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a b s t r a c t 

Hydrogels with dynamically tunable crosslinking are invaluable for directing stem cell fate and mimick- 

ing a stiffening matrix during fibrosis or tumor development. The increases in matrix stiffness during 

tissue development are often accompanied by the accumulation of extracellular matrices (e.g., collagen, 

hyaluronic acid (HA)), a phenomenon that has received little attention in the development of dynamic 

hydrogels. In this contribution, we present a gelatin-based cell-laden hydrogel system capable of being 

dynamically stiffened while accumulating HA, a key glycosaminoglycans (GAG) increasingly deposited by 

stromal cells during tumor progression. Central to this strategy is the synthesis of a dually-modified 

gelatin macromer – gelatin-norbornene-carbohydrazide (GelNB-CH), which is susceptible to both thiol- 

norbornene photopolymerization and hydrazone click chemistry. We demonstrate that the crosslinking 

density of cell-laden thiol-norbornene hydrogels can be dynamically tuned via simple incubation with 

aldehyde-bearing macromers (e.g., oxidized dextran (oDex) or oHA). The GelNB-CH hydrogel system is 

highly cytocompatible, as demonstrated by in situ encapsulation of pancreatic cancer cells (PCC) and 

cancer-associated fibroblasts (CAF). This unique dynamic stiffening scheme provides a platform to study 

tandem accumulation of HA and elevation in matrix stiffness in the pancreatic tumor microenvironment. 

Statement of significance 

Hydrogels permitting on-demand and secondary crosslinking are ideal for mimicking a stiffening tumor 

microenvironment (TME). However, none of the current dynamic hydrogels account for both stiffening 

and accumulation of hyaluronic acid (HA), a major extracellular matrix component increasingly deposited 

in tumor stromal tissues, including pancreatic ductal adenocarcinoma (PDAC). The current work addresses 

this gap by developing a dynamic hydrogel system capable of simultaneously increasing stiffness and HA 

accumulation. This is achieved by a new gelatin macromer permitting sequential thiol-norbornene (for 

primary network crosslinking) and hydrazone click chemistry (for bioinert or biomimetic stiffening with 

oxidized dextran (oDex) or oHA, respectively). The results of this study provide new insights into how 

dynamically changing physicochemical matrix properties guide cancer cell fate processes. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The diagnosis and treatment of pancreatic ductal adenocarci- 

oma (PDAC) have not seen significant improvement over the past 

ecades, in large part due to the complex and hypoxic tumor mi- 

roenvironment (TME) [1–3] . A major hurdle to the treatment of 

DAC is the dense and complex TME [4] , which includes cellular 

e.g., tumor cells, immune cells, pancreatic stellate cells (PSCs), and 
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Fig. 1. Synthesis and crosslinking of GelNB-CH hydrogels. (A) Synthesis of GelNB and GelNB-CH. (B) Schematic of thiol-norbornene photo-click reaction. (C) Effect of pho- 

toinitiator LAP concentration on moduli of UV light (365 nm) crosslinked GelNB-CH/PEG4SH hydrogels. [GelNB-CH] = 5 wt%, [PEG4SH] = 1 wt% (R SH/NB = 0.5). UV light: 5 

mW/cm 

2 for 2 min. (D) Effect of visible light polymerization time and LAP concentration of crosslinking of GelNB-CH/PEG4SH hydrogels. [GelNB-CH] = 5 wt%, [PEG4SH] = 1 

wt% (R SH/NB = 0.5). Visible light (40 0-70 0 nm): 70 kLux. (E) Schematic of hydrazone-click reaction. (F) Effect of macromer content on modulus of hydrazone hydrogels 

crosslinked by GelNB-CH and PEG4pAld (R Ald/CH = 0.5). Polymerization time: 30 minutes. Shear modulus of GelNB-CH gels was analyzed using one-way ANOVA with a 

Bonferroni post-test analysis. 
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ancer-associated fibroblasts (CAFs) [5] ) and non-cellular compo- 

ents (e.g., cytokines and excess matrices) [6–8] . While the growth 

f primary cancer cells dictates the progress of PDAC development, 

tromal cells such as PSCs and CAFs are known to secrete a myr- 

ad of growth factors, cytokines, and extracellular matrices (ECM) 

hat also contribute to tumor progression. The development of 

iomimetic tumor matrix will benefit the understanding of PDAC 

ell fate processes, which in turn will assist the development of 

nti-PDAC therapeutics. 

Hydrogels are swollen three-dimensional (3D) networks of 

rosslinked hydrophilic polymers that enable strategic manipula- 

ion of physicochemical properties to mimic key aspects of ECM in 

ealthy or diseased tissues [ 9 , 10 ]. For example, Matrigel, a tumor- 

erived matrix, is widely used to study cancer cell growth and 

o promote self-organization and functionality of stem cell de- 

ived organoids [11] . However, the compositions of Matrigel are 

ll-defined and batch-dependent, making it challenging in mech- 

nistic interpretation of experimental results. Matrigel is also too 

ompliant and cannot recapitulate the evolving mechanics in the 

tem cell niche or cancer stromal tissue. To that end, recent ef- 

orts have demonstrated that semi-synthetic hydrogels crosslinked 

y synthetic and modified natural macromers are highly useful 

or in vitro and ex vivo cancer cell research. The use of synthetic 

acromers and chemistries offers a facile means of tuning matrix 

echanics, while the addition of biologically-derived macromers 

enders the matrix responsive to cells (e.g., adhesion and matrix 

egradation). 

Hydrogels with dynamically tunable matrix properties (i.e., 

ynamic hydrogels) can mimic key aspects of TME [12–15] . 

ynamic stiffening of cell-laden hydrogels are conventionally 

chieved by performing a secondary crosslinking within an ex- 

sting hydrogel network. Various strategies have been employed 

o induce dynamic hydrogel stiffening, including photochem- 

stry, supramolecular assembly, reversible protein folding, ionic 

rosslinking, and enzymatic reactions [16] . For example, we have 

eported poly(ethylene glycol) (PEG)-peptide hydrogels that could 
162 
e dynamically stiffened via tyrosinase-mediated [17] or visible 

ight initiated di-tyrosine crosslinking [14] . In particular, we syn- 

hesized gelatin-norbornene (GelNB) and further modified it with 

-hydroxyphenylacetic acid (HPA), yielding a dual functionalized 

elNB-HPA. Hydrogels crosslinked by GelNB-HPA and thiolated HA 

THA) could be dynamically stiffened by tyrosinase to mimic the 

ncrease in matrix stiffness during PDAC progression [17] . Using 

his modular and dynamic hydrogel system, we demonstrated a 

ynergistic effect of matrix stiffening and the presence of HA on 

romoting epithelial-mesenchymal transition (EMT) in pancreatic 

ancer cells (PCCs). In a separate study, we showed that PCCs 

rown in a dynamically stiffened matrix acquired resistance to 

hemotherapeutic treatment [18] , suggesting a critical role of ma- 

rix mechanics on drug sensitivity in cancer cells. 

In the prior GelNB-HPA hydrogel system, HA was incorporated 

s part of the primary network that was subsequently stiffened 

y tyrosinase (i.e., no change in biochemical components). While 

ydrogel stiffness was effectively increased after secondary enzy- 

atic crosslinking, this system did not resemble cancer progres- 

ion where HA was increasingly deposited overtime [8] . To mimic 

 stiffening PDAC tissue with increased HA accumulation, we re- 

ort here a new dynamic hydrogel system integrated with two 

lick chemistries, namely thiol-norbornene photo-click reaction for 

he primary network crosslinking and hydrazone click reaction for 

he concurrent dynamic stiffening and HA accumulation. Central to 

his physicochemically relevant dynamic hydrogel was the synthe- 

is of a NB and carbohydrazide (CH) dually functionalized gelatin 

i.e., GelNB-CH, Fig 1 A ). The use of gelatin-based macromer con- 

erred the hydrogel network with both cell adhesive ligands and 

rotease-labile linkers, while the installation of NB and CH reac- 

ive handles permitted initial gelation either by photo-click thiol- 

orbornene reaction ( Fig. 1 B ) [19] or by hydrazone click chemistry 

 Fig. 1 C ) [20] . The two orthogonal click chemistries were employed

equentially to yield cell-laden hydrogels susceptible to dynamic 

tiffening using oxidized polysaccharides (e.g., bioinert dextran or 

ioactive HA). While the use of oxidized dextran (oDex) did not in- 
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roduce bioactive component during/after stiffening, the utilization 

f oxidized HA (oHA) permitted a stiffened network with accumu- 

ation of HA, which mimics the matrix stiffening and increased de- 

osition of HA during pancreatic cancer progression. In addition 

o evaluating the effect of secondary hydrazone-based click reac- 

ion on the dynamic stiffening of thiol-norbornene hydrogels, we 

ested the cytocompatibility of this new dynamic hydrogel system 

ith PCC (e.g., PANC-1) and pancreatic CAF [21] , which secretes 

ytokines and tumor ECM to support PCC growth. Using a bioin- 

rt macromer (i.e., stiffening with oDex) as a control, we further 

valuated the effect of biochemically active dynamic stiffening (i.e., 

tiffening with oHA) on PCC and CAF phenotype, including cell pro- 

iferation and spreading, as well as expression of HA receptor CD44 

nd a panel of CAF associated proteins. 

. Materials and methods 

.1. Materials 

Type B gelatin (bloom 225) was purchased from Electron Mi- 

roscopy Sciences. Carbic anhydride (CA), carbohydrazide (CH) and 

-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC) were 

urchased from Acros Organics. Sodium hyaluronate (74 kDa) 

nd dextran (20 kDa) were purchased from Lifecore Biomedical 

nd Sigma-Aldrich respectively. Hydroxy benzotriazole (HOBt) was 

urchased from Oakwood Chemical . Poly(ethylene glycol)-tetra- 

ropionaldehyde (PEG4pAld, 10 kDa) and PEG-tetra-thiol (PEG4SH, 

0 kDa) were purchased from Layson Bio. α-chymotrpsin was pur- 

hased from Amresco. Hyaluronidase was purchased from Wor- 

hington Biochemical Corporation. Geltrex was purchased from 

hermo Fisher Scientific. Anti-CD44 antibody and Alexa Fluor 488 

onkey anti-mouse IgG was obtained from RayBiotech and Thermo 

isher Scientific, respectively. CAF marker antibody sampler kit 

as purchased from Cell Signaling. Live/dead viability kit was pur- 

hased from Biotium. High glucose DMEM was purchased from 

E Healthcare. DPBS, fetal bovine serum (FBS), and antibiotic- 

ntimycotic were purchased from Corning. All other chemicals 

ere purchased from Sigma-Aldrich unless otherwise noted. 

.2. Macromer synthesis 

GelNB was synthesized following a published procedure [19] . 

he substitution of NB group was characterized via Fluoraldehyde 

ssay using unmodified gelatin with known concentrations as a 

tandard. GelNB-CH was synthesized by dissolving GelNB in 50 mL 

BS at 45 °C and stirred via a rotary evaporator. GelNB solution 

as then moved to an oil bath kept at 45 °C. CH was added to

he solution and mixed until dissolved, followed by addition of 

DC and HOBt dissolved in equal volume of ddH 2 O and amine-free 

imethylformamide (DMF) (total vol. 13 mL). The pH was adjusted 

o 5 and the reaction was allowed to proceed for 24-h at 45 °C. 

fter 24-h, the solution was transferred to a dialysis membrane 

f 12–14 kDa molecular weight cut-off (MWCO), where it under- 

ent dialysis against ddH 2 O for 3-days at 40 °C. After dialysis, the 

olution was lyophilized to obtain the final product. Functionaliza- 

ion of CH was characterized via 2,4,6-trinitrobenzene sulfonic acid 

TNBSA) assay using a standard curve created from adipic acid di- 

ydrazide. 

To synthesize oHA and oDex, NaIO 4 was first dissolved in 

00 mL ddH 2 O. HA (or dextran) was then dissolved into the NaIO 4 

olution and stirred overnight in dark. The solution was trans- 

erred to a 4-6 kDa MWCO dialysis membrane and dialyzed against 

dH 2 O for 3-days, followed by freeze-drying to collect the fi- 

al product. Theoretical functionalization was ascertained via con- 

entration of diols that could be oxidized via ring-opening. The 

mounts of NaIO used were calculated based on the concentration 
4 

163 
f diol per weight percent (independent of the molecular weight) 

f HA or dextran (i.e., 0.236 mg and 0.525 mg of NaIO 4 per mg of

A and dextran, respectively). 

.3. Hydrogel crosslinking and stiffening 

Thiol-norbornene hydrogel crosslinking was performed via ei- 

her light initiated photo-click reaction with lithium phenyl-2,4,6- 

rimethylbenzoylphosphinate (LAP) as the photoinitiator. GelNB or 

elNB-CH, and thiol-containing macromers were mixed thoroughly 

ith vortex and pipetted between two glass slides separated by 

 mm thick spacers, followed by either 365 nm light (5 mW/cm 

2 , 

lak-Ray XX-15M UV Lamp) for 2 min or visible light (40 0-70 0 nm, 

0 kLux, AmScope Cold-Light Source Haloid Lamp) exposure for 

arious duration [22] . Hydrazone hydrogels were prepared by cre- 

ting two precursor solutions, one with GelNB-CH and one with 

n aldehyde-containing macromer. The precursor solutions were 

ixed in an oxygen plasma treated glass slide and incubated for 

0 minutes in a humidifying chamber. After gelation, hydrogel 

iscs were punched out with an 8 mm biopsy punch and gels 

ere incubated at least 1-hour in DPBS supplemented with antibi- 

tics prior to rheological characterization. Stiffening was achieved 

y introducing soluble, aldehyde-containing cross-linkers (i.e., oHA, 

EG4pAld, or oDex) to hydrogel swelling solution. Stiffening was 

nitiated immediately following pre-stiffened rheological charac- 

erization and lasted for 24-h. Quantification of gel shear/storage 

odulus (G 

′ ) and loss modulus (G 

′ ′ ) was accomplished via a par- 

llel plate in strain sweep mode and frequency sweep mode us- 

ng Bohlin CVO 100 Digital Rheometer at room temperature. Strain 

ange was from 0.1 – 5% at an oscillating frequency of 1 Hz over 

he course of 100 seconds. The values in the linear viscoelastic- 

ty region (LVE) were averaged to obtain G 

′ and G 

′ ′ . Frequency 

weep tests were conducted at an oscillating frequency range from 

.1 – 10 Hz at a constant strain of 10%. Strain of 10% was ap- 

lied for stress relaxation analysis and relaxation modulus was 

racked for 10 0 0 s using MCR 102 rheometer (Anton Paar). Nu- 

lear magnetic resonance (NMR) spectroscopy was performed to 

ualitatively verify the modification NB and CH on gelatin. Fourier- 

ransform infrared (FTIR) spectroscopy was performed for gelatin, 

elNB, GelNB-CH, oDex, and GelNB-CH hydrogels (soft and oDex- 

tiffened) using Nicolet iS 10 FTIR spectrometer (Thermo Fisher). 

canning electron microscopy (SEM) images were taken for non- 

tiffened and oDex-stiffened GelNB-CH gels using JSM-7800F field 

mission scanning electron microscope (JEOL). 

.4. Enzymatic degradation of GelNB-CH hydrogels 

GelNB-CH hydrogels were either stiffened with 0.5 wt% oHA 

or 24 h (oHA-stiffened), or with 0.05 wt% oDex for 6 h (oDex- 

tiffened). The hydrogels were measured for storage modulus be- 

ore subjected to enzymatic degradation. Specifically, cylindrical 

els (diameter: 8 mm, thickness: 0.8 mm) were incubated in 

 mg/mL chymotrypsin at room temperature. Gel mass was mea- 

ured gravimetrically every 10 min after removing excess solution 

n the hydrogel. Alternatively, gels were incubated in 1 mg/mL 

yaluronidase at 37 °C, and gel mass was measured after 10 min, 

0 min, 60 min, and every hour afterward. 

.5. Cell maintenance and encapsulation 

PANC-1 cells and immortalized GFP-expressing CAF cells (la- 

eled as CAF3 in the HYAL expression study) [21] were cultured on 

issue culture plastics (TCP) in high glucose DMEM supplemented 

ith 10% FBS and 1% antibiotics. Media was refreshed every 2 

3 days and the cells were allowed to grow until they reached 
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0% confluence for passaging or encapsulation. Prior to encapsula- 

ion, all hydrogel precursor solutions were sterile-filtered through 

.22 μm syringe filters. Some materials, such as modified gelatin 

nd HA, were exposed to germicidal mid-wave UV (i.e. 254 nm) 

or 30 min prior to use. Encapsulating PANC-1 cells and CAFs in 

ydrogels was accomplished in 1 mL syringes with their tops cut 

ff for sample loading and gel retrieval. The volume of each hy- 

rogel was 25 μL and the encapsulation cell density was 1 × 10 5 

ells/mL for PANC-1 and 1 × 10 6 cells/mL for CAF. The gelation 

arameters were consistent with hydrogel fabrication for rheologi- 

al characterization (i.e. 5 mW/cm 

2 for 2-minutes). In selected ex- 

eriments, the PANC-1-laden hydrogels were maintained in high 

lucose DMEM with 10% FBS or DMEM/F12 supplemented with 

0 ng/ mL epithermal growth factor (EGF) and 20 ng/mL fibrob- 

ast growth factor (FGF) (i.e., spheroid medium). CAF-laden hydro- 

els were incubated in high glucose DMEM with 10% FBS. Media 

f cell-laden hydrogels were refreshed every 2 – 3 days. Stiffen- 

ng was achieved by incubating hydrogels in aldehyde-containing 

ross-linkers (i.e., oHA or oDex) for 24 h, from day-1 to day- 

. To reach a pathophy relevant stiffness, gels were either stiff- 

ned with 0.5 wt% oHA for 18 h followed by 0.05 wt% oDex for 

 h (oHA+oDex-stiffened), or alternatively, with 0.03 wt% oDex 

oDex-stiffened). 

The same cell density was used for cell encapsulation using 

eltrex TM , an LDEV-free reduced growth factor basement mem- 

rane matrix. Briefly, Geltrex solution was mixed with cell suspen- 

ion below room temperature. The mixture was deposited to the 

urface of a well-plate and allowed to undergo gelation at 37 °C as 

nstructed by the manufacturer’s protocol. 

.6. Characterization of cell viability, cell/spheroid size, and cell 

preading 

Qualitative characterization of cell viability and morphology 

ere performed using live/dead staining. Calcein AM and Ethidium 

omodimer III were used for labeling live and dead cells, respec- 

ively. Hydrogels with encapsulated cells were transferred to new 

ell plates and washed 3x with DPBS for 5-min prior to the ad- 

ition of staining solution. Once staining solution was added, the 

els were protected from light and incubated for 1-h on a shake 

late. Excess stain solution was removed from the gels, followed by 

 times of 5-min DPBS washes. Finally, cell-laden hydrogels were 

ransferred onto a glass slide for imaging via LionHeart FX auto- 

ated microscope or a confocal microscope. Image analysis was 

onducted with ImageJ. To get a better resolution image of CAF, 

he live/dead image of CAF were converted to binary color before 

ubjected to analysis. 

.7. RNA isolation, reverse transcription, and Real time quantitative 

CR (qRT-PCR) 

PANC-1 cells and three patient-derived CAFs (CAF19, CAF2, 

AF3) [ 21 , 23 ] were collected while in log phase growth and RNA

as extracted according to manufacturer’s protocol using the Qi- 

cube (Qiagen, Hilden, Germany, USA). Subsequently, cDNA was 

repared from 1μg of total RNA in a 25 μl reaction mix (Applied 

iosystems). qRT-PCR was performed using the SYBR Green PCR kit 

Applied Biosystems, Foster City, CA, USA), with a final volume of 

0 μL/well in 96-well plates on the CFX96 Real time PCR detec- 

ion system (BioRad, Hercules, CA, USA). Primers for the HYAL1- 

 genes were purchased from (Thermo Fisher Scientific, Waltham, 

A, USA) with the sequence described in the literature [24] . qRT- 

CR cycling conditions were: 1 min at 95 °C; 10 min at 95 °C; 15 s

t 95 °C; 1 min at 60 °C for 40 cycles. The 2- ��CT method was

sed to determine relative mRNA expression levels and the b-Actin 
164 
ene was used as the reference gene. The expression of HYAL1-3 in 

ANC-1 cells were set to 1 and used to normalize the expression 

evels in CAFs. 

.8. Western blot analysis of protein expression 

CD44 expression on PANC-1 was examined by immunofluo- 

escence staining on day-8. Briefly, encapsulated cells were fixed, 

ermeabilized, blocked, and incubated with diluted (1:100) anti- 

D44 antibody (RayBiotech, #144-0 0340-10 0) overnight at 4 ncu- 

ated with diluted (1:200) Alexa Fluor 488 donkey anti-mouse IgG 

H + L) (Invitrogen, #A-21206) overnight at 4 °C. Finally, the encap- 

ulated cells were counter-stained with DAPI (1:10 0 0) (AnaSpec, 

AS-83210), followed by confocal microscopy to obtain z-stack im- 

ges (400 μm thick, 20 μm per slice). Image analysis was con- 

ucted with ImageJ. 

F-actin expression of CAFs was examined to visualize cytoskele- 

al structure in non-stiffened, oHA-stiffened, and oDex-stiffened 

ydrogels. Briefly, the encapsulated cells were fixed, permeabilized, 

nd stained with rhodamine phalloidin solution (100 nM) (Cy- 

oskeleton, # PHDR1) for 1 h at room temperature. Finally, the 

ncapsulated cells were counter-stained with DAPI (1:10 0 0). Cell 

maging and analysis were conducted in the same manner as de- 

cribed for CD44 immunofluorescence staining. 

Expression of six CAF-associated proteins (platelet-derived 

rowth factor receptor (PDGFR α), PDGFR β , fibroblast activation 

rotein (FAP), α-smooth muscle actin ( αSMA), vimentin, and 

100A4) was analyzed through western blot. Briefly, soft (non- 

tiffened), oHA-stiffened and oDex-stiffened CAF-laden gels were 

igested with 100 U/mL collagenase for 1 h on day-8. CAFs were 

ollected by centrifugation and washed three times with DPBS. To 

xtract the CAF-associated proteins, cell lysis buffer was added to 

he collected CAFs and incubated on ice for 5 min before subjected 

o sonication. Total protein concentration was obtained through 

CA protein assay (Pierce). Extracted protein was separated by 

DS-PAGE, and transferred to a PVDF membrane. The blots were 

locked and stained as described previously [25] with modifica- 

ion. Briefly, the membranes were incubated with 2% nonfat milk 

n PBST (PBS containing 0.05% Tween 20), followed by incuba- 

ion in primary antibodies of the CAF-associated proteins (1:10 0 0) 

nd housekeeping protein (i.e., GAPDH) overnight at 4 °C. Af- 

er washed with PBST, the membranes were incubated in HRP- 

onjugated secondary antibody (anti-rabbit IgG, 1:20 0 0) at room 

emperature for 1 h. The blots were washed with PBST and treated 

ith chemiluminescence detection kit (SuperSignal West Pico De- 

ection Kit, Thermo Scientific). Immunoblotting images were ob- 

ained using a chemiluminescence imaging system (LAS30 0 0, Fuji 

ilm). 

.9. Antibody arrays for profiling the secretion of cytokines and MMP 

To examine the effect of gel stiffening with oHA/oDex on CAF 

ytokine/MMP secretion, conditioned media of CAF from day-4 to 

ay-6 were collected and subjected to antibody-based human in- 

ammation array (RayBiotech, #AAH-INF-3-8), human growth fac- 

or array (RayBiotech, # AAH-GF-1-8), and human MMP array (Ray- 

iotech, # AAH-MMP-1-8). The assays were carried out accord- 

ng to the manufacturer’s instructions. Briefly, antibody membranes 

ere blocked for 1 h at room temperature, incubated with condi- 

ioned media overnight, incubated with biotinylated antibody cock- 

ail, and finally with HRP-streptavidin. The membranes were incu- 

ated with chemiluminescence detection buffer for 2 min before 

maging with an imaging system (LAS30 0 0, Fuji Film). Signal inten- 

ity of individual spots on the scanned membranes were quantified 

ith ImageJ. 
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.10. Statistical analysis 

All numerical data analyses and statistical analyses were per- 

ormed using GraphPad Prism software. Hydrogels were prepared 

n triplicate for mechanical testing. Cell studies were repeated at 

east twice for verification of results. Single, double, and triple as- 

erisks represent p < 0.05, 0.01, and 0.001, respectively. 

. Results 

.1. GelNB-CH synthesis and dual-mode hydrogel crosslinking 

GelNB-CH was synthesized via a two-step carbodiimide chem- 

stry ( Fig. 1 A ) and the modifications of NB and CH moieties on

elatin were confirmed by 1H NMR ( Fig. S1 ). Using Fluoralde- 

yde assay and TNBSA assay, the degrees of substitution were de- 

ermined to be ~50% for NB (ca. 2 mM NB per wt% macromer) 

nd ~37% for CH (ca. 4 mM CH per wt% macromer), respectively. 

elatin, GelNB, GelNB-CH were also analyzed by FTIR but the re- 

ults showed no significant difference among the three groups ( Fig. 

2A ). These may be attributed to the low weight contents of the 

B and CH moieties on the large GelNB-CH molecule. On the other 

and, the peak at 1730 cm 

−1 of oDex spectrum corresponds to 

he stretching vibration of carbonyl group [26] . To evaluate gela- 

ion, GelNB and GelNB-CH macromers were subjected to either UV 

365 nm) or visible light (400 – 700 nm) initiated thiol-norbornene 

elation ( Fig. 1 B ) [ 19 , 22 , 27 ]. Using 5 wt% GelNB-CH and 1 wt %

EG4SH (R SH/NB = 0.5), we demonstrated tunable UV light initi- 

ted thiol-norbornene gelation with the new GelNB-CH macromer 

 Fig. 1 C ). At this gelatin content, hydrogel shear moduli (G 

′ ) in-

reased as the concentration of photoinitiator LAP, ranging from 

0.7 kPa to ~ Pa for 1 to 2 mM LAP ( Fig. 1 D ). We also tested the

rthogonal thiol-norbornene gelation using visible light exposure 

40 0-70 0 nm) at different photoinitiator concentrations (i.e., 1, 2, 

r 4 mM LAP). In general, higher LAP concentration led to gels with 

igher G 

′ at the same polymerization time. However, with 1 mM 

AP no gel was formed until after 6 min of visible light exposure 

 Fig. 1 E ). Under the same macromer compositions and polymer- 

zation time, gels formed with 4 mM LAP were significantly stiffer 

han those crosslinked with 2 mM LAP. No significant difference 

as found after 6 min of polymerization for macromers containing 

 mM or 4 mM LAP, suggesting that the gels had reached maxi- 

um degree of crosslinking (G 

′ ~ 2.1 kPa & 2.7 kPa for 2 mM &

 mM LAP, respectively). Note that G 

′ reported in Fig. 1 D and 1 E

ere from gels crosslinked with twice as many norbornene groups 

s the thiols (i.e., R SH/NB = 0.5). At R SH/NB of 1, hydrogels were 

rosslinked to an even higher G 

′ (~10 kPa. Fig. S3 ), confirming the 

igh efficiency of thiol-norbornene gelation using the new GelNB- 

H macromer. 

The CH moiety on GelNB-CH provided an alternate crosslink- 

ng mechanism via hydrazone-click chemistry ( Fig. 1 C ). Specifi- 

ally, CH could ‘click’ with macromers containing aldehyde groups, 

ncluding many oxidized polysaccharides (e.g., HA, dextran, etc.) 

r aldehyde-modified multi-arm PEG (e,g., PEG4pAld). We demon- 

trated this gelation mechanism by using GelNB-CH and PEG4pAld 

 Fig. 1 F ), where higher concentration of GelNB-CH led to stiffer hy-

razone gels. Specifically, after 30 min of gelation to ensure com- 

lete crosslinking, G 

′ of the hydrazone hydrogels reached ~2, 4, and 

 kPa, respectively, for 2, 3, and 5 wt% GelNB-CH (R Ald/CH = 0.5). 

f note, all hydrazone click hydrogels exhibited significant stick- 

ness (data not shown), potentially caused by the reversible hy- 

razone bonding. While GelNB-CH permits dual mode crosslink- 

ng (i.e., thiol-norbornene and hydrazone click reaction), we chose 

hiol-norbornene photo-click chemistry in the subsequent studies 

or its rapid and efficient crosslinking. 
165 
.2. Dynamic hydrogel stiffening via hydrazone-click chemistry 

We demonstrated dynamic hydrazone stiffening in the primary 

elNB-CH/PEG4SH thiol-norbornene hydrogels with G 

′ (~2 kPa) 

imilar to the stiffness of healthy pancreatic tissues [6] . Upon in- 

ubation in 0.1 wt% oDex solution ( Fig. 2 A ), G 

′ of the hydrogels

apidly increased from ~2200 Pa to ~24,0 0 0 Pa over 24 hours 

nd gradually reached plateau at ~30,0 0 0 Pa after 72 h ( Fig. 2 B ).

oss moduli (G 

′ ′ ) also increased over time but reached plateau 

t ~ 500 Pa ( Fig. 2 B ). The secondary hydrazone bonding did 

ot increase the viscoelasticity of the hydrogels, as demonstrated 

rom the frequency sweep rheometry ( Fig. S4A, S4B ) and stress- 

elaxation curve ( Fig. S5 ). To gauge whether hydrazone-stiffening 

an be achieved in a step-wise, temporally controlled manner, we 

ncubated GelNB-CH hydrogels in oDex solution (0.1 wt%) intermit- 

ently. As expected, hydrogels were stiffened effectively only when 

he gels were placed in the oDex solution ( Fig. 2 C ). 

We next examined dynamic hydrazone-mediated stiffening us- 

ng different aldehyde-containing macromers, including PEG4pAld 

 Fig. S6 ), oDex ( Fig. 2 D, 2 E ), and oHA ( Fig. S7 ). Specifically, af-

er incubation in 0.25 wt% PEG4pAld solution for 24 h, G 

′ in- 

reased from ~2 kPa to ~6 kPa ( Fig. S6 ). oDex and oHA can be

repared with different degree of substitution and the degree of 

tiffening was a function of both the extend of oxidation (i.e., ~2 

o 3-fold increase with 20% to 60% modified oDex, and ~1.3 to 7- 

old increase with 20% to 100% modified oHA, respectively. Fig. 2 D, 

7A ) and concentration of the stiffening reagent ( Fig. 2 E, S7B ). It

s worth noting that the stiffening effect of oDex is the highest 

mong all stiffening reagents, with gel stiffness increased over 13- 

old with merely 0.1 wt% of oDex ( Fig. 2 E ), whereas gel stiffness

nly increased ~1.5-fold using the same concentration of oHA ( Fig. 

7B ). The effect of oDex-mediated hydrazone stiffening was re- 

ealed using SEM, where the images show a decrease in pore size 

f the lyophilized hydrogel (from 10–15 μm to 5–10 μm. Fig. 2 F ).

n the other hand, FTIR analysis results did not reveal difference 

etween non-stiffened and oDex-stiffened GelNB-CH hydrogels 

 Fig. S2B ). 

.3. Enzymatic degradation of dynamically stiffened hydrogels 

Chymotrypsin and hyaluronidase were used to assess enzymatic 

egradation of GelNB-CH hydrogels, which were stiffened to sim- 

lar G 

′ ( Fig. 3 A ) by oDex alone (i.e., protease-degradable but in-

ensitive to hyaluronidase) or with oHA (i.e., sensitive to both pro- 

ease and hyaluronidase). During the 40 min chymotrypsin incu- 

ation, non-stiffened gels lost half of the mass due to protease- 

ediated degradation and the gels were completely degraded af- 

er 50 min of incubation ( Fig. 3 B ). On the other hand, the mass of

HA- and oDex-stiffened hydrogels increased in the first 30-40 min 

f incubation and started to lose mass rapidly afterward. The oHA- 

tiffened gels and oDex-stiffened gels lost 38% and 34% of mass af- 

er 50 min of degradation, after which they became too soft to be 

etrieved for weight measurements. Similarly, hyaluronidase was 

sed to digest gels that were either non-stiffened (soft), stiffened 

y oDex (for 6 h), or by oHA for 24 h (to ensure similar crosslink-

ng density of the two groups prior to the start of the degradation. 

ig. 3 A ). As expected, hyaluronidase did not degrade non-stiffened 

nd oDex-stiffened gels over the course of 5 h incubation ( Fig. 3 C ).

n the other hand, gels stiffened with oHA were more susceptible 

o hyaluronidase-mediated degradation and lost ~13% mass after 

 h of incubation. 

.4. Effect of dynamic stiffening on PDAC cell fate 

Prior to demonstrating the ability of the new GelNB-CH hydro- 

el system to recapitulate the dynamic tumor matrix, we encapsu- 
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Fig. 2. Dynamic stiffening of thiol-norbornene hydrogels by secondary hydrazone crosslinking. (A) Schematic of gelation and stiffening. (B) Moduli of thiol-norbornene 

hydrogels during secondary hydrazone stiffening ( + 0.1 wt% oDex). (C) Shear moduli of hydrogels via step-wise stiffening. Gels were stiffened by intermittent incubation with 

0.1 wt% oDex (shaded areas). (D) Effect of oDex functionality on the degree of stiffening. (E) Effect of oDex content on the degree of stiffening. All hydrogels were crosslinked 

by thiol-norbornene photopolymerization (365 nm, 5 mW/cm 

2 ) with 5 wt% GelNB-CH and 1 wt% PEG4SH (R thiol/NB = 0.5, 2 mM LAP, 2 min light exposure. Shear modulus (D 

and E) of soft (non-stiffened) and oDex-stiffened was analyzed using two-way ANOVA with a Bonferroni post-test analysis. (F) SEM image of freeze-dried non-stiffened (soft) 

and oDex-stiffened GelNB-CH gels (scale: 10 μm). 

Fig. 3. Enzymatic degradation of GelNB-CH hydrogels. (A) Moduli of soft (non-stiffened) and hydrogels stiffened by oHA or oDex. (B) Chymotrypsin-mediated (2 mg/mL) 

degradation and mass loss of soft (non-stiffened) and hydrogels stiffened by oHA or oDex. (C) Hyaluronidase-mediated (1 mg/mL) degradation and mass loss of soft (non- 

stiffened) and hydrogels stiffened by oHA or oDex. Shear modulus (A) of oHA-stiffened and oDex-stiffened gels were analyzed using unpaired t-test. 
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ated PANC-1 cells in Geltrex, a version of Matrigel with reduced 

rowth factors. As expected, the soft Geltrex matrix supported 

apid growth of PANC-1 cells and formation of large amount of cell 

pheroids ( Fig. S8A, S8C ). In the GelNB-CH hydrogels, PANC-1 cells 

ormed small multi-cell spheroids at day 2. Following 24 h of dy- 

amic bioinert stiffening (i.e., oDex-stiffened) or biomimetic stiff- 

ning with HA accumulation (i.e., oHA-stiffened), the encapsulated 

ANC-1 cells also grew into spheroids and remained viable without 

ignificant difference in cell viability regardless of stiffening con- 

itions ( Fig. 4 A ). Furthermore, the spheroid size were similar be- 

ween oHA-stiffened and oDex-stiffened ( Fig. S9A, S9B ). However, 

he cell spheroids density in oDex-stiffened hydrogels was higher 

han that of oHA-stiffened hydrogels, despite the similar stiffness 

etween the two sets of dynamically-stiffened hydrogels. Interest- 

ngly, PANC-1 spheroids in non-stiffened and oHA-stiffened gels 

eveloped into a more mesenchymal-like morphology, especially in 

HA-stiffened gels incubated in spheroid medium that contained 
g  

166 
GF and FGF. The same irregular cell spheroid shape was not ob- 

erved in oDex-only-stiffened gels ( Fig. 4 B ). On day-8, the PANC-1 

pheroids in stiffened gels were partially stained positive for EdU, 

ndicating that cell proliferation was not inhibited by the stiffen- 

ng ( Fig. 4 C ). EdU + cells were more concentrated in oDex-stiffened 

els, whereas EdU + staining was more evenly distributed in oHA- 

tiffened gels. In addition, CD44 staining results showed that its 

xpression in PANC-1 spheroids was higher in oHA-stiffened gels 

han in oDex-stiffened ones ( Fig. 4 D ), suggesting that the cells 

ere responsive to the addition of HA after matrix stiffening. 

.5. Effect of dynamic stiffening on CAF phenotype 

Human CAFs isolated from PDAC tumors were used to under- 

tand the effect of bioinert stiffening or biomimetic HA-mediated 

tiffening on stromal cell phenotype. All hydrogels supported the 

rowth and spreading of pancreatic CAF ( Fig. 5 A, B, C ). CAFs in
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Fig. 4. Effect of dynamic stiffening on PANC-1 cell viability. (A) Live/dead staining of encapsulated PANC-1s in non-stiffened/oDex-stiffened/oHA-stiffened on day-2 and day- 

6. (B) Live/Dead staining of encapsulated PANC-1s in non-stiffened/oDex-stiffened/oHA-stiffened gels incubated in spheroid media on day-8. (C) EdU staining of encapsulated 

PANC-1s in oDex-stiffened and oHA-stiffened gels on day-8. (D) CD44 staining of encapsulated PANC-1s in oDex-stiffened and oHA-stiffend on day-8. Scale: 200 μm. 

Fig. 5. Effect of stiffening on CAF cell phenotype. (A) Live/dead staining of CAFs in non-stiffened gels on day-1 and day-7. Scale: 200 μm. (B) Live/dead staining of CAFs in 

oDex-stiffened and oHA-stiffened gels on day-7. Scale: 200 μm. (C) F-actin staining of CAFs in oDex-stiffened and oHA-stiffened gels on day-8. Scale: 200 μm. (D) Quantified 

circularity of CAFs in soft (day-1 and day-7), oDex-stiffened (day-7), and oHA-stiffened (day-7). (E) Quantified cell area of CAFs in soft (day-1 and day-7), oDex-stiffened 

(day-7), and oHA-stiffened (day-7). (soft gel D1: n = 395, soft gel D7: n = 241, + oDex D7: n = 419, + oHA D7: n = 269). 

167 
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Fig. 6. Effect of stiffening on cytokine secretion from CAF. (A) HYAL1 – 3 expres- 

sion of CAF19, CAF2, and CAF3 (B) Western blot of CAF-associated proteins extracted 

from CAFs in 2D, non-stiffened, oHA-stiffened, and oDex-stiffened gels (C) Quanti- 

fied expression of select proteins in the inflammation array of CAF conditioned me- 

dia (i.e., 2D, 3D soft, 3D + oHA, and 3D + oDex) (D) Quantified expression of select 

proteins in the MMP array of CAF conditioned media (i.e., 2D, 3D soft, 3D + oHA, 

and 3D + oDex). 
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on-stiffened GelNB-CH hydrogels exhibited high degree of mes- 

nchymal spindle morphology ( Fig. 5 A ), as revealed in the signif- 

cant reduction of circularity ( Fig. 5 D ) and more than double of

ell area ( Fig. 5 E ) after 7 days of culture. This was similar to the

orphology of CAFs observed in Geltrex matrix ( Fig. S8B, S8D ). On 

he other hand, the spreading morphology was largely suppressed 

n both oDex and oHA-stiffened hydrogels ( Fig. 5 B, 5 D ). F-actin

taining and converted live/dead images show that CAFs in oHA- 

tiffened hydrogels were more elongated than that in the oDex- 

tiffened gels ( Fig. 5 C, S10 ), as shown in the significantly lower

ircularity ( Fig. 5 D ) and larger cell area ( Fig. 5 E ). The increase in

ell spreading may be attributed to higher levels of protease or 

yaluronidase expression. Using qRT-PCR, we evaluated the expres- 

ion of three hyaluronidases (i.e., HYAL-1, 2, 3) in 4 cell lines, in- 

luding PANC-1 and three patient-derived CAFs (CAF19, CAF2, and 

AF3). We found that the expression of HYALs in PANC-1 was low 

ut several orders of magnitude higher in the three CAF lines ex- 

mined ( Fig. 6 A ), especially in CAF3, the cells used in the current

elNB-CH hydrogel encapsulation study. Western blot analysis of a 

anel of CAF-associated proteins showed that FAP expression was 

ignificantly upregulated in cells grown in 3D hydrogels, especially 

n the oHA and oDex-stiffened gels ( Fig. 6 B ). On the other hand,

he expression of S100A4 was visually detectable in 2D culture but 

ot in cells cultured in all 3D hydrogels regardless of the stiffening 

ondition ( Fig. 6 B ). 

.6. Effect of dynamic stiffening on CAF secretory profiles 

We further collected CAF conditioned media (CM) from differ- 

nt culture conditions (i.e., 2D, 3D soft, 3D + oHA, and 3D + oDex) 

nd subjected them to antibody-based inflammation array, growth 

actor array, and MMP array analyses ( Fig. 6 C, D, Fig. S11-S13 ). 

f note, proteins with low expression levels in all conditions (e.g., 

ower than 10 pixel intensity) were excluded in the data presen- 

ation . Cytokine array results show that interleukin 6 (IL-6), IL-8, 

nd RANTES (regulated on activation normal T cell expressed and 
168 
ecreted) were all upregulated in 3D culture as compared to 2D 

ulture, whereas macrophage inflammatory protein 1 beta (MIP1- 

) was slightly downregulated in 3D culture. Interestingly, TIMP-2 

as expressed less in stiffened gels, whereas monocyte chemoat- 

ractant protein 1 (MCP-1) was expressed higher in non-stiffened 

nd oDex-stiffened gels, but not in oHA-stiffened gels ( Fig. 6 C ). 

esults of MMP array show upregulation of MMP-1 secretion form 

AF in 3D hydrogels ( Fig. 6 D ). CAF in all conditions express similar

mount of TIMP-1, while TIMP-2 expression was consistent with 

hat from the inflammation array result ( Fig. 6 C ). Results of growth 

actor array show that insulin-like growth factor binding protein 

 (IGFBP-4) and IGFBP-6 were highly expressed in all groups but 

he expression of IGFBP-3 was downregulated in 3D as compared 

o that in 2D culture ( Fig. S13 . It is worth noting that the ex-

ression of heparin-binding EGF-like growth factor (HB-EGF), stem 

ell factor receptor (SCF R), and transforming growth factor beta 2 

TGF- β2) were higher in 3D stiffened gels than in 2D culture and 

D non-stiffened gels. Furthermore, multiple growth factors and 

heir receptors were expressed highest in 3D oDex-stiffened hydro- 

els, including fibroblast growth factors (FGFs), IGF-I, insulin-like 

rowth factor 1 soluble receptor (IGF-I SR), macrophage colony- 

timulating factor (M-CSF), placental growth factor (PlGF), SCF, and 

ascular endothelial growth factor D (VEGF D). Finally, the expres- 

ion of MCSF R, neurotrophin-3 (NT-3), NT-4, TGF- β3, and VEGF 

s were highest in oDex-stiffened gels, followed by oHA-stiffened 

els, non-stiffened gels, and 2D culture ( Fig. S13 ). 

. Discussion 

Tumor matrix-derived hydrogels (e.g., Matrigel, Geltrex) are 

ommonly used for in vitro and ex vivo cancer cell culture. Indeed, 

e found that PANC-1 cells formed multi-cellular spheroids read- 

ly in the Geltrex matrix and small PANC-1 cell spheroids were 

bserved as early as day-1 post encapsulation (data not shown). 

owever, the stiffness of Geltrex matrix was not tunable and much 

ofter (G 

′ < 1 kPa) than that found in the PDAC tumor matrix 

G 

′ ~ 4 kPa) [ 6 , 28 ]. It is also impossible to dynamically introduce

A to the cell-laden Geltrex hydrogels. HA, a non-sulfated gly- 

osaminoglycan, has been extensively used for fabricating hydro- 

els to study cancer cell fate [29–32] . As tumor progresses, HA 

s increasingly accumulated in various tumor microenvironments 

33–36] . Fisher et al. created HA hydrogels with matrix metallopro- 

einases (MMP)-cleavable site for investigating breast cancer cell 

nvasion [30] . Gurski et al. fabricated HA hydrogels through the 

ormation of hydrazone bond for evaluating cancer drug efficacy 

32] . The accumulation of HA has been shown to increase cancer 

ell proliferation, migration, and invasion [37] . The abundance of 

ater-imbibing HA also acts as a physical barrier to increase in- 

erstitial fluid pressure, leading to reduced drug penetration and 

fficacy [ 7 , 8 ]. Although HA-based hydrogels have recapitulated the 

bundance of HA in TME, the accumulation of HA in TME is a dy- 

amic process and this aspect has not been addressed in the de- 

elopment of dynamic hydrogels for cancer cell research. 

Extracted from collagen, gelatin is widely used for tissue engi- 

eering applications owing to its cell adhesive ligands (e.g., RGD) 

nd protease sensitivity. Since pure gelatin forms weak physi- 

al crosslinks only at low temperature, chemical modification is 

ecessary to permit its covalent crosslinking into stable matrices 

or 3D cell culture. In this regard, our lab has reported the first 

orbornene-modified gelatin (i.e., GelNB) for orthogonal crosslink- 

ng of biomimetic and enzyme responsive hydrogels suitable for 

tudying the impact of matrix physicochemical properties on pan- 

reatic cancer cell behavior [19] . GelNB may be modified with 

dditional reactive ‘handle’ (e.g., HPA) to permit secondary reac- 

ion within the primary thiol-norbornene hydrogel network. We 

ave previously reported the synthesis and crosslinking of GelNB- 
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PA hydrogels to probe the effect of dynamic matrix stiffening 

induced by tyrosinase-mediated HPA dimerization) on pancreatic 

ancer cell growth and EMT [ 38 , 39 ]. While this approach was ad-

quate for stiffening of cell-laden hydrogels, the use of tyrosinase 

ay result in undesired crosslinking of natural tyrosine residues 

xposed on the surface of cells or proteins. To circumvent this 

otential issue, we designed another GelNB derivative, GelNB-CH, 

hich is crosslinkable by thiol-norbornene click reaction and hy- 

razone bonding ( Fig. 1 A ). This approach was inspired by an ear-

ier study by Ito et al., where carbohydrazide-modified gelatin was 

sed for Schiff’s Base crosslinking with aldehyde-modified HA [20] . 

n that study, however, the moduli of the resulting gelatin/HA 

ydrogels were quite low (0.1–1 kPa). In this study, we show a 

iverse range of crosslinking reactions using the new GelNB-CH 

acromer ( Fig. 1 ). Of note, cytocompatible long wavelength UV 

ight (365 nm) initiated crosslinking resulted in gels with faster 

rosslinking kinetics and higher shear moduli under the same light 

xposure time and macromer formulation owing to the efficient 

hiol-norbornene reaction and high molar absorbability of LAP at 

65 nm (~218 M 

−1 cm 

−1 ) [27] . The use of visible light for initiation

as less effective and required longer gelation time since LAP only 

bsorbs weakly at the visible light wavelengths (~30 M 

−1 cm 

−1 at 

05 nm) [38] . 

The addition of NB handle offers a multitude of meth- 

ds for which one may use to form a primary network or 

o induce dynamic stiffening of gelatin-based hydrogels, includ- 

ng secondary thiol-norbornene click reaction [40] and tetrazine- 

orbornene inverse-electron demand Diels-Alder (iEDDA) click re- 

ction [ 41 , 42 ]. On the other hand, the immobilized CH moiety al-

ows dynamic stiffening of GelNB-CH hydrogels through hydrazone 

lick chemistry. For this study, we used thiol-norbornene chemistry 

o crosslink the primary cell-laden hydrogels, while the secondary 

tiffening was achieved by hydrazone click reaction via diffusing 

n aldehyde-containing macromers. All macromers led to signifi- 

ant stiffening, with oDex being the most effective and economi- 

ally friendly stiffening reagent ( Fig. 2 ), followed by PEG4pAld ( Fig. 

6 ) and oHA ( Fig. S7 ). As expected, the degree of gel stiffening

cales with the concentration and the degree of functional group 

odification of the same stiffening reagent (e.g., Fig. 2 ). However, 

here is no negative correlation between the size (i.e., hydrody- 

amic radius: R H ) of the stiffening reagent and the degree of stiff- 

ning. For example, while the smaller PEG4pAld (10 kDa; R H ~

.5 nm, extrapolated from literature values) [43] was more effec- 

ive in stiffening GelNB-CH hydrogels than the larger oHA (74 kDa; 

 H ~ 6.5 nm, estimated using values for dextran with an equiva- 

ent molecular weight) ( Fig. S6, S7 ) [44] , we did not find signifi-

ant difference between the level of stiffening using 14.8 kDa and 

4 kDa oHA (data not shown). Furthermore, when comparing stiff- 

ning using PEG4pAld and oDex that have a similar R H (3.2 nm for 

EG4pAld and 3.5 nm or oDex, respectively) [44] , oDex was even 

ore effective in gel stiffening than PEG4pAld ( Fig. 2 , S6 ). These

henomena suggest that diffusion is not the limiting factor gov- 

rning the degree of stiffening and that other factors might con- 

ribute to the overall level of stiffening. It has been reported that 

elatin could undergo phase separation with dextran [45–47] and 

he mixture of these two macromers may increase the chain rigid- 

ty of oDex, hence contributing to the ultra-high degree of stiffen- 

ng. Nonetheless, the current studies have established a highly ef- 

ective stiffening strategy oDex that may be implemented in other 

ynamic hydrogel systems. 

Since all three macromers used in this study (i.e., gelatin, dex- 

ran, and HA) were susceptible to enzymatic degradation, we as- 

essed the degradation of these hydrogels using chymotrypsin 

nd hyaluronidase ( Fig. 3 ). Chymotrypsin, a pancreas secreted en- 

yme, effectively cleaves C-terminal peptide bonds following ty- 

osine, tryptophan, and phenylalanine. Alternatively, hyaluronidase 
169 
as used due to its ability to degrade HA. The gel degradation 

esults revealed that the non-stiffened GelNB-CH gels were read- 

ly degraded by chymotrypsin and oDex-stiffened hydrogels de- 

raded slower. The oDex-stiffened gels gained ~13% of the origi- 

al gel mass in the first 1 h of incubation. This can be attributed 

o a tightened network structure that impeded the loss of de- 

raded polymers, as well as increased water uptake after par- 

ial network degradation. For hyaluronidase-mediated gel degrada- 

ion, hydrogels stiffened with oHA degraded faster than those stiff- 

ned with pure oDex since no HA was accumulated in the oDex- 

tiffened network. Furthermore, the hydrogels were not completely 

egraded since these gels composed primarily of thiol-norbornene 

rosslinks that were not susceptible to hyaluronidase. Of note, the 

urpose of these bulk scale gel degradation studies was not meant 

o mimic cell-secreted enzymatic matrix cleavage, which occurs lo- 

ally nearby the cells. Rather, we were verifying that the hydrogels 

ere susceptible to chymotrypsin and hyaluronidase, two enzymes 

ound in the pancreatic tissue microenvironment. 

Our data indicates that PANC-1 spheroids formed 3D spheroid- 

ike clusters with distinct boundaries when cultured in soft hy- 

rogels, indicating strong cell-cell adhesion ( Fig. 4 ). On demand 

el stiffening with oHA led to cell behavior that was different 

rom bioinert stiffening with pure oDex ( Figs. 4 –6 ). Unlike dextran, 

 bioinert material that does not interact with pancreatic cancer 

ells, HA binds to CD44 and RHAMM and activates downstream 

ignaling [ 4 8 , 4 9 ]. Gel stiffening using oHA is, therefore, considered

biomimetic stiffening”, which enables both stiffening of the gel 

atrix and bioactive moieties for cell-ECM interaction. In general, 

iomimetic HA-mediated stiffening led to more mesenchymal-like 

henotype, as well as higher proliferation and CD44 expression 

 Fig. 4 ), especially with the use of spheroid medium, a formulation 

esigned for generating tumor spheroids in low adherence cul- 

ure flask [50] . Spheroid medium contains epidermal growth factor 

EGF) and FGF, both of which facilitate EMT [ 51 , 52 ]. Some PANC-

 spheroids with mesenchymal-like morphology can also be found 

n the non-stiffened gels, whereas the PANC-1 spheroids in oDex- 

tiffened gels were more compact. The binding between CD44 and 

A has been reported to contribute to the mechanosensing and 

nvasive phenotype of human glioblastoma cells [ 53 , 54 ]. The dif- 

erence in PANC-1 morphology could be the result of a synergis- 

ic effect of the growth factors (i.e., EGF and FGF) in the spheroid 

edium and the mechanosensing through the binding between 

D44 and HA. PANC-1 cells in oHA-stiffened gels were more pro- 

iferative than in their oDex counterpart, suggesting a role of HA- 

D44 binding on enhancing cancer cell proliferation [55] . Although 

D44 expression of PANC-1s was higher in oHA-stiffened gels as 

ompared to oDex-stiffened gels, no research has indicated the 

ausal link between HA and the expression of CD44 in the en- 

apsulated cells. This finding raised the question of whether this 

henomenon was a result of the difference in proliferation, or due 

o other reasons. Further investigation is required to identify the 

nderlying mechanisms. 

CAF-laden Geltrex gels started to degrade on day-3, thus Gel- 

rex is not suitable for long term culture. In the soft, non- 

tiffened GelNB-CH hydrogels, CAF exhibited spindle shape and 

longated morphology ( Fig. 5 ), while PANC-1 cells formed multi- 

ell spheroids ( Fig. 4 ). After stiffening, CAFs in oHA-stiffened gels 

ere more spread out than that in the oDex-stiffened gels ( Fig. 5 , 

10 ), despite the gels having similar moduli after stiffening ( Fig. 3 ).

his was likely a result of local matrix degradation by the upreg- 

lation of HYAL1-3 from CAFs, as revealed by the qRT-PCR results 

 Fig. 6 A ). Surprisingly, dynamic stiffening did not increase αSMA 

xpression in CAFs ( Fig. 6 B ). On the other hand, PDGFR β was ex-

ressed more in 2D or stiffened gels than in non-stiffened ones, 

uggesting a potential stiffness-dependent PDGFR expression. Niel- 

on et al. found a higher PDGFR expression in juxtatumoral CAFs 
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han CAFs in the periphery in the regressive stroma of PDAC [56] . 

im et al . reported that higher level of PDGFR expression in CAFs 

as associated with shorter survival from breast phyllodes tumor 

57] . In addition, Pietras et al. revealed that inhibition of PDGFRs 

uppressed the expression of FGF-2 and FGF-7 in a mouse model 

f cervical carcinogenesis [58] , although we did not observe a de- 

rease in FGF-7 secretion in our growth factor result ( Fig. S13 ). Col- 

ectively, the increased matrix stiffness in PDAC TME might con- 

ribute to PDAC tumor growth through a pathway that involves 

he expression of PDGFR in CAFs. From the Western Blot results, 

e found a higher expression of FAP in 3D matrix, especially in 

he stiffened gels ( Fig. 6 B ), indicating that CAFs may be more

ancer-promoting in the dynamically stiffened gels [59] . Interest- 

ngly, no S100A4 expression was detected in CAFs grown in 3D 

ydrogels, regardless of stiffening conditions. It has been reported 

hat S100A4 expression in CAF was lower at the invasive front than 

he intratumoral stroma of colorectal cancer, and the expression 

ecreased significantly as the disease progressed [60] . Hence, the 

ecreased S100A4 expression in 3D hydrogels is another indicator 

hat CAFs were more cancer-promoting in 3D culture and that 2D 

ulture of CAFs is inadequate in studying their activation. 

CAFs are known to be a source of various cytokines and growth 

actors, which led to our interest in understanding the effect of 

el stiffening with biomimetic or bioinert polymer on the secretion 

f those cytokines and growth factors. Ohlund et al . demonstrated 

hat there are distinct populations of CAFs within co-cultures and 

haracterized the αSMA 

low IL-6 high expressing CAFs as inflamma- 

ory CAFs (iCAFs) and αSMA 

high IL-6 low expressing CAFs as my- 

fibroblastic CAFs (myCAFs) [61] . Our data shows that IL-6 was 

pregulated in 3D hydrogels than in 2D culture, suggesting that 

iomimetic hydrogel culture may enhance the inflammatory prop- 

rties of the CAFs. We also show that TIMP-2 expression was 

omparable in 2D culture and 3D soft hydrogels. However, it was 

ownregulated in both stiffened groups, especially in the oHA- 

tiffened hydrogels ( Fig. 6 C, D ). TIMP-2, an inhibitor for soluble 

MP-2 and membrane-bound MMP14, has a suppressing effect 

n invadopodia formation in PDAC cells [62] . The upregulation of 

MP-1 and suppression of TIMP-2 expression from CAFs in the 

HA and oDex-stiffened hydrogels suggests that a stiffening mi- 

roenvironment may lead to protease-mediated PCC migration and 

nvasion. While current study did not include PCC/CAF co-culture 

xperiments, the findings presented herein provide several inter- 

sting directions for future exploration of PCC/CAF co-culture in 

ynamic hydrogels. 

. Conclusion 

Based on sequential thiol-norbornene and hydrazone click reac- 

ions, we have established new cell-laden dynamic hydrogels with 

he ability to simultaneous increase matrix stiffness and HA accu- 

ulation. The newly synthesized GelNB-CH is adaptable for both 

ight mediated crosslinking and hydrazone-based gelation. When 

rosslinked by photo-click thiol-norbornene reaction, the hydro- 

els could be further stiffened with aldehyde-bearing macromers, 

ncluding bioinert oDex and bioactive oHA. These new dynamic 

ydrogels mimic a key aspect of the pancreatic tumor stromal 

icroenvironment, as it permits the accumulation of HA dur- 

ng matrix stiffening. We show that cancer and stromal cells re- 

ponded differently to the biomimetic stiffening matrix, includ- 

ng changes in morphology, protein expression, and secretion of 

ytokine/growth factors. Gel stiffening with “bioactive” stiffening 

eagent, oHA, led to higher CD44 expression and a higher percent- 

ge of proliferating cells in PDAC-1 spheroids. 3D culture overall, 

nd in particular gels with dynamic stiffening, lead to more inva- 

ive CAF morphology, in part due to higher expression of HYALs 

nd suppression of TIMP-2 secretion. The new dynamic hydrogel 
170 
ystem presented in this study should facilitate the investigation 

f cell-cell and cell-matrix interactions in various cancer types. 
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