were cultured for 4 days, 

with daily confocal microscopy imaging. For immunostaining, CAFs were fixed with 4% 

paraformaldehyde 24 hours at 4°C after the culture day 4 imaging and then rinsed three times 

with PBS at ten-minute intervals. Fixed cells were permeabilized with 0.1% Triton-X in PBS for 

one hour and then rinsed three times with PBS at ten-minute intervals. Phalloidin-rhodamine was 

diluted 1:100 in PBS and incubated over the hydrogels on a rocker plate for 1 hour. The gels were 

rinsed three times with PBS at ten-minute intervals. DAPI was diluted 1:200 in PBS and incubated 

over the hydrogels on a rocker plate for 30 minutes. The gels were rinsed three times with PBS 

at ten-minute intervals and imaged via confocal microscope.

2.10 Statistical Analysis

All data were reported as mean with a standard error of the mean. All statistical analyses 

were performed with GraphPad Prism software. One-way ANOVA was used to analyze microgel 

diameter (Figure 3B, 3C, 4D), polydispersity index (Figure 2D), and void fraction (Figure 5D, 

S2). Two-way ANOVA was used to analyze microgel diameter (Figure 2C), precursor solution 

viscosity (Figure 2E). Tukey’s HSD test was used to determine significant groups for all one- and 

two-way ANOVA. Unpaired t-tests with the Holm-Sidak method were used to analyze differences 

in maximum-intensity projection areas (Figure 6C, 6F, S3B). Values of p < 0.05 were statistically 
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significant. Levels of significance were designated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) 

and **** (p < 0.0001).

3. RESULTS & DISCUSSION

3.1 GelNB-CH hydrogel crosslinking and dynamic stiffening

In this study, primary hydrogel crosslinking was achieved through thiol-norbornene photo-

click reaction between GelNB-CH and PEG4SH, using LAP as the photoinitiator (Figure 1A). 

Irradiation of LAP under 365 nm light generates radical species to extract protons from sulfhydryl 

groups on PEG4SH, yielding thiyl radicals that react with the unsaturated norbornene groups on 

GelNB-CH. The norbonyl radical then propagates through another thiol group to produce a 

thioether bond, regenerating a thiyl radical to continue participating in the thiol-norbornene photo-

click reaction until all radicals are consumed/terminated (Figure 1A). The benefits of using 

GelNB-CH as the macromer for hydrogel fabrication include: (1) Inherent bioactivity: GelNB-CH 

is synthesized from gelatin, denatured collagen with inherent bioactive sites for protease cleavage 

and cell adhesion. (2) Modular crosslinking: GelNB-CH can be crosslinked into hydrogels with 

either inert (e.g., PEG4SH) or bioactive crosslinker (e.g., thiolated hyaluronic acid or THA), 

allowing orthogonal control of hydrogel crosslinking density and bioactive molecules. (3) Dynamic 

modification: Both NB and CH moieties can be leveraged for post-gelation on-demand 

modification of hydrogel physicochemical properties. For example, the excess NB group can be 

used for post-gelation conjugation of thiol or tetrazine-bearing molecules, whereas the CH moiety 

is reactive toward aldehyde-containing macromers (e.g., oxidized dextran or oDex) through a 

hydrazone reaction. 

In situ photo-rheometry was conducted to assess the effect of photoinitiator LAP 

concentration on crosslinking of GelNB-CH (5 wt%) and PEG4SH (1 wt%). Increasing LAP 

concentration from 0.5 mM to 2 mM led to a faster gel point (the crossover point where storage 
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modulus exceeds loss modulus), decreasing from ~30 seconds to within 10 seconds upon light 

exposure (Figure 1B). This is comparable to the crosslinking of GelNB, where initial gelation 

occurs between 5 and 30 seconds of light exposure.49, 52-54 Like other thiol-norbornene hydrogel 

systems, the crosslinking density and stiffness of GelNB-CH hydrogels could be independently 

tuned by adjusting either the thiol (from PEG4SH) or norbornene (from GelNB-CH) content 

(Figure 1C, 1D). These GelNB-CH hydrogels were thin (thickness ~ 500 μm) and crosslinked 

rapidly (under 2 min) using low-intensity (5 mW/cm2) longwave UV light (365nm) and a very low 

concentration of photoinitiator LAP (2 mM or 0.059 wt%). These photocrosslinking parameters 

are considered cytocompatible for in situ cell encapsulation.55 Furthermore, modular control of gel 

moduli was readily achieved independent of the bioactive component, enabling the decoupling of 

the effect of matrix biophysical and biochemical properties on cell fate processes.49 

Figure 1. Primary hydrogel crosslinking via orthogonal thiol-norbornene photo-click 
reaction. (A) Mechanism of radical-mediated thiol-norbornene photo-click reaction. (B) 
Representative plots of in situ gelation of GelNB-CH (5 wt%) and PEG4SH (1 wt%) at different 
concentrations of photoinitiator LAP. (C) Polymer and crosslinker content with thiol-ene (R[SH/NB]) 
ratio of precursor solutions. (D) Effect of GelNB-CH and PEG4SH contents on shear modulus (G’) 
of photo-crosslinked hydrogels. LAP = 2 mM, 365 nm light exposure at 5 mW/cm2 for 2 min. All 
groups: n = 4. 
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3.2 Effect of polymer compositions on microgel fabrication

Microfluidic droplet-generating chips have been widely used to create microgels with 

uniform sizes.56, 57 In a typical microfluidic chip, the aqueous prepolymer solution (i.e., GelNB-CH, 

PEG4SH, LAP) and the oil phase (i.e., Pico-Surf in Novec 7500) flow through the respective 

channels and join at the junction where droplets of the aqueous solution are ‘pinched off’ by the 

oil stream. The droplets are then crosslinked into microgels through appropriate chemistry (e.g., 

thiol-norbornene photo-crosslinking. Figure 2A). We have previously reported the fabrication of 

GelNB-CH microgels in a microfluidic chip with defined channel dimensions.14 However, the 

microfluidic parameters governing the size and polydispersity index (PDI) of the resulting 

microgels were not evaluated systematically. In the current contribution, we first studied the effect 

of precursor solution composition (i.e., [GelNB-CH] and [PEG4SH]) on microgel sizes (Figure 

2B). Here, LAP concentration was fixed at 2 mM as complete gelation was achieved within 60 

seconds (Figure 1B). Increasing GelNB-CH concentration from 5 wt% to 10 wt% with 1 wt% 

PEG4SH increased average microgel sizes, from ~140 μm to ~206 μm, respectively (Figure 2B, 

2C). Increasing crosslinker content to 2 wt% PEG4SH increased the microgel diameter to ~162 

μm and ~352 μm for 5 wt% and 10 wt% GelNB-CH, respectively. Monodisperse microgel 

populations have an average PDI lower than or equal to 0.1 (Equation 1).51 Increasing the 

concentration of GelNB-CH significantly increased the PDIs of the microgels (Figure 2D). 

Furthermore, microgels fabricated from 5 wt% GelNB-CH and 1 wt% PEG4SH were especially 

monodisperse, with a PDI of ~0.01. We hypothesized that increasing polymer contents drastically 

increases solution viscosity, creating difficulty for the oil phase to ‘pinch off’ the viscous aqueous 

phase. To test this hypothesis, we assessed the viscosities of all precursor solutions at the 

aqueous phase flow rate in the microchannel of the droplet generation chip. It was determined 

that the shear rate of any fluid through the channel would be 195.58/s (Equation 2). Hence, 

precursor solutions were subjected to increases in shear stress through a corresponding shear 

rate of 200/s. A 7.5-fold increase in viscosity (i.e., ~25 mPa*s - ~189 mPa*s) was observed 
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between the lowest and highest macromer-containing precursors (5 wt%/1 wt% and 10 wt%/2 

wt% of GelNB-CH/PEG4SH, respectively. Figure 2E). This observation suggested that 

the viscosity of the aqueous phase might play a role in determining the size of the resulting 

microgels. Due to their low PDI of 0.01, microgels fabricated from 5 wt% GelNB-CH and 1 wt% 

PEG4SH were used for subsequent studies. 

Figure 2. Microfluidic fabrication of GelNB-CH/PEG4SH microgels. (A) Schematic of microgel 
fabrication from a microfluidic droplet generator. (B) Photographs of microgels formed by different 
GelNB-CH and PEG4SH contents. (C) Quantification of microgel size distribution by GelNB-
CH/PEG4SH content. 5%/1%: n = 140, 5%/2%: n = 111, 10%/1%: n = 160, 10%/2% n = 56. 
Statistical analysis is in comparison between crosslinker concentrations at the same polymer 
concentration. (D) Quantification of PDI of microgels formed with increasing macromer and 
crosslinker precursors. Statistical analysis is in comparison with polymer concentration. (E) Effect 
of GelNB-CH and PEG4SH contents on the viscosity of precursor solutions at a shear rate of 
195.58 1/s. Statistical analysis for (C) – (E) is in comparison between polymer and crosslinker 
concentrations. 
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3.3 Effect of microfluidic flow rates on microgel fabrication

Beyond precursor formulation, microgel properties can be further customized through 

manipulating the flow rates of aqueous precursor and surfactant oil during droplet generation. 

Microfluidic droplet generator chips have strictly defined microchannels that spatially constrict the 

aqueous and oil phases. External syringe pumping controls the flow rates of aqueous and oil 

phases. This flow behavior within the microchannels further dictates the size and uniformity of the 

microgels.58  We first tested the effect of oil phase flow rate at a fixed aqueous phase flow rate of 

10 µL/min. At a lower oil phase flow rate (e.g., 30 µL/min), the microgels formed were larger and 

with more polydispersity (Figure 3A, 3B, Table S1). Increasing oil phase flow rate to 40 µL/min 

resulted in significant reduction in both the average diameter of microgels and the PDI. No further 

difference was found when the oil phase flow rate was above 50 µL/min. We then fixed the ratio 

between the oil and aqueous phases at 5 while raising the aqueous phase flow rate from 14 to 

40 µL/min. Higher aqueous phase flow rate would increase the droplet generation throughput. We 

found that the aqueous phase flow rate did not drastically alter the size of the microgels but higher 

PDIs were obtained at above 18 µL/min (Figure 3C, Table S2). After the above optimization 

process, we selected an aqueous and oil flow rate of 18 and 90 µL/min, respectively, for the 

remaining experiments in this study. 
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Figure 3. Optimizations to microfluidic microgel formation. (A) Photographs of microgels 
formed by different oil phase flow rates. Aqueous phase flow rate was fixed at 10 μL/min. (B) 
Effect of oil phase flow rate on microgel size distribution. The aqueous phase flow rate was fixed 
at 10 μL/min. 30 μL/min: n = 50, 40 μL/min: n = 69, 50 μL/min: n = 72, 60 μL/min: n = 73. (C) 
Effect of aqueous phase flow rate on microgel size distribution. The ratio of oil phase to aqueous 
phase flow rate was fixed at 5. 14 μL/min: n = 133, 16 μL/min: n = 138, 18 μL/min: n = 139, 20 
μL/min: n = 154, 30 μL/min: n = 168, 40 μL/min: n = 162. Statistical analyses in (B) and (C) are 
made in comparison to adjacent groups. 

3.4 Dynamic stiffening of microgels via hydrazone bonding

GelNB-CH is a multifunctional macromer amenable to multiple orthogonal reactions, 

including thiol-norbornene photo-click reaction (for hydrogel crosslinking), tetrazine-norbornene 

iEDDA click reaction (for microgel annealing), and hydrazone bonding (for dynamic stiffening). 

After identifying suitable parameters for fabricating uniform GelNB-CH microgels with thiol-

norbornene photo-click gelation, we evaluated hydrogel stiffening using initiator-free hydrazone 

bonding with an aldehyde-containing reagent (e.g., oDex. Figure 4A).15 The effect of oDex-

mediated hydrazone bonding on hydrogel stiffness was first evaluated using GelNB-CH hydrogels 

with an elastic shear modulus of ~2,000 Pa.15 Without oDex, the stiffness of GelNB-CH hydrogels 

decreased over 48 hours of incubation due to hydrogel swelling. In the presence of a sufficiently 
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high amount of oDex (e.g., 0.1 wt%), however, hydrogel stiffness increased gradually and reached 

~8,000 Pa, a 4-fold increase from before stiffening (Figure 4B). As oDex reacted with GelNB-CH, 

the overall polymer density in the hydrogels increased, resulting in smaller hydrogel mesh sizes, 

lower swelling, and hence higher stiffness.20 The formation of hydrazone bonding in oDex-

stiffened hydrogels was verified via strain-sweep rheometry (Figure 4C). The stiffness of GelNB-

CH hydrogels without additional hydrazone bonding was independent from applied strain. 

However, hydrogels infused with higher oDex content (e.g., 0.05 and 0.1 wt%) exhibited strain-

induced softening, indicating that some of the chemical bonds in these hydrogels were ‘ruptured’ 

at higher strains. It is worth noting that, while hydrazone bonding is not covalent, we have shown 

that oDex-stiffened GelNB-CH hydrogels were stable for at least 72 hours without any dropping 

in shear moduli.15 Another factor to consider is that, while hydrazone bonds are not covalent, 

these bonds were formed within a pre-crosslinked hydrogel via thiol-norbornene photo-click 

reaction. In another word, the bonding between carbohydrazide on GelNB-CH and aldehyde on 

oDex was restricted within the hydrogels, thereby increasing their local concentration and bond 

stability. In another study, hydrogels crosslinked by pure carbohydrazide-aldehyde bonding were 

stable for at least 7 days for supporting microvascular formation.59 Nonetheless, the degree of 

dynamic stiffening (from 2 to 10 kPa) was relevant towards modeling PDAC progression.60

Next, the effect of hydrazone-induced dynamic stiffening was evaluated using microgels. 

Microgels were fabricated from 5 wt% GelNB-CH and 1 wt% PEG4SH and washed with PBS, 

with an average diameter of ~163 μm before stiffening (Figure 4D). After 24 hours of oDex 

incubation, the average diameter of microgels decreased to ~100 μm for 0.1 wt% oDex (Figure 

4D, Figure S1). The difference between the largest and smallest microgels within a population is 

similar between non-stiffened (e.g., ~72 μm difference) and highly stiffened (e.g., ~77 μm 

difference) microgels due to the initial uniformity of the microgels. This uniformity is maintained 

after stiffening, regardless of oDex concentration (e.g., PDI values between ~0.008 and ~0.01. 

Table S3). 
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Figure 4. Dynamic stiffening of GelNB-CH hydrogels and microgels. (A) Mechanism of 
hydrazone bonding between CH on GelNB-CH and aldehyde on oDex. (B) Dynamic stiffening of 
bulk hydrogels by oDex incubation (48 hours). Hydrogel shear modulus (G’) were tracked 
overtime via strain-sweep rheometry (0.1% to 5% strain). All groups: n = 4. (C) Effect of oDex 
content on hydrogel stiffening (24 hours oDex incubation). All groups: n = 4. (D) Effect of oDex 
stiffening on microgel diameter. 0%: n = 45, 0.0125%: n = 49, 0.025%: n = 74, 0.05%: n = 67, 
0.1%: n = 147. Statistical analysis in (D) is made in comparison to adjacent groups. 

3.5 Annealing and dynamic stiffening of granular hydrogels

In this study, GelNB-CH microgels were crosslinked by thiol-norbornene photoclick 

reaction using only a small portion of the norbornene group (up to 15%). The remaining 

norbornene moiety was leveraged for annealing microgels via tetrazine-norbornene iEDDA click 

reaction. An advantage to using this additional click chemistry is that it is independent of light 

penetration, allowing the creation of thicker gel structures.61 Microgels were annealed into a 

scaffold using cycloaddition between electron-poor tetrazine and electron-rich norbornene 

(Figure 5A). To achieve annealing, microgels were vortexed in 0.5 wt% PEG4Tz solution, 

followed by centrifugation at 6,000 rpm for 90 seconds and incubation for a minimum of two hours. 
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It is worth noting that our prior work on GelNB-CH granular hydrogels utilized hydrazone-stiffened 

microgels before their annealing into granular hydrogels by iEDDA click reaction.14 The 

orthogonality of hydrazone bonding and iEDDA click reaction would allow for an annealing-first 

strategy, where the entire annealed granular hydrogels were subjected to hydrazone-induced 

stiffening. To this end, the annealed scaffolds were incubated in CF488A-oDex for 24 hours to 

induce dynamic stiffening. Compared with non-stiffened control, CF488A-oDex uniformly 

distributed in the annealed granular hydrogels, suggesting that the diffusion of oDex into the 

granular scaffold was not hindered (Figure 5B). The void fraction of the stiffened granular scaffold 

was maintained at around 35% regardless of the process of scaffold formation or degree of 

stiffening (Figure 5C, 5D, S2). This is due to the initial uniformity of the microgels before any 

stiffening. Additionally, particle packing theory expects that monodisperse microgels produce 

similar void fractions when packed into a scaffold.62 Conversely, microgels formed by inverse 

suspension created microgels with a much wider diameter range distribution (i.e., ~250 μm).14 

The void fraction of these scaffolds with pre-stiffened microgels created void fractions ranging 

from ~28% up to ~40%.14
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Figure 5. Dynamic stiffening of annealed granular hydrogels via iEDDA click reaction. (A) 
Schematic of tetrazine-norbornene iEDDA click reaction. (B) Images displaying the oDex 
perfusion through the central region of scaffolds formed with the annealing of microgel particles 
before oDex stiffening. (C) Representative void fraction images (scale: 200 microns) and (D) 
quantification of scaffolds from each stiffening group. All groups: n = 5 regions. Statistical analyses 
are comparison between adjacent stiffness groups and control (0 wt% oDex). No significance was 
found. 

3.6 Effect of dynamic stiffening on CAF and PCC spheroids

CAFs are known to facilitate cancer cell spreading in PDAC and are activated in response 

to increased matrix stiffness.5 Here, we evaluated the effect of dynamic granular hydrogel 

stiffening on pancreatic CAFs and cancer cells. CAF spheroids were assembled in Aggrewell 

plate, recovered, and embedded in the void space of granular scaffolds, followed by annealing 

using PEG4Tz via iEDDA click reaction. After annealing, CAF-laden granular hydrogels were 

incubated in 0.1% oDex for 24 hours to induce dynamic stiffening, followed by tracking of cell 

morphology for four days (Figure 6A, 6B). CAFs dissipated from the central spheroid region 
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within two days after embedding. In stiffened bulk hydrogels, spreading of CAFs was limited due 

to spatial restriction from the reduced hydrogel mesh size.15 On the other hand, in granular 

hydrogels annealed from stiffened and smaller microgels, CAF outgrowth was limited due to the 

larger void fraction.14 In contrast, dynamic stiffening of granular hydrogel did not significantly alter 

their void fractions (Figure 5D), allowing the observed differences to be attributed to the variation 

in granular gel stiffness. Over four days, CAFs cultured within the soft granular scaffolds grew to 

over 50,000 μm2 in maximum-intensity projected area per cellular cluster (Figure 6C). 

Conversely, CAFs within the stiffened scaffolds grew outward more slowly, with an average 

maximum-intensity projected area of ~20,000 μm2. Cell migration is affected by matrix stiffness 

and the cell’s ability to generate traction force.63 For example, cells form long, spindling filopodia 

to probe the stiffness of their surroundings and form lower stability attachments if the stiffness is 

lower than ‘desired’.63, 64 Meanwhile, cells form more secure lamellipodia if the matrix stiffness is 

ideal for migration.63, 64 As these cellular processes were not easily discerned in 3D granular 

hydrogels, we prepared 2D flat hydrogels (with the same formulations as those in microgels) on 

which CAF spheroids were seeded. CAF-seeded hydrogels were stiffened with 0.1% oDex 

supplemented in the culture medium. Over four days, the maximum-intensity projection areas 

were evaluated, which revealed similar measurements between cell clusters (i.e., spheroids and 

the outgrown cells on the hydrogel surface (Figure S3A, S3B). However, CAFs on the soft 

hydrogel surface appeared longer and spindled, while CAFs on the stiff hydrogel surface 

appeared rounder. Immunostaining of F-actin revealed a brighter appearance of actin bundles in 

the spindling cells on the soft hydrogel. Meanwhile, F-actin appeared duller in the rounder cells 

on the stiff hydrogel. These morphological observations indicate that CAFs might be making 

temporary attachments to the hydrogel matrix as they ‘explored’ their local microenvironment.64 

On the other hand, CAFs on the stiffened hydrogel formed more stable adhesions to the matrix, 

potentially generating stronger traction forces.64
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To investigate the spreading of PCCs within the granular hydrogel environment, we 

formed spheroids of pancreatic cancer patient-derived cell line Pa03C in Aggrewell plate and 

embedded them within microgels before scaffold annealing. Singular CAFs were seeded onto the 

scaffold surface. Scaffolds were stiffened with 0.1% oDex for 24 hours, followed by tracking of 

cell morphology for 4 days. Dispersed CAFs spread out quickly and formed an extensive 

interconnected network around microgels and the PCC spheroid (Figure 6D). Interestingly, PCCs 

began to migrate away from their original spheroids within 4 days of culture, a behavior not 

observed in the absence of CAF in bulk hydrogels.15 CAF-induced PCC spreading was also 

observed in a previous study, in which CAFs and PCCs were mixed within the same spheroids.14 

Regardless of how CAFs were presented (i.e., dispersed in the void space outside of PCC 

spheroids or in mixed spheroids), their presence increased PCC migration (Figure 6E). However, 

no statistical significance was found in PCC spreading area between soft and stiffened granular 

hydrogels (Figure 6F).   

In the TME, cancer cells proliferate and secrete ECM that stiffens the matrix, leading to 

compression of stromal tissue65 that may restrict cancer cell migration.66 However, higher matrix 

stiffness can activate pancreatic stellate cells to become CAFs,5 which not only remodel the TME 

but also facilitate cancer cell spreading.67 Furthermore, CAFs secrete pro-migratory cytokines 

such as transforming growth factor-beta (TGFβ) and fibroblastic growth factor (FGF), which also 

promote the migratory behavior of PCCs.68 Conversely, the ECM deposited by CAFs may also 

restrict cancer cell metastasis by localizing deposition around the PCCs and within the tumor.69, 

70 The increasing stiffness of the tumor leads to a poorer prognosis of PDAC,71 with increasing 

stiffness of the PCCs demonstrating a more invasive phenotype.72 In the current study, we show 

that dynamically stiffened granular hydrogels restricted CAF spreading  (Figure 6C), likely due to 

increased cell adhesion strength. However, the difference in CAF adhesion did not alter PCC 

migration (Figure 6F). This was different from what we observed in a previous study, in which a 

dynamically stiffened 2D hydrogel surface seeded with CAFs induced PCC migration away from 
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spheroids.73 The discrepancy in PCC migration results may be attributed to the different 

dimensionality of the culture format (i.e., flat 2D surface vs 3D granular hydrogel) that led to 

different CAF responses in cytokine secretion or additional ECM deposition. Future studies will 

focus on integrating additional pancreatic TME components into the dynamic granular hydrogel 

system to tease out the molecular mechanisms.

Figure 6. Cancer-associated fibroblast behavior in granular hydrogels. (A) Representative 
images displaying the outgrowth of CAFs from spheroids in fluorescently tagged granular 
hydrogel over 4 days of culture. (B) Representative images displaying the outgrowth of CAFs 
without the view of the microgels. (C) Maximum-intensity projection area of the cellular clusters 
within the granular hydrogels (n > 50 spheroids per timepoint per condition). (D) Representative 
images displaying the outgrowth of PCCs from spheroids with dispersed CAFs in granular 
hydrogel over 4 days of culture. (E) Representative images of the PCCs without the view of CAFs. 
(F) Maximum-intensity projection area of the cellular clusters within the granular hydrogels (n > 
50 spheroids per timepoint per condition).

4. CONCLUSION

In conclusion, this work demonstrates a biofabrication workflow for creating dynamic 

granular hydrogels. Microgels were first fabricated using GelNB-CH, a dually functionalized 

gelatin with modular reactivities, via thiol-norbornene photo-click reaction. Microfluidic parameters 
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for forming microgels with uniform sizes were identified, including macromer concentrations and 

relative flow rates of the oil and aqueous phases. Next, the GelNB-CH microgels were annealed 

using PEG4Tz via iEDDA click reaction. Finally, the annealed granular hydrogels were 

dynamically stiffened by oDex-mediated hydrazone bonding. The annealing and dynamic 

stiffening processes were cytocompatible for entrapping pancreatic CAFs and PCCs. Finally, 

dynamic stiffening of GelNB-CH granular hydrogels led to decreased CAF spreading without 

hindering CAF-induced PCC migration. Future work will focus on adapting this dynamic granular 

hydrogel platform to create physical stress/confinement and to evaluate the effect of cytokine-

mediated PCC migration. 
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