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Microgels are spherical hydrogels with physicochemical properties ideal for many biomedical applications.
For example, microgels can be used as individual carriers for suspension cell culture or jammed/annealed
into granular hydrogels with micron-scale pores highly permissive to molecular transport and cell pro-
liferation/migration. Conventionally, laborious optimization processes are often needed to create micro-
gels with different moduli, sizes, and compositions. This work presents a new microgel and granular
hydrogel preparation workflow using gelatin-norbornene-carbohydrazide (GelNB-CH). As a gelatin-
derived macromer, GelNB-CH presents cell adhesive and degradable motifs while being amenable to
three orthogonal click chemistries, namely the thiol-norbornene photo-click reaction, hydrazone
bonding, and the inverse electron demand Diels—Alder (iEDDA) click reaction. The thiol-norbornene
photo-click reaction (with thiol-bearing crosslinkers) and hydrazone bonding (with aldehyde-bearing
crosslinkers) were used to crosslink the microgels and to realize on-demand microgel stiffening, respect-
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ively. The tetrazine-norbornene iEDDA click reaction (with tetrazine-bearing crosslinkers) was used to
anneal microgels into granular hydrogels. In addition to materials development, we demonstrated the
value of the triple-click chemistry granular hydrogels via culturing human mesenchymal stem cells and
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1. Introduction

Microgels are spherical hydrogels with physicochemical pro-
perties ideal for many biomedical applications. Microgels can
be used as individual carriers for suspension cell culture or be
assembled into granular hydrogels through physical jamming
or chemical annealing. Conventionally, microgels are manufac-
tured using microfluidic systems, water-in-oil emulsions, or
fragmentation of bulk gels." In contrast to the nanometer-
scale mesh sizes of chemically crosslinked hydrogels, granular
hydrogels possess micron-scale pores that are highly permiss-
ive to molecular transport and less restrictive to cell prolifer-
ation and migration. As such, granular hydrogels are increas-
ingly used in biomedical applications, particularly in promot-
ing tissue regeneration. The Segura group pioneered in devel-
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oping chemically annealed, granular hydrogels (macroporous
annealing particles or MAP hydrogels) to facilitate wound
healing and tissue regeneration.”> For example, poly(ethylene
glycol) (PEG) based microgels were crosslinked through a
thiol-vinylsulfone reaction in a microfluidic chamber. The
PEG-based microgels were then annealed through a transgluta-
minase-assisted amide bond formation between peptide cross-
linkers containing lysine (K) and glutamine (Q) residues.

The physicochemical properties of granular hydrogels are
collectively influenced by the properties of the microgels and
the jamming/annealing processes. To fabricate microgels with
different properties (e.g., size, stiffness, bioactivity, etc.), one
needs to alter the macromer compositions and fabrication/
crosslinking processes. The jamming conditions or annealing
chemistry further impacts the properties and stability of the
granular hydrogels. Altogether, these properties dictate the
behaviors of cells embedded within the granular hydrogels.
For example, Qazi et al. showed that in hyaluronic acid (HA)-
based granular gels, the microgel size, packing density, and
the use of a matrix metalloproteinase (MMP)-degradable cross-
linker controlled the cell sprouting length, tortuosity, and
density." Similarly, Liu et al. fabricated HA-based microgels
with different sizes for annealing into a MAP hydrogel
with various void fractions. They discovered that the void frac-
tion affected the macrophage motility on the microgel surface
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http://rsc.li/rscapplpolym
http://orcid.org/0009-0003-4986-4512
http://orcid.org/0000-0002-4175-8796
https://doi.org/10.1039/d3lp00249g
https://doi.org/10.1039/d3lp00249g
https://doi.org/10.1039/d3lp00249g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3lp00249g&domain=pdf&date_stamp=2024-07-13
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00249g
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP002004

Open Access Article. Published on 28 March 2024. Downloaded on 2/7/2026 11:29:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Polymers

(i.e., in the void space).’> The authors also showed that higher
stiffness of MAP gels enhanced cell growth.*

The current methods for fabricating microgels with
different properties can be laborious.” For example, a standard
microfluidic setup only allows for the preparation of microgels
with one defined set of properties, such as stiffness. To fabri-
cate microgels with a different degree of crosslinking, one
must go through the fabrication and separation/cleaning
process with a different set of macromer solutions (Fig. 1A),
which can be time- and material-consuming. Alternatively,
special high-throughput microfluidic devices may be used to
accelerate the production of the microgels, but the microgels
would still possess the same characteristics.® We sought to
simplify/expedite the fabrication of microgels with different
cross-linking degrees by using a post-gelation dynamic stiffen-
ing technique. Here, ‘dynamic stiffening’ refers to user-
initiated secondary matrix stiffening at any given time post-
gelation. The processes start with fabricating a large quantity
of microgels either with a microfluidic droplet generator or
inverse suspension (i.e., oil-in-water emulsion) polymerization.
Of note is that the crosslinked microgels should possess the
ability to undergo secondary chemical reactions, such as on-
demand stiffening. These microgels are then split into smaller
groups, with each group differentially stiffened by adjusting
the concentration of the stiffening reagent (Fig. 1B). As a

View Article Online

Paper

result, microgels with different stiffness were readily prepared
without repeating the labor-intensive fabrication and separ-
ation processes.

We leveraged our previously developed gelatin-norbornene-
carbohydrazide (GeINB-CH) to fabricate microgels that can be
dynamically stiffened.” As a gelatin-derivative, GeINB-CH is
inherently bioactive (i.e., gelatin is derived from collagen and
contains peptide sequences for cell adhesion and MMP-
mediated degradation) and amenable to three orthogonal click
chemistries, namely the thiol-norbornene photo-click reaction
(with thiol-bearing crosslinkers), hydrazone bonding (with
aldehyde-bearing crosslinkers), and the inverse electron
demand Diels-Alder (iEDDA) click reaction (with tetrazine-
bearing crosslinkers). The thiol-norbornene photo-click reac-
tion (Fig. 1C) and hydrazone bonding (Fig. 1D) are used to
photo-crosslink the microgels and afford on-demand stiffening
of microgels post-fabrication, respectively.” While previous
work has demonstrated on-demand stiffening of GeINB-CH
hydrogels using oxidized dextran (oDex) or oxidized HA (oHA),
this bioactive macromer has not been used to fabricate micro-
gels with dynamically tunable properties. Of note is that the
crosslinking of GeINB-CH based microgels is performed with
an off-stoichiometry ratio of thiol and norbornene moieties,
intentionally leaving excess norbornene groups for annealing
the microgels into MAP gels through the tetrazine-norbornene
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Fig. 1 Workflow of microgel synthesis and dynamic stiffening. (A) Prior approach for fabricating microgels with different stiffness. (B) Current study
to efficiently generate microgels with different stiffness via post-fabrication dynamic stiffening. A large group of microgels were manufactured first,
followed by dynamic differential stiffening using various concentrations of the stiffening reagent (e.g., oxidized dextran, oDex). (C) Thiol-norbornene
photo-click reaction for primary hydrogel crosslinking. (D) Hydrazone bonding for secondary stiffening of microgels. (E) iEDDA click reaction for

annealing microgels of varying stiffness into TC-MAP scaffolds.
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iEDDA click reaction (Fig. 1E).*® Previous reports have shown
that MAP gels could be prepared by combining thiol-norbor-
nene photo-click chemistry and the norbornene-tetrazine
iEDDA click reaction.*® To the best of our knowledge,
however, no prior work has integrated hydrazone bonding into
thiol/tetrazine-norbornene click chemistry for MAP gel fabrica-
tion. Here, we developed triple-click chemistry MAP (TC-MAP)
hydrogels and used them to culture human mesenchymal
stem cells (hMSCs), pancreatic cancer cells, and cancer-associ-
ated fibroblasts (CAFs).

2. Materials and methods

2.1. Materials

Type B gelatin (225 Bloom) was purchased from Electron
Microscopy Sciences. 8-Arm PEG (20 kDa) was purchased from
JenKem Technology USA. 4-Arm PEG-thiol (PEG4SH, 10 kDa)
and 4-arm PEG-amido succinic acid (PEG4ASA, 10 kDa) were
acquired from Laysan Bio. Lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) and dextran (15-25 kDa) were pur-
chased from Sigma-Aldrich. Sodium metaperiodate was pur-
chased from Fisher Scientific. Tetrazine amine was purchased
from Click Chemistry Tools. Carbic anhydride, carbohydra-
zide, and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
(EDC) hydrochloride were purchased from Acros Organics.
HOBt hydrate was purchased from Oakwood Chemical. O-(7-
Azabenzotriazole-1-yl)-N,N,N,N'-tetramethyluronium hexa-
fluorophosphate (HATU) was purchased from Chem-Implex
International. 5 wt% Pico-Surf in Novec 7500 was purchased
from Sphere Fluidics. The Novec 7500 solution was purchased
from 3M. PDMS (DOWSIL™ SE 1700) was purchased from
Dow Chemical. HyClone Dulbecco’s Modified Eagle’s medium
(DMEM, SH30243.01) and 100x antibiotic-antimycotic solu-
tion (SV30079.01) were acquired from Cytiva. Human fibro-
blast growth factor basic (bFGF) was purchased from
Peprotech. Dulbecco’s phosphate-buffered saline (DPBS) and
fetal bovine serum (FBS, USDA Approved Origins) were pur-
chased from Corning. 0.5% trypsin-EDTA was purchased from
ThermoFisher (15400-054). FITC-dextran (2 MDa) was pur-
chased from Millipore Sigma. Fibronectin/FN1 (E5H6X, 1 :200
dilution) rabbit mAb (#26836), COL1A1 (E3E1X, 1:100
dilution) mouse mAb (#66948), and Alexa Fluor 555 anti-
mouse IgG (H + L) (1:500 dilution, #4409S) were purchased
from Cell Signaling. Donkey anti-rabbit IgG (H + L) (1:500
dilution) was purchased from Biotium (#20015). Rhodamine
phalloidin (#PHDR1) was purchased from Cytoskeleton, Inc.
DAPI (#AS-83210) was purchased from AnaSpec.

2.2. Macromer synthesis and characterization

GelNB-CH was synthesized using the method described in our
previous study.” Briefly, gelatin was first modified with norbor-
nene moieties by reacting primary amines of gelatin with
carbic anhydride.” GelNB was purified by dialysis and col-
lected from freeze-drying, followed by a secondary reaction
with carbohydrazide through standard EDC/NHS-assisted
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carbodiimide chemistry. 8-Arm poly(ethylene glycol)-norbor-
nene (PEG8NB) was synthesized based on a method reported
by others.’® The norbornene on PEGSNB was quantified to
be ~82% (3.8 mM per wt% PEG8NB). Oxidized dextran
(oDex) was prepared through the well-known sodium period-
ate-mediated oxidation."' Briefly, periodate ions attack the
hydroxyl groups on C2, C3, and C4 on dextran, resulting in
the ring opening of dextran and two aldehydes on the
opened rings.'> 4-Arm PEG-tetrazine (PEG4Tz) was syn-
thesized by HATU-catalyzed conjugation of tetrazine amine to
PEG4ASA. All macromer products were purified by dialysis
against water for three days. The norbornene contents on
GelNB were indirectly quantified using a fluoraldehyde assay
that measured the amine concentration on modified gelatin.
First, the total primary amine concentrations on pristine
gelatin and GelNB-CH were determined using the fluoralde-
hyde reagent following the manufacturer’s instructions
without modification. The difference in amine concentration
was calculated and used to represent the norbornene
content. The content of carbohydrazide on GelNB-CH was
quantified with TNBSA assay following the manufacturer’s
instructions without modification. The increases in the
reading were calculated and used to represent the carbohy-
drazide content. Both norbornene and carbohydrazide modi-
fications were also verified by nuclear magnetic resonance
(NMR), as reported previously.”

2.3. Fabrication, stiffening, and annealing of GeINB-CH-
based hydrogels

GelINB-CH bulk gels were fabricated through thiol-norbornene
photopolymerization. A precursor solution consisting of
5 wt% GelNB-CH, 1 wt% PEG4SH, and 2 mM LAP was pre-
pared and deposited in between glass slides that were separ-
ated by 1 mm thick spacers, followed by exposure to 365 nm
UV light at 5 mW cm™ for 2 min. The gels were transferred
to a well plate containing PBS. After 1 hour, the swollen
hydrogels were transferred to wells containing various concen-
trations of oDex (i.e., 0.01/0.05/0.1 wt%) for 24 hours. The
mechanical properties of the bulk gels were characterized
using strain-sweep rheometry at a frequency of 1 Hz. Hydrogel
sizes were measured by outlining the edge of the round bulk
gels stiffened by different oDex contents, followed by calculat-
ing the surface areas of the round gels with Image]. The
reduction in gel surface area were calculated by comparing
the stiffened and non-stiffened gels.

GelNB-CH microgels were fabricated using either a micro-
fluidic droplet generator or a water-in-oil emulsion method.
Aqueous gel precursor solution was prepared using the same
formulation as the bulk gel. Microdroplets were formed by
flowing the water phase (precursor solution) and oil phase
(2 wt% Pico-Surf in Novec 7500 solution) into a droplet gen-
erator prepared in-house.® By adjusting the flow rate of the
water and oil phases (5 and 30 pL min™", respectively), the
aqueous stream was “pinched” off by the oil phase into
microdroplets, which were polymerized into microgels by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shining 365 nm UV light (5 mW c¢m™>) on the microdroplets
for 2 min.

For the microgels prepared from inverse suspension
polymerization, 1 wt% of PEG8NB was supplemented to
strengthen the cell-laden gelatin-based hydrogel against pro-
teolytic degradation. 0.5 mL of the precursor solution was
added to a 5 mL test tube filled with 0.5 mL of Novec 7500
solution containing 2 wt% Pico-Surf. The mixture was then
subject to ~5 s of vortexing to generate microdroplets. The test
tube, along with the microdroplets, was then exposed to UV
light (4.5 mW cm™?) for 2 minutes before the droplets merged
back together. The GelNB-CH microgels formed after the UV
exposure were washed thoroughly with PBS and collected
through centrifugation. Microgels were separated into multiple
microcentrifuge tubes for different degrees of stiffening with
oDex (ie., 0, 0.01, 0.05, 0.1 wt%). After stiffening overnight,
some microgels were taken out from the tubes for imaging
and characterization of sizes by Image].

MAP gels were fabricated with microgels prepared by
inverse suspension polymerization. This is achieved by first
washing the microgels with PBS in microcentrifuge tubes by
centrifugation. After the microgels were washed thoroughly,
they were resuspended in 0.5 wt% PEG4Tz/PBS solution and
packed again by centrifugation. The supernatant was
removed from the tubes, and the microgels were transferred
to PDMS molds 3D-printed using a BIO X 3D printer
(CELLINK). A few drops of the supernatant were added to
the microgels, and the microgels were allowed to be
annealed for 1 hour.

2.4. Characterization of GeINB-CH-based hydrogels

The size of the bulk gels before and after stiffening was
tracked by taking pictures of the gels and measuring the size
by outlining the area of the gels using Image] (scale set using
the graduation on the ruler). The size change measured is the
difference in percentage between the measured area of bulk
gels before and after stiffening/incubation. The storage moduli
of the bulk gels (45 pL) and the MAP gels (200 pL) were
measured with an MCR 102 rheometer (Anton Paar) using
strain-sweep rheometry. The strain values ranged from 0.1 to
5% at a constant 1 Hz frequency. The normal force applied to
the gels during the measurements was 0.25 N for bulk gels
and 0.1 N for MAP gels using an 8 mm plate. The storage
moduli of the gels in the linear viscoelasticity range were aver-
aged to obtain the G’ value. The microgel size was tracked by
imaging with a Lionheart FX microscope and measured with
Image]. The MAP gels were tested for porosity (or void fraction)
and stiffness. Frequency sweep rheometry, ranging from 0.1 to
100 rad s™' at 1% strain, was performed to confirm the
effective stiffness measurement within the linear viscoelastic
range. To visualize and quantify the void fraction of the MAP
gels, the gels were annealed in a 3D-printed cylindrical mold
on a coverslip and perfused with 5 mg mL ™" FITC-dextran solu-
tion for 0.5 hours. Images of the MAP gels were taken with an
Olympus FV1000 confocal microscope at 10x objective magni-
fication. Three images of different areas of interest were taken

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for each MAP gel, and the thickness of each image is 200 pm
(41 layers). Imaris software was used to reconstruct the stacked
images, and Image] was used to quantify the void fraction. The
quantification was done according to the method described by
Qazi et al.' Briefly, the image files, after being imported to
Image], were adjusted to binary color using Huang’s threshold-
ing method. All the void space in each slice was outlined and
selected, and the area was divided by the total area of a slice of
the image to obtain a void fraction. Every image stack was
measured for 21 layers (one every 10 pum). The results were
averaged for each image stack, and the results from multiple
image stacks were averaged again to obtain the mean of each
MAP gel, which, in turn, was used to plot the mean and stan-
dard error of the mean.

2.5. hMSC culture and seeding on microgels

hMSCs were isolated from de-identified donor bone marrow
(Lonza), cultured in low glucose DMEM supplemented with
10% FBS, 1% antibiotic/antimycotic, and 2 ng mL ™" bFGF and
were used before passage 5. hMSCs were seeded on the micro-
gel surface by combining the cell suspension with the micro-
gels at a desired ratio (e.g., 50 000 cells per 150 pL of micro-
gels) in a centrifuge tube.'*"® Then, the cell-microgel mixture
was centrifuged at 1000 rpm for 3 minutes, and cells were
allowed to settle on the microgels for 3 hours. Cell attachment
on microgels was confirmed under a microscope before remov-
ing the supernatant. Cell-laden microgels were transferred
from centrifuge tubes to a 24-well plate containing 2 mL of
media and cultured for ~5 days at 37 °C with 5% CO,.

Immunofluorescence staining of collagen and fibronectin
was conducted on hMSC-seeded microgels. Cell-seeded micro-
gels were fixed with 4% paraformaldehyde for 1 h at room
temperature, washed with 0.3% Triton-X 3 times (10 minutes
for each wash), and blocked with 0.3% Triton-X and 1% BSA
solution overnight. The next day, samples were incubated over-
night with primary antibodies-anti-COL1A1 mouse mAb
(1:100) and anti-FN1 rabbit mAb (1 :200). The following days,
microgels were washed three times in wash buffer containing
0.3% Triton-X and 1% BSA (10 minutes for each wash) and
then incubated with secondary antibodies AlexaFluor 555 for
COL1A1 and AlexaFluor 488 for FN1 (1:500) for 2 hours.
Rhodamine phalloidin was used after sample fixing and per-
meabilization for F-actin staining. Finally, the samples were
washed with PBS 3 times, 10 minutes each, and counter-
stained for cell nuclei with DAPI for 1 hour.

2.6. Cancer cell spheroid assembly and encapsulation in
TC-MAP gels

TdTomato-expressing Pa03C cells and green-fluorescent
protein (GFP)-expressing CAF cells were cultured in high
glucose DMEM supplemented with 10% FBS and 1% anti-
biotics/antimycotics on tissue culture plastics at 37 °C with 5%
CO,. The spheroids were assembled in Aggrewell according to
the manufacturer’s instructions with some modifications.
Briefly, CAF (passage number < 40) and Pa03C cells (passage
number < 20) were trypsinized from the culture plate, counted,
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and added to a 24-well Aggrewell plate at a ratio of 5 CAF to 1
Pa03C. Each well contained 2 x 10° CAFs, 4 x 10* Pa03Cs, and
1 mL culture medium. The cells were mixed by pipetting.
About 1200 spheroids were obtained two days after seeding the
cells.

To create soft and stiff TC-MAP gels, we 3D-printed two con-
centric rectangular PDMS wells (Fig. S11). The inner rectangle
was a mold for depositing microgels, whereas the outer was
for the cell culture medium. Microgels were prepared accord-
ing to the method described in 2.3, except that everything was
sterile. Microcentrifuge tubes, test tubes, and molds were auto-
claved, and the rest were used as purchased. 0.01 and 0.1 wt%
oDex were used for stiffening the microgels for soft and stiff
TC-MAP gels, respectively. Cell spheroids prepared using the
abovementioned method were harvested by centrifugation.
After the culture medium was removed, cell spheroids were
added to the microgel suspension supplemented with 0.5 wt%
PEG4Tz for microgel annealing. The mixtures were centrifuged
at 6000 rpm for 1 minute to remove excess liquid. The sedi-
ment was gently transferred to the printed PDMS mold, and
the surface of the constructs was gently smoothened with a
cell scraper. The constructs were allowed to anneal for 1 hour
at 37 °C, followed by addition of a fresh culture medium. The

A  GeINB-CH synthesis

Carbic HOOC i:o Carbo-
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constructs were cultured at 37 °C with 5% CO,. The cell mor-
phology of these constructs was imaged over time with a BC43
confocal microscope (Oxford Instruments).

2.7. Statistics

All numerical data analyses and statistical analyses were per-
formed using GraphPad Prism software. All numerical data
presented have been tested for normality and variance hom-
ogeneity, using the Shapiro-Wilk test and Brown-Forsythe test,
respectively. One-way ANOVA was performed to analyze the
stiffness and size of bulk GelNB-CH hydrogels (Fig. 2C, 2E)
and stiffness of MAP gels (Fig. S47t). Single, double, triple, and
quadruple asterisks represent p < 0.05, 0.01, 0.001, and 0.0001,
respectively. Tukey’s multiple comparison test was used for
post-hoc analyses for ANOVA. The size of the microgels, either
the data from one single batch or 3 batches (Fig. 3B, 5B,
Fig. S3A and S3BY), and void fraction of MAP gels (Fig. 6C) did
not pass the normality test, and a non-parametric test was per-
formed on the data, followed by Dunn’s multiple comparison
test for significant difference. All microgel size measurements
were collected from 3 biological repeats, with each repeat
including more than 50 microgels (i.e., technical repeats) for
each group. Similarly, 3 MAP gels (i.e., biological repeats) were
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Fig. 2 Synthesis of GelNB-CH and oDex and characterization of dynamically stiffened hydrogels. (A) Schematic of GelNB-CH synthesis.
(B) Schematic of oDex synthesis. (C) Effect of oDex concentration on the stiffening of bulk GelNB-CH (5 wt%) hydrogels crosslinked by PEG4SH
(1 wt%). Hydrogels were incubated in oDex solution overnight at room temperature. (D) Photographs of bulk GelNB-CH hydrogels stiffened with
different oDex concentrations. (E) Area change of GelNB-CH bulk gels after incubation in PBS or oDex (0.01/0.05/0.1 wt%) for 24 h. N = 3 for each
group, data presented are mean + SEM, and *: p < 0.05, **: p < 0.01, and ****: p < 0.0001. The statistical analyses in (C) and (E) are comparisons

between individual stiffened groups and control (0 wt% oDex).
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Fig. 3 Fabrication of GelNB-CH microgels via a microfluidic droplet generator. (A) Representative images of non-stiffened (as prepared) GeINB-CH
microgels using a microfluidic droplet generator and microgels stiffened with different oDex concentrations (scale: 0.5 mm). (B) Size quantification
of non-stiffened and oDex-stiffened microgels using the microgels fabricated with a microfluidic droplet generator. 0 wt%: n = 227, 0.01 wt%: n =
114, 0.02 wt%: n = 115, and 0.05 wt%: n = 86. ****: p < 0.0001. The statistical analyses in (B) are comparison between individual stiffened groups and

control (0 wt% oDex).

measured for void fraction, and for each MAP gel, 3 regions of
interest (i.e., biological repeats) were selected for measuring
the averaged void fraction. Statistical comparison was made
between stiffened groups and the non-stiffened controls.

3. Results and discussion

3.1. Synthesis, crosslinking, characterization, and dynamic
stiffening of GeINB-CH hydrogels

We previously showed that gelatin could be sequentially modi-
fied with carbic anhydride and carbohydrazide, yielding
GelNB-CH, a bioactive macromer dually modified with norbor-
nene and carbohydrazide for orthogonal crosslinking and
dynamic stiffening (Fig. 2A).” Successful modification of nor-
bornene and carbohydrazide moieties on gelatin was verified
by proton NMR (Fig. S2Af) and quantified via fluoraldehyde
and TNBSA assays. The total primary amine concentrations on
pristine gelatin and GelNB-CH were quantified to be 3.76 and
1.07 mM per wt% of macromer, respectively (Fig. S2Bf).
Hence, the NB content on GelNB-CH was estimated to be
2.7 mM per wt% macromer. The total carbohydrazide concen-
trations on GelNB-CH were estimated to be 3.5 mM per wt% of
GelINB-CH (Fig. S2Ct). The primary crosslinking of GeINB-CH
was achieved by photopolymerization with multifunctional
thiol crosslinkers (e.g., PEG4SH, Fig. 1B), whereas the second-
ary stiffening was achieved by diffusing oDex into the hydro-
gels. The aldehyde groups on oDex (Fig. 2B) readily reacted
with the pendant CH moieties on GelNB-CH via hydrazone
bonding (Fig. 1C), resulting in dynamic stiffening of the
hydrogels.

© 2024 The Author(s). Published by the Royal Society of Chemistry

We first evaluated the effect of hydrazone-mediated stiffen-
ing by incubating the hydrogels in PBS containing 0 to
0.1 wt% oDex overnight, followed by measuring the shear
moduli of the bulk hydrogel with strain-sweep rheometry. As
shown in Fig. 2C, the storage moduli of the hydrogels
increased markedly at higher oDex concentrations.
Specifically, the GeINB-CH/PEG4SH hydrogels were crosslinked
to G' = 1.8 kPa pre-stiffening. After overnight oDex incubation,
the moduli went up drastically to ~10 kPa. This range of stiff-
ening was relevant to many healthy and diseased tissues,
including pancreatic cancer stroma.'®'” In addition to
increases in gel stiffness, significant shrinkage of the hydro-
gels was noted after oDex incubation (Fig. 2D). Qualitatively,
incubating the hydrogels in 0.01 wt% to 0.1 wt% of oDex solu-
tion led to ~5% to ~30% shrinkage in diameters of the bulk
circular hydrogel discs, which were equivalent to ~16% to
~50% changes in areas (Fig. 2E). The sharp increases in hydro-
gel storage moduli and significant decreases in gel size were
indicative of additional hydrazone bond formation between
the hydrazide groups on GelNB-CH and the aldehyde moieties
on the infiltrating oDex.

3.2. Microfluidic fabrication of GeINB-CH microgels and
dynamic crosslinking via secondary hydrazone bonding

In traditional microgel fabrication methods (e.g., microfluidic
devices), one set of operating parameters can only produce a
batch of microgels with similar properties regardless of the
throughput (Fig. 1A).° Fabrication of microgels with different
stiffness can be a laborious process, considering the various
operating parameters involved (e.g., the size of the channels,
flow rates and ratios of aqueous and oil phases, etc.). In this
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work, we sought to demonstrate that microgels of various
storage moduli can be prepared from one batch of microgels
with post-fabrication hydrazone-mediated stiffening (Fig. 1B
and 2C). We set up a microfluidic droplet generator upstream
of a light source (365 nm) for initiating the thiol-norbornene
photopolymerization. GeINB-CH, PEG4SH, and photoinitiator
LAP were pre-mixed at desired concentrations and flowed
through the microfluidic droplet generator. The droplets were
generated in the device, run through the tubing, and exposed
to 365 nm light irradiation for photopolymerization of
GeINB-CH/PEG4SH microgels. As prepared, the diameters of
these microgels were approximately 195.7 + 1.2 pm (mean =+
SEM) (Fig. 3A and B). These microgels were collected, washed,
split into several fractions, and treated with oDex at different
concentrations (Fig. 3A). The diameters of the oDex-treated
microgels were 158.1 + 1.7 pm, 132.2 + 1.1 pm, and 128.8 +
1.1 pm (mean = SEM) for 0.01 wt%, 0.05 wt%, and 0.1 wt%
oDex, respectively. Similar to that observed in the bulk gel stiff-
ening (Fig. 2C-E), incubating microgels with oDex led to sig-
nificant shrinkage of the microgels (Fig. 3A) and all oDex-
treated microgels remained narrow in size distribution
(Fig. 3B). The trend was also observed in the averaged result of
3 biological repeats (Fig. S3At), in which the size of non-
stiffened microgels decreased from 226.2 + 30 um to 198.6 +
39 um, 164.3 + 34.9 um, and 150.7 + 31.3 pm (mean + SEM),
using 0.01, 0.05, and 0.1 wt% oDex, respectively.

While the reduction of microgel sizes post-oDex incubation
was indicative of additional hydrazone crosslinking and stiff-
ening in the GelNB-CH microgels, there was some discrepancy
in the degree of bulk gel stiffening (Fig. 2C) and hydrogel size
reduction (Fig. 2E and 3B). Specifically, there was about a
300% increase in bulk gel moduli between 0.05 wt% and
0.1 wt% oDex treatment but the size changes were only around
10%. It is worth noting that the microgels and bulk gels were
prepared from gelatin and PEG derivatives and the stiffening
was performed using oxidized dextran. As oDex diffuses into
the bulk gels/microgels, the local polymer density increases
due to the additional hydrazone crosslinks. It was possible
that the microgels stiffened with 0.1 wt% oDex were much
stiffer than those stiffened with 0.05 wt% oDex, similar to that
observed in bulk hydrogel stiffening (Fig. 2C). This is possible
because based on the Flory-Rehner theory of rubber elasticity,
the relationship between the hydrogel mesh size (and macro-
scopic sizes) and stiffness is not linear.’® At sufficiently high
polymer concentrations, a small increase in mesh size (which
scales with the macroscopic hydrogel size) will result in a large
increase in hydrogel elasticity. Nonetheless, through these
experiments, we demonstrated that GelNB-CH, a dynamic
macromer previously developed for mimicking the stiffening
pancreatic tumor stroma, could be formulated into granular
microgels. These microgels could be dynamically modified
through a simple incubation step post-gelation (Fig. 2C).
Although the current project mainly focused on dynamic stiff-
ening, the carbohydrazide handles presented in the microgels
could be leveraged for modular decoration of additional bio-
active motifs, such as receptor ligands, fluorescent probes,
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drug molecules, or other macromolecules such as HA, as long
as these molecules were modified with aldehyde groups.
Additional orthogonal crosslinking or conjugation is also poss-
ible if the microgels were crosslinked with an excess norbor-
nene group that can participate in a secondary thiol-norbor-
nene photo-click reaction or tetrazine-norbornene iEDDA click
reaction.

3.3. Culture of hMSCs on dynamically stiffened microgels

We aimed to demonstrate that GeINB-CH microgels could be
leveraged for the 3D suspension culture of hMSCs. We first
fabricated GeINB-CH bulk hydrogels and stiffened the hydro-
gels with 0.05 wt% oDex incubation. The storage moduli of the
non-stiffened and oDex-stiffened bulk hydrogels (G'pup) were
~1.5 kPa and ~7.5 kPa, respectively. Next, GeINB-CH microgels
(crosslinked by PEG4SH) were fabricated using the microflui-
dic droplet generator as described above, washed, and
stiffened with 0.05 wt% oDex incubation overnight. Owing to
the inherent cell adhesiveness of gelatin, hMSCs readily
adhered and spread on the surface of both non-stiffened soft
and oDex-stiffened GeINB-CH microgels (Fig. 4A). F-actin stain-
ing results showed that the seeded cells appeared to adhere
more on the oDex-stiffened microgels, covering the entire
microgel surface (Fig. 4A). On the other hand, cells on the
non-stiffened microgels (i.e., +0 wt% oDex, G’ ~1.5 kPa) exhibi-
ted lower confluency. In addition to observing the cell mor-
phology, we further stained collagen I and fibronectin de-
posited by the microgel-cultured hMSCs seven days after cell
seeding on the microgels. We observed that cells adhered on
both non-stiffened and oDex-stiffened microgels were able to
secrete large quantities of these two ECM proteins (Fig. 4B),
indicating that matrix protein synthesis was not impaired
when cells were seeded on microgels with different stiffnesses.

Thiol-norbornene photopolymerization and hydrazone
bonding are orthogonal reactions with demonstrated cytocom-
patibility for a variety of cell types.'®?° Various 3D culture plat-
forms have been developed for the culture, expansion, and
differentiation of hMSCs in vitro, including encapsulation of
hMSCs in engineered hydrogel scaffolds and aggregating
hMSCs into multicellular spheroids.>"** Spheroid culture of
hMSCs has many advantages, including extensive cell-cell
interactions, generation of large cellular aggregates, and the
flexible integration of bioreactors for stem cell expansion.
However, matrix-free culture of hMSC spheroids does not
provide a solid substrate that could mechanically stimulate the
cells. In contrast, engineered hydrogels could provide tunable
mechanics and matrix components to stimulate matrix mech-
anics-induced cell fate processes. However, one drawback of
the conventional hydrogels was their nanometer-scale pores
(or meshes) that would hinder rapid proliferation, limit nutri-
ent transport, and reduce cell spreading.”* In this regard,
microcarriers/microgels are beneficial for 3D cell culture as
they provide a higher surface-to-volume ratio for cell seeding
and spreading than bulk gels.>>?°

Furthermore, the use of microgels allows for the formation
of cell-mediated microporous aggregates. Within these aggre-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 GelNB-CH microgels as carriers for culturing hMSCs. (A) Phase contrast and nuclei/F-actin staining of hMSCs seeded on non-stiffened
(+0 wt% oDex) and stiffened (+0.05 wt% oDex) GelNB-CH microgels. (B) Collagen | and fibronectin staining of hMSCs seeded on non-stiffened

(+0 wt% oDex) and stiffened (+0.05 wt% oDex) GelNB-CH microgels.

gates, cells seeded on the microgels can spread freely in the
same manner as cells cultured on a 2D surface, with the
benefits of increasing cell-cell and cell-matrix interactions in
all directions akin to 3D culture.”’

Additionally, cell-laden microgels can be cultured in stirred
bioreactors or spinner flasks for large-scale suspension
culture, which has been shown to strongly increase hMSC pro-
liferation, protein production, and the therapeutic efficacy.>®*°
Regardless of microgel stiffness, hMSCs secreted abundant
ECM proteins collagen and fibronectin, which may strengthen
their attachment to the microgel surface through increasing
cell-matrix interactions.’*** Nonetheless, the dynamic culture
of hMSCs on microgels with tunable properties has not been

© 2024 The Author(s). Published by the Royal Society of Chemistry

demonstrated. The current study established the feasibility of
using GelNB-CH microgels for hMSC culture. Future work may
focus on scaling up GelNB-CH microgel production for sus-
pension cell culture.

3.4. Characterization of microgels fabricated through inverse
suspension polymerization

Microgels can be mass produced by mechanically crushing/
fragmenting a crosslinked bulk hydrogel**® or by using
inverse suspension polymerization.'>?” While inverse suspen-
sion polymerization may produce microgels with a wider size
distribution than those generated from microfluidic devices,
the size variation can be significantly reduced by sieving the
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polymerized microgels through a cell strainer with a defined
size cut-off. Compared with mechanical fragmentation, the
inverse suspension polymerization method yielded microgels
with a smoother surface (i.e., excluding the effect of rough-
ness), which may be more desirable for interfacing with cells
as the irregular shapes of the fragmented gels could poten-
tially affect cell attachment and spreading. For example, it has
been reported that the cell viability is lower when 3D-printed
with fragmented microgels, as opposed to that with emulsion-
derived spherical microgels.*® Fragmented granular hydrogels
also have a larger size distribution than those produced by
either inverse suspension polymerization or microfluidic
devices.*

To this end, we utilized an inverse suspension photo-
polymerization by mixing GeINB-CH, PEG4SH, and LAP in PBS
and then emulsifying the mixture in the oil phase (Novec
7500) containing a surfactant. After thiol-norbornene photo-
polymerization, we excluded smaller microgels using 40 pm
cell strainers and obtained microgels with a diameter range
between 100 pm to 400 pm (Fig. 5A). Our preliminary studies
(data not shown) showed that MAP gels can degrade within
three days with the presence of cells. This phenomenon was
likely due to a lower light penetration in the emulsion system
and less homogeneous crosslinking due to variation of light
exposure among the large number of micro-droplets. To
increase the stability of the microgels fabricated through
inverse suspension photopolymerization, we supplemented a
synthetic polymer PEG8NB in the formulation. Microgels were
successfully fabricated, and the thiol-to-norbornene ratio was
estimated to be 0.47, which enabled further crosslinking
during the annealing process. The stiffening was again

Split microgels,
+ oDex for 24
hours

- |

+0.05% oDex
Y o ’(‘: )

View Article Online
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achieved through oDex incubation, which led to a slight but
significant decrease in microgel sizes (Fig. 5B). Specifically,
the diameter of the microgels pre-stiffening was 168.8 =
6.0 pm. After incubating with 0.01 wt%, 0.05 wt%, and
0.1 wt% oDex, the diameters changed to 179.8 + 5.3 pum, 141.2
+ 3.7 pm, and 134.7 + 4.6 pm (mean + SEM), respectively. The
microgel sizes post-oDex stiffening were similar to that
obtained in microgels produced from microfluidic devices
(Fig. 3B), but the size distributions were larger. This shrinkage
dependence on oDex concentration was also observed for the
averaged value of the 3 independent repeats (Fig. S3B¥), where
the size ranged from 181 + 20.8 um to 183.9 + 3.4 um, 167.8 +
22.5 pm, and 153 + 9.7 pm using 0.01, 0.05, and 0.1 wt% oDex
for stiffening, respectively.

3.5. MAP gel fabrication through microgel annealing

The GelNB-CH-based microgels were crosslinked and stiffened
by orthogonal thiol-norbornene and hydrazone click chem-
istry, respectively. These microgels may be further annealed
through the third click chemistry - iEDDA click reaction
between excess norbornene groups on GelNB-CH and an
additional tetrazine-bearing macromer (e.g., PEG4Tz, Fig. 6A).
To effectively anneal all microgels into MAP gels, we re-dis-
persed the microgels homogeneously in PEG4Tz solution and
packed the microgels through centrifugation. Using high mole-
cular weight FITC-dextran, we assessed the void fractions of
the MAP gels, which were between 20% and 40%, with higher
void fractions in the TC-MAP gel assembled from microgels
stiffened with higher oDex concentration (Fig. 6B and C). This
was likely because the microgels were partially annealed
during the oDex stiffening step, restricting the stiffened micro-

500 -
400 -
300
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Diameter (um)

m

-100 T T T T
0 0.01 0.05 0.1
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o
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Fig. 5 Fabrication of GelNB-CH microgels via inverse suspension polymerization. (A) Representative images of non-stiffened (as prepared)
GelNB-CH microgels and microgels stiffened with different oDex concentrations. Scale: 0.5 mm. (B) Quantification of diameters of non-stiffened
and oDex-stiffened microgels fabricated by inverse suspension polymerization. 0 wt%: n = 123, 0.01 wt%: n = 172, 0.05 wt%: n = 230, and 0.1 wt%: n
= 154. ***: p < 0.001 and ****: p < 0.0001. The statistical analyses in (B) are comparison between individual stiffened groups and control (0 wt%

oDex).
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Fig. 6 Annealing of dynamically stiffened GelNB-CH microgels into TC-MAP scaffolds. (A) Microgels annealed via the iEDDA reaction between
pendent norbornene and PEG4Tz. (B) MAP gels prepared with non-stiffened and oDex-stiffened GelINB-CH microgels perfused with FITC-dextran
for visualization of the porous structure and (C) void fraction of the MAP gels. (D) Frequency sweep for non-stiffened (0 wt% oDex) and 0.1 wt%
oDex-stiffened MAP gels. (E) Strain sweep for non-stiffened (0 wt% oDex) and 0.1 wt% oDex-stiffened MAP gels. (F) PaO3C + CAF spheroid encapsu-
lated in MAP gel on D1 and D3. Data (n = 3 for all groups) presented in (C) are mean + SEM, and there is no statistical difference between unstiffened
and stiffened groups. Red and green in (F) represent Pa03C and CAF, respectively. Scale in (B) and (F): 200 um.
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gels from being further stacked during the annealing step. The
stiffness of the MAP gels measured was tested within the
linear viscoelastic range (Fig. 6D and E). The stiffness of the
MAP gels remained unchanged over a week in PBS (Fig. S47).
Nevertheless, the stiffness of the stiffest TC-MAP gel was sig-
nificantly higher than that of the non-stiffened MAP gel,
suggesting that the stiffening on the single-microgel level
could also alter the macroscopic stiffness of the MAP gel,
despite having a higher void fraction. Since the MAP gels are
porous and 20-40% of them were completely PBS, the stiffness
difference among microgels stiffened with different concen-
trations of oDex could be even more significant than that
shown in Fig. 6E and Fig. S4.1 Also, the stiffness of the micro-
gels would be more relevant to cells than that of the macro-
scopic MAP gels. Compared to the bulk gel stiffness shown in
Fig. 2C, MAP gel stiffness was significantly lower. This is
because both the void fraction and the gel fraction in MAP gel
contributed to the overall stiffness, whereas bulk gel has no
void fraction, whose stiffness was entirely derived from the gel
fraction. Anderson et al. reported that the void fraction of MAP
gel was also considered a bioactive cue for cell growth. They
showed that mouse mesenchymal cells proliferated more in
MAP gels with a higher void fraction, independent of the
culture time.** The tetrazine-norbornene reaction has been
used to anneal microgels.*® The first step would always be
microgel fabrication through the thiol-norbornene reaction,
where norbornene is in excess. The second step is to utilize
the remaining norbornene for the tetrazine-norbornene reac-
tion as the binding mechanism for gel annealing. We adopted
the same method, but since our stiffening is based on an
orthogonal reaction, “stiffening capacity” of the stiffened gels
remained the same as that of unstiffened ones. The void frac-
tions of our MAP hydrogels were all higher than those fabri-
cated by Anderson et al. (i.e., 5%-17%) and comparable to
others’ results,"*”*° suggesting that the MAP gels would be
permissive for cell growth.

3.6. Invitro cancer model using soft and stiff MAP gels

We have previously used GelNB-CH hydrogels as a dynamic
culture platform to mimic the stiffening and increased depo-
sition of HA in pancreatic ductal adenocarcinoma (PDAC).”
Owing to the nanoscale meshes of the bulk hydrogels,
however, significant spreading and proliferation of the encap-
sulated cancer cells were not notable within the first week. We
reasoned that the highly porous TC-MAP hydrogels developed
here would significantly reduce the time needed for cell
spreading. To this end, we generated cancer cell spheroids
from patient-derived Pa03C cells and cancer associated fibro-
blasts (CAF). The spheroids were then mixed with the
GelNB-CH microgels prior to annealing into TC-MAP gels. As
soon as one day post-encapsulation, notable spreading was
observed from the mixed cell spheroids, especially in the
softer TC-MAP gels (MAPg, Fig. 6F). By day 3, significant cell
spreading was observed in both MAP.; and MAPs gels. Of
note, CAF exhibited fibroblastic and migratory morphology
and spread along the surface of multiple microgels, regardless
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of the MAP gel stiffness. On the other hand, cancer cells
Pa03C spread into the void space between microgels in MAPg¢
gels; but they were more aggregated and stayed close to each
other in MAPg;¢ gel. These results suggest that the physical
properties of the microgels in MAP hydrogels played a role in
their spreading even in the presence of CAFs, which are known
to drive cancer cell migration through both direct cell-cell
contact, ECM remodeling, and paracrine effects.*’™*>

Cells are known to respond to matrix stiffness through acti-
vating mechanosensors and organizing cytoskeletal structures,
leading to altered gene expression, morphogenesis, and scre-
tome.”® Traditionally, cellular mechanosensing studies are
conducted on 2D surfaces or in 3D matrices with a nanometer-
scaled mesh size. However, when cells are encapsulated in
mechanically stiff hydrogels, their movements are restricted by
the dense matrix. Therefore, there is an unmet need to develop
engineered matrices that provide mechanical stimulation to
the cells without adversely affecting cellular morphogenesis in
3D. This is particularly important in the study of solid tumors
(e.g., PDAC and breast cancer), which have high stiffness due
to desmoplastic reactions (i.e., excessive accumulation of ECM,
including collagen and HA).***** During cancer cell dissemina-
tion in vivo, cells are known to travel from the stiffer tumor
mass to the neighboring softer tissue, a phenomenon contra-
dicting the finding of durotaxis on 2D substrates.*”> We are par-
ticularly interested in using the TC-MAP hydrogels described
in this report to evaluate how cancer cells respond to 3D
mechanical stimulation without the confounding factors of
altered matrix crosslinking density. While microgels and MAP
scaffolds have been widely used for biomedical application,
only a few microgel studies focused on cancer-related research.
Examples of microgels applied in cancer research include
encapsulating cancer cells in microgels to study cancer spher-
oid formation with different microgel stiffness,*® or using
microgels as the anti-cancer agent.””*® To the best of our
knowledge, no MAP hydrogel has been exploited for cancer
research, and this study marks the first example of using dyna-
mically tunable gelatin-based MAP gels for pancreatic cancer
research.

4. Conclusion

Using GelNB-CH, an inherently bioactive and multi-responsive
macromer, we have developed a new gelatin-based microgel
system with dynamically tunable stiffness. Through triple-click
chemistry, the GeINB-CH microgels can be fabricated via stan-
dard techniques, dynamically stiffened, and annealed into
microporous hydrogels. We demonstrated that the dynamic
GelNB-CH microgels can serve as 3D microcarriers for cultur-
ing hMSCs. We also fabricated TC-MAP hydrogels for studying
the effect of matrix stiffness on cancer cell dissemination. In
addition to the studies reported here, the GelNB-CH based
TC-MAP system can be leveraged to study the effect of other
matrix properties (e.g., immobilization of biological molecules,
such as HA) on cancer cell fate. Future work will also focus on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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examining cancer cell dissemination across the interface of
soft and stiff MAP gels, as well as isolating highly migratory
cells for in-depth cellular and molecular analyses.
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