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Abstract

Microporous annealed particle (MAP) hydrogels are porous 3D scaffolds generated by interlinking
randomly packed microgels (ugels). Particle fraction, hydrogel stiffness, microparticle shape, and
crosslinking chemistry are paramount to the microstructure that microgels make within MAP
scaffolds. Of these parameters, control over the particle fraction in MAP scaffolds varies greatly
by user and drying technique, leading to inconsistent microarchitectures. These inconsistencies
have biological ramifications, as the particle fraction of MAP scaffolds determines the void

space within the material which strongly impacts cell growth. Here, we describe a method of
freeze-drying microgels that leads to consistent and user-defined particle fractions by weighing
the dried microgel powder and reconstituting at known volumes. Though freeze-drying hydrogels
typically leads to ice crystal and cryogel formation, we report on mediums that result in freeze-
dried microgels that retain their original properties when rehydrated. By rehydrating lyophilized
microgels to form MAP scaffolds, we demonstrate that particle fraction controls the bulk scaffold
stiffness, but not local microgel stiffness. Further, the particle fraction in MAP scaffolds directly
affects cell growth and macromolecular diffusion. Using controlled particle fractions in MAP
scaffolds, we can now reproducibly assess mechanical properties, diffusion of macromolecules,
and cell responses within user-defined microarchitectures.
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1. INTRODUCTION

Microporous annealed particle (MAP) gels are comprised of spherical microgels that form

a bulk, porous scaffold when interlinked. The void space between the interlinked microgels
supports accelerated cell growth /n vitro [1-4] and infiltration and migration /in vivo [5-

17]. Prior to MAP scaffold formation, microgel building blocks exist in a suspension. The
excess liquid must be removed from the suspension to yield a sufficient particle fraction

of microgels to achieve a jammed state [18]. In this jammed state, microgels exhibit shear-
thinning properties, allowing them to be injectable, space-filling materials [5, 7, 14] and inks
for 3D printing [4, 19]. Upon injection, orthogonal crosslinking reactions can be used to
interlink the microgels and form MAP scaffolds [1, 2, 6, 7, 20, 21]. The particle fraction of
microgels in the MAP gels is inversely proportional to the void fraction, with loosely packed
microgels generating greater void than closely packed microgels [14, 22].

Most users produce water-swollen microgels using reverse emulsions either in batch or
within microfluidic devices, as well as via lithography, electrohydrodynamic spraying, and
mechanical fragmentation [22, 23]. Purified microgels are then concentrated to induce
particle jamming through vacuum-driven filtration [19] or centrifugation [14] coupled with
manual removal of buffer via aspiration or with an absorbent material. Although particle
fraction is a critical property of MAP scaffolds, there have been few attempts to accurately
modulate it to date. Using microgels of varying size or shape has been shown to alter the
particle fraction in MAP scaffolds [3, 24, 25] as well as non-annealed granular materials
[14, 26]. Additionally, centrifugation at varying speeds has been shown to alter the degree
to which microgels are concentrated for generating non-annealed granular materials with
different particle fractions [14, 26]. However, our work demonstrates that concentrating
spherical microgels via centrifugation results in variable particle fractions. Given that
particle fraction itself is a bioactive signal for seeded or infiltrating cells, such as in
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modulating angiogenic sprouting [14] and non-viral gene transfer [3], our goal was to
develop methodology to control the particle fraction of microgels in a reproducible manner
without having to alter the microgel size or shape.

Freeze-drying, or lyophilization, is a process which removes aqueous solvent from the
system through sublimation to yield a dried product. This method is widely applied

to polymers to improve material shelf-life [27]. Lyophilization of crosslinked polymer
networks, however, can result in the formation of pores during the freezing process when
crystal structures in the solvent form and act as porogens [28]. The interconnected porous
network that forms results in cryogels that exhibit different mechanical properties from

their nanoporous counterparts [29]. Though in some instances microgel cryogels may be
desirable, our goal was to find freeze-drying conditions that do not lead to cryogel formation
within microgels.

Here, we describe a method for freeze-drying that allows microgels to retain their original
properties after rehydration and leads to consistent particle fractions in MAP scaffolds.
With this control over particle fractions in MAP scaffolds, we can now reproducibly
assess mechanical properties, diffusion, and cell responses within these user-defined
microarchitectures.

2. METHODS

2.1. Microgel production

Hyaluronic acid (HA) (Contipro, pharmaceutical grade, 79 kDa) was modified at

the carboxylic acid site with 5-norbornene-2-methylamine (NB) (TCI Chemicals) [3].
Approximately 31% of HA repeat units were successfully modified with NB, as determined
by proton NMR analysis performed in deuterium oxide. 1H NMR shifts of pendant
norbornenes at §6.33 and §6.02 (vinyl protons, endo), and 66.26 and §6.23 ppm

(vinyl protons, exo) were compared to the HA methyl group §2.05 ppm to determine
functionalization. Microfluidic production of HA-NB microgels has been described
previously, and these methods were used for both HA-NB and 8arm-PEG-NB (JenKem,

20 kDa) microgel synthesis [27]. In brief, microgels formulated using either HA- NB (3.4
wit% (w/v)) or 8arm-PEG-NB (10 wt%) precursor solution in 0.3 M HEPES buffer with

3.5 mM MMP-cleavable crosslinker (Ac-GCRDGPQGIWGQDRCG-NH2, GenScript), 1.75
mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Millipore Sigma), and 9.9 mM
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, TCI Chemicals). The surfactant/oil
phase for the microfluidic microgel generation consisted of 5% (v/v) Span-80 (Millipore
Sigma) in heavy white mineral oil (Avantor) degassed prior to use. Microgel precursor was
sterile filtered using a 0.2 um filter. Microgel precursor was loaded in a 1 mL syringe
alongside a 5 mL syringe of oil/surfactant on a dual-syringe pump (Chemyx) run at 0.3

uL min~1 to generate the particle sizes described in this work. Detailed methods for
generating particles of unique sizes with this setup can be found in the work by Wilson,

et al. [30]. Microgel production was conducted on a microfluidic device cast with Sylgard
184 polydimethylsiloxane (PDMS) (Dow Corning) prepared and cured according to the
manufacturer’s instructions then plasma bonded to a glass slide using a corona plasma gun.
Prior to the run, Rain-X was flushed through the device to coat the channels. Microgels
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fabricated on the device were collected in a 15 mL conical tube with a UV light fixed over

the collection tube to facilitate downstream microgel crosslinking at an intensity of 20 mwW
-1

cm™t,

Microgels were purified by first washing with 2% Pluronic F-127 (Sigma-Aldrich) (w/v)
in washing buffer (300 mM HEPES, 50 mM NaCl, 50 mM CacCl,) followed by repeated
washes (centrifugation (5,000 RCF) and aspiration of the wash) with washing buffer.
Purified microgels were washed with 70% ethanol to sterilize.

2.2. Tet-linker and Tet-fluorophore synthesis

4arm-PEG-Tetrazine (20 kDa) was synthesized as described previously [6]. HA-tetrazine
synthesis was adapted from Zhang, et al. using 79 kDa HA with molar equivalents of
1:1:0.25 of HA-repeat units to 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM) (Thermo Fisher Scientific) to tetrazine-amine (Chem-Impex) to
successfully modify approximately 11% of HA repeat units with tetrazine [31]. All

polymer modifications were purified with dialysis (6—8 kDa molecular weight cut-off) and
subsequently quantified by proton NMR. 1H NMR shifts of pendant tetrazine groups at 8.5
(2H) and &§7.7 (2H) (aromatic protons) were compared to the HA methyl group §2.05 ppm to
determine functionalization.

Alexa Fluor 488 C5-tetrazine (Alexa488-Tet) was synthesized through two base-catalyzed
thiol-Michael addition reactions in series, as previously described [6]. Briefly, Alexa Fluor
488 C5 maleimide (Invitrogen) and methyltetrazine-PEG4-maleimide (MW: 514.53 Da)
(Kerafast) were added in equimolar amounts to HS-PEG-SH (MW: 3500 Da) (JenKem
Technology USA) along with triethylamine (TEA) at 0.5 molar equivalent to Alexa

Fluor 488 C5 maleimide. The product was precipitated in diethyl ether after reacting
overnight then dried under vacuum. The resulting Alexa488-Tet product was dissolved

in dimethylformamide at 1 mg mL~1and stored at —20 °C. To label purified microgels,
Alexa488-Tet was diluted to 0.07 mg mL™1 in 1x PBS. The diluted Alexa488-Tet solution
was added to the microgels 1:2 by volume and incubated at 37°C for 30 minutes. The
microgels were washed three times with 1x PBS to remove unreacted fluorophore.

2.3. Microgel lyophilization

Sterilized microgels were incubated 50% (v/v) in a variety of mediums at a range of
concentrations overnight at 4°C. These mediums include: isopropy! alcohol (IPA), ethanol
(EtOH), sodium chloride, phosphate-buffered saline (PBS, pH 7.4), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, pH 7.8), tris(hydroxymethyl)aminomethane (Tris,
pH 8.0), 2-(N-morpholino)ethanesulfonic acid (MES, pH 5.5), Dimethylsulfoxide (DMSO),
and Acetonitrile (MeCN). The microgels in solution were mixed with a displacement pipette
then flash-frozen in liquid nitrogen. Microgels were then lyophilized and kept at room
temperature prior to rehydration. For rehydration, microgels were weighed and reconstituted
in DiH20 at varying wt% (w/v).
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2.4. Characterization of lyophilized microgels (lyo-microgels)

Rehydrated lyo-microgels were imaged on a confocal microscope (Nikon Ti Eclipse with a
C2 LED laser light source). Maximum intensity projections were generated from Z-stacks
(20x magnification, air objective, 2.5 um step size) to measure microgel diameter. 3D
renderings were created in IMARIS (Bitplane) to measure microgel volume and sphericity.
Single 2D slices from Z-stacks were used to assess intra-microgel defects within lyo-
microgels. Intensity profiles across the diameter of microgels as well as integrated density
measurements of microgel area were measured in ImageJ. IMARIS 3D renderings were also
used to assess particle fraction of lyo- microgels at varying wt% in MAP scaffolds.

2.5. Cell viability with lyo-microgels

Lyo-microgels were rehydrated in excess DMEM medium supplemented with 1% penicillin-
streptomycin and 10% fetal bovine serum. Non-lyophilized microgels of the same
population were incubated in the same medium for >1 hour. Both types of microgels were
concentrated via centrifugation. D1 mouse mesenchymal cells (D1 ORL UVA) were mixed
with microgels at a concentration of 10,000 cells uL=1. In each well, 5 pL of the cell and
microgel mixture was added in a 96-well plate in triplicate, as well as a 2D control with D1
cells only. Viability was assessed after days 1, 3, and 5 using CellTiter-Glo kit (Promega).

2.6. Incubation to assess bacterial growth

Lyo-microgels were incubated from 1-3 days in Luria-Bertani broth (LB, VWR) without
antibiotic at 37°C to determine whether the lyophilization process introduced areas for
potential contamination. OD600 was measured using a spectrophotometer each day to
monitor for signs of growth, compared to freshly diluted microgels in broth.

2.7. Bulk scaffold mechanical characterization

For material characterization, MAP scaffold discs were made by sandwiching 50 pL
microgels (84% v/v) and crosslinker (16% v/v) between two glass slides treated with
SigmaCote (Sigma-Aldrich) with a 1 mm Teflon spacer around the edges of the slides. Clips
were used to secure the slides and was incubated in a petri dish with a wet KimWipe to act
as a humidity chamber during inter-particle crosslinking. Once microgels were interlinked,
scaffolds were swollen overnight in 1x PBS. Swollen gels were punched with an 8 mm
biopsy punch. For Tet-linker comparison studies, a range of crosslinker ratios were used

to anneal the non-lyo-microgels. The concentrations of HA-Tet for 2.5, 5, 10, and 20
Tet/HA backbone were 0.016 mM, 0.032 mM, 0.063 mM, and 0.126 mM respectively. The
concentrations of 4arm-PEG-Tet for 5, 10, and 20 Tet/HA backbone were 0.24 mM, 0.47
mM, and 0.94 mM respectively. Lyo-microgels were annealed with 0.02 mg mL~1 HA-Tet.
Rheological measurements on a parallel plate rheometer (Anton Paar, Physica MCR 301, 8
mm measuring plate) included amplitude, time, and frequency sweeps to measure storage
and loss moduli within the linear viscoelastic region (1% strain) as well as study gelation
kinetics. Compression testing was performed on a micro-strain analyzer (TA Instruments
RSA 11, Duke SMIF) at a rate of 0.01 mm s~1. The slope of the resultant stress-strain curves
was calculated between 65-80 % strain.
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Local scaffold mechanical characterization with Atomic Force Microscopy (AFM)

Either nanoporous or MAP scaffolds (lyo-microgels annealed with 0.02 mg mL~1 HA-Tet)
were adhered to a 15 mm glass coverslip using superglue. A hydrophobic pen created a ring
around the scaffold to prevent water from flowing off the coverslip during experimentation.
Water was added dropwise to the scaffold to create a dome. A 5 um spherical probe

(0.6 N/m spring constant, Novascan) was used to generate force curves with a 1.5 nN
trigger force (Asylum Cypher Atomic Force Microscope, Duke SMIF). Force maps were
generated across 30 um x 30 um surface of microgels. The resultant Young’s Modulus was
approximated using the Hertz model assuming a Poisson ratio of 0.5.

2.9. Cell culture in MAP scaffolds

To create a custom cell culture device for these experiments, a negative mold was 3D printed
using a 3D, Form 2 stereolithography printer (Formlabs, Inc., Duke SMIF). The culture
wells were composed of a lower cylindrical culture section (4 mm in diameter and 1 mm
tall) and a larger cylindrical media reservoir (5 mm in diameter and 3 mm tall) above the
lower culturing section able to contain at least 50 pL of media. The wells were cast with
PDMS and bonded to glass coverslips then autoclaved for sterilization.

Prior to lyophilization, all microgels were post-modified with 1 mM RGD peptide (Ac-
RGDSPGERCG-NH2, GenScript) using thiol-ene click chemistry. Microgels (90% of the
working volume) were combined with RGD peptide, LAP photo-initiator, TCEP in HEPES
buffer (10% of the working volume) at final concentrations of 1 mM, 1.5 mM, and 1.67
mM respectively. The mixture was irradiated with UV light (20 mW/cm?) for 1 minute.
Microgels were washed three times with 0.3 M HEPES then once with 70% EtOH.
Microgels for lyophilization were incubated overnight in equal volume 70% EtOH then
lyophilized. Lyo-microgels were rehydrated in DMEM medium at a range of wt% (w/v).
Non-lyo- microgels were incubated in DMEM medium and concentrated via centrifugation.
HA-Tet was dissolved at 0.02 mg mL~1 in DMEM medium for all conditions. Cells were
pelleted at the same density for each group, based on 10,000 cell pL.=1 MAP with non-lyo-
microgels. Microgels (84% v/v) and HA-Tet (16% v/v) were mixed well with the cell pellet
and seeded at 5 uL per well. Inter-particle crosslinking occurred at 37°C for 20 minutes prior
to the addition of excess DMEM medium.

At time points of 1, 3, and 5 days, the wells were fixed with 4% paraformaldehyde for 30
minutes at room temperature. The wells were washed three times with 1x PBS then blocked
with 0.15% triton-x in PBS for 1 hour at room temperature. The wells were stained with
DAPI (1:1000) (Sigma-Aldrich) and Alexa Fluor™ 647 Phalloidin (1:40) (Invitrogen) in the
same blocking buffer overnight at 4°C. Samples were washed three times with PBS then
imaged on a confocal microscope at 20x magnification (Z-stacks at 2.5 pm steps).

2.10. Analysis of cell response

For generating heatmaps of signal intensity, the channel of interest in the Z-slices from
confocal Z-stacks were first converted to JPEG image sequences in ImageJ. A MATLAB
(The MathWorks, Inc.) script was created to analyze the image sequence (Z-stacks at 2.5 pm
step size) by averaging the fluorescent intensity in 150 um x 150 pm squares to generate
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heatmaps. The resultant square intensities were averaged across 30 Z-slices for each image
to increase the dimension of the analysis of the scaffolds (i.e., each datapoint represents

the average of the squares from a Z-slice). In IMARIS software, 3D volume renderings of
confocal Z-stacks were used to quantify cell volume (F-actin) and particle fraction. The spot
counter tool was used to quantify cell counts using DAPI signal.

2.11. Measuring scaffold diffusion

Glass slides were prepared by treating with SigmaCote (Sigma-Aldrich) and attaching a
PDMS cylinder (1 mm tall and 1 mm in diameter) with superglue. 50 puL of microgels

and crosslinker was pipetted around and on each PDMS plugs. A 1 mm Nylon spacer

was added and topped with a glass slide. Clips were used to secure the slides and was
incubated in a petri dish with a wet KimWipe to act as a humidity chamber during inter-
particle crosslinking. Once microgels were interlinked, scaffolds were carefully removed
and swollen overnight in 1x PBS. Solutions of fluorescent dextran (Alexa-fluor 647), with
molecular weights of 10 kDa and 70 kDa, were prepared at concentrations of 0.35 mg mL~1
and 0.05 mg mL1, respectively. These concentrations were determined experimentally
while creating the corresponding standard curves. Standard curves were generated using a
range of concentrations from 0.05 to 0.5 mg mL~1 for the 70kDa dextran and 0.001 to 0.05
mg mL™1 for the 10 kDa dextran. 1.5 pL of each dilution was pipetted onto a glass coverslip
and imaged. These images were analyzed in ImageJ to determine the average intensity of
the image, then a linear fit was used to obtain the equation for the standard curve for each
molecular weight. To image diffusion through the scaffolds, they were first carefully dried
with a Kimwipe then placed on glass coverslips. 150 puL of PBS was added to ensure they
remained hydrated during imaging. 2 UL of the fluorescent dextran solution were pipetted
into the center cavity in the scaffold created by the PDMS plugs. A coverslip was then
placed on the gel to prevent evaporation, then the gel was imaged at a fixed Z-plane on a
confocal microscope (Nikon Ti Eclipse with a C2 LED laser light source) at 0.1 FPS for 30
minutes.

Analysis was performed in ImageJ using the Bio-Formats plugin [32]. Images were
converted to grayscale then linear concentration profiles were obtained over the full range
of timepoints, extending radially outward from the center. The profiles of relative diffusion
were generated by sampling incremental values across time and distance. Values at the

time and distance midpoints were recorded for each condition. Under the assumption our
gels represent a semi-infinite medium for diffusion, we utilized Equation 1 to estimate the
effective diffusion coefficient (D,g) for each gel. Using the normalized concentration values
(C/Co), we applied a surface fitting model in MATLAB to fit the parameter Dgzto our data
which yielded an estimated D,gfor each condition. This analysis was performed on the
entire dataset (not just the sampled values) across time and distance for each condition.

2.12. Statistical analysis

Pre-processing of data included normalization of fraction of positive pixels and sphericity
to the non-lyo condition. Data are presented with error bars representing standard deviation.
For mechanical testing, /7= 3 for each condition. One-way ANOVA performed for

the following yielded £ < 0.05 prompting post-hoc analysis: storage moduli, microgel
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concentration for centrifugation drying, particle fraction, fraction of positive pixels,
sphericity, Young’s Moduli, and diffusion coefficient. Tukey’s multiple comparison test
was used to compare groups defined by Tet/HA ratio, centrifugation time, gel condition
(nanoporous, non-lyo MAP, or lyo-microgel MAP at varying wt%), or lyophilization
medium. For /n vitro cell viability experiments, /7= 3 with each condition ran in triplicate.
A paired T-test was performed comparing conditions at each time point, with significance
reported at A< 0.05 (*). For 3D cell culture, 7= 3 with duplicate gels for each condition.
One-way ANOVA with Tukey HSD was performed on the samples at each time point. For
all experiments, significance is indicated by *P< 0.05, **P< 0.01, ***P< 0.001, ****P<
0.0001. Statistical analysis was performed with GraphPad Prism software.

3. RESULTS

3.1. MAP scaffold fabrication includes a linear tetrazine linker for improved inter-particle
crosslinking efficiency

For our MAP platform, the primary material component was hyaluronic acid (HA) modified
with norbornene (NB) functional groups. The NB handle permitted the use of click
chemistry schemes for i) forming the microgels and ii) linking them together [3, 6]. We
generated HA-NB microgels on a flow-focusing microfluidic device as previously described
(Figure 1A) [14]. The average size of HA-NB microgels used throughout this work was
approximately 92 um in diameter with a polydispersity index (PDI) of 1.01, represented by
frequency distributions of diameter in Figure S1. To form bulk MAP scaffolds, the unreacted
NB handles on HA-NB microgels were involved in a secondary crosslinking reaction with a
tetrazine (Tet) linker (Figure 1B).

We synthesized a linear HA-tetrazine (HA-Tet) linker by modifying the carboxylic acid
group on the HA backbone (Figure 1C) [31]. Proton NMR spectroscopy showed successful
modification of 11% of HA repeat units (Figure S2), corresponding to approximately 23
functional groups per HA chain. MAP scaffolds crosslinked with Tet-linkers exhibited

a constant complex modulus across a larger range of strain than microgels without inter-
particle crosslinking (Figure 1D). The HA-Tet crosslinker exhibited faster gelation (i.e,
inter-particle linking of the microgels to form a bulk scaffold) compared to a 4arm PEG-Tet
linker (Figure 1E). Bulk MAP hydrogels crosslinked with HA-Tet required approximately
35 min to fully crosslink while the MAP hydrogels crosslinked with 4arm PEG-Tet required
more than 75 min, approximately twice as long (Figure 1E). We observed viscoelastic solid
behavior (storage modulus > loss modulus) for MAP scaffolds crosslinked with both 4arm
PEG-Tet and HA-Tet (Figure 1F-G) across all crosslinking ratios. While bulk MAP scaffold
stiffness was shown to increase with increasing Tet for both linkers (Figure 1F-G), we
observed differences in the range of stiffness they achieved. While 4arm PEG-Tet required
a ratio of 20 Tet/HA to achieve a bulk stiffness of 744 Pa, HA-Tet crosslinking achieved

a comparable stiffness (724 Pa) with only a 5 Tet/HA ratio. Moving forward, all MAP
scaffolds were annealed using the linear HA-Tet linker.
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3.2. Particle fraction is a bioactive cue in MAP scaffolds

3.3.

Prior to inter-particle crosslinking the microgels with a Tet linker, the process of making
MAP scaffolds first involves removal of excess buffer from the microgel slurry (Figure 2A).
Centrifugation has been the standard method to separate the microgels from the buffer either
over a strainer or with manual removal of the supernatant buffer from the microgel pellet
either by aspiration or with an absorbent material. Both the centrifugation speed and time
are variable across users of MAP scaffolds. These methods result in a highly variable range
of HA-NB microgel concentrations in the final ‘dried’ product, as shown by Figure 2B. In
practice, we have also observed disruption of the microgel pellet (not quantified) over time if
the supernatant solution is not immediately removed once centrifugation is concluded. After
the microgels are concentrated via centrifugation, the variability in microgel concentration
is then perpetuated when making MAP scaffolds and is evident in the range of particle
fractions generated using this method (Figure 2C).

While this quantification investigated bulk scaffold particle fraction using volume renderings
(Figure 2D), we also observed inconsistencies in different regions of the scaffold where
particles would be tightly packed together, or large empty gaps would be present. To assess
these inconsistencies, we took the individual Z-slices comprising the confocal Z-stack and
segmented each image into 150 um x 150 um squares (Figure 2D). The fluorescent intensity
of the scaffold (one from each drying replicate) was measured within each square spanning
30 Z-slices from the image (Figure 2F) and normalized to the highest intensity within each
slice. Consistent with our observations, the inhomogeneous distribution of particles within
the scaffold is captured by the spread of intensity observed across Z-slices (Figure 2G). With
this analysis we also see significant differences in the scaffolds from independent drying
replicates.

MAP scaffolds generated using these methods are commonly implemented for /n vitro
studies; however, the variation in particle fraction has yet to be considered as a confounding
factor in the cell responses MAP users observe in these scaffolds. To determine if the
particle fraction influences cell response, we cultured D1 mouse mesenchymal cells in
MAP scaffolds concentrated via centrifugation. Similar to our assessment of the scaffolds,
we quantified the cell response both regionally (looking for pockets of high or low cell
growth) as well as within the entire scaffold (Figure 2E). Across Z-slices for the drying
replicates, there were significant differences in the regional cell response (F-actin intensity),
corresponding to pockets of high and low cell growth (Figure 2H). We also observed a
correlation between the total cell volume in the scaffolds to the particle fractions within the
scaffold (Figure 2I), indicating that the total cell volume is greater in scaffolds with lower
particle fractions.

Lyophilization medium can be changed to either induce or prevent cryogel formation

in HA-based microgels

We demonstrated that the particle fraction in MAP scaffolds influences cell growth,

but concentrating the microgels via centrifugation failed to provide control over unique
particle fractions during MAP scaffold fabrication. We then investigated other methods for
concentrating or drying the microgels, such as lyophilization, to provide control over the
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final particle fraction in MAP scaffolds. It has been shown that lyophilizing polyethylene
glycol (PEG) microgels in isopropyl alcohol (IPA) allowed microgels to retain their physical
properties after rehydration [12]. We first tested the lyophilization of PEG-based microgels
using PEG-NB microgels after they were generated on a microfluidic device as described
above. The average diameter of PEG-NB microgels was 118 um in diameter with PDI

of 1.00, represented by a frequency distribution in Figure S1. The microgels (Figure 3A)
were incubated in the respective medium overnight, flash-frozen with liquid nitrogen,

then freeze-dried (Figure 3B). Lyophilized microgels (lyo-microgels) were rehydrated in
excess water and imaged on a confocal microscope to assess cryogel formation within the
microgels (Figure 3C). The formation of crystals during the freeze-drying process was not
evident in either condition for both maximum intensity projections (Figure 3D) and single
Z-slices (Figure 3E) from confocal Z-stacks. Similarly, the intensity profiles across microgel
diameter (Figure 3F) show an even distribution of fluorescence (gel), indicating that defects
were not observed under these conditions.

We extended these methods of lyophilization for drying HA-NB microgels first using 70%
IPA and water. Maximum intensity projections of the 3D Z-stacks failed to capture the
presence of internal defects in the polymer network (Figure 3G) that were otherwise evident
in single Z-slices (Figure 3H). The lack of fluorescence inside microgels is indicative of
cryogel formation and is demonstrated by the plotted intensity profiles across microgel
diameter compared to non-lyophilized (non-lyo) microgels (Figure 31). We observed internal
defects for the microgels lyophilized in both water and 70% IPA. As a result, we expanded
our study to include a range of polar protic, ionic, zwitterionic, and polar aprotic mediums
with a range of molecule size and at varying concentrations (Table 1) to determine a
lyophilization medium for HA-NB microgels that would not induce cryogel formation.

To quantify cryogel formation for each condition, single Z-slices were analyzed for the
fraction of pixels positive for fluorescence within the microgel area (Figure 4A), with
positive fluorescence corresponding to hydrogel and the lack of fluorescence indicating
defects in the network. Particularly, ionic buffers (e.g., PBS, NaCl) resulted in the largest
proportion of defects within microgels (Figure 4B). Maximum intensity projections and
single Z-slices for all conditions can be found in Figure S3. The fraction of positive pixels
was observed to be the highest, and therefore most comparable to non-lyo microgels, in

the 70% EtOH condition. 3D renderings of confocal Z-stacks with IMARIS software were
used to analyze the sphericity of microgels after lyophilization. The majority of conditions
allowed microgels to maintain comparable sphericity to non-lyo sphericity (Figure 4C).
However, six conditions resulted in statistically significant differences in mean sphericity,
as highlighted in Figure 4D. Freeze-drying HA-NB microgels with 70% EtOH yielded
results for both internal fluorescence and 3D sphericity comparable to non-lyo conditions,
prompting our further investigation of microgel properties with and without lyophilization in
70% EtOH for use as a suitable dehydration method without impacting microgel properties.
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3.4. Lyophilization of HA-based microgels in ethanol does not impact particle size or cell

viability
To determine if lyophilization with 70% EtOH is compatible with microgels of other
material compositions, we tested these methods for PEG-NB microgels. Confocal images
of PEG-NB microgels lyophilized in 70% EtOH are shown in Figure 5A-B, which
highlight the lack of cryogel formation under these conditions. Similarly, the intensity
profile across microgel diameter (Figure 5C) shows an even distribution of fluorescence
(gel), indicating that defects were not observed under these conditions. These findings for
PEG-NB microgels were consistent with the results for HA-NB microgels (Figure 5D-F).

To further understand how lyophilization of HA-NB microgels in 70% EtOH may affect
microgel properties, we included measurements of HA-NB microgel diameter after freeze-
drying. The diameter of microgels pre- and post- lyophilization with 70% EtOH resulted

in similar frequency distributions across three separate microgel populations (Figure 5E)
with no significant difference when comparing mean diameter. After lyophilization, we
observed trace amounts of EtOH with proton NMR spectroscopy of lyo-microgels in D50,
as indicated by a triplet of peaks at 1.1 PPM and quartet of peaks at 3.6 PPM corresponding
to EtOH methyl and methylene protons (Figure 5F). To determine if cell viability is affected
by these trace amounts of residual EtOH, we assessed viability of mouse mesenchymal

stem cells seeded with either lyo-microgels or non-lyo-microgels over 5 days of culture
(Figure 5G). Across 5 days, there was no significant difference in cell viability when
comparing cells in non-lyo and lyo- microgels. An additional benefit of using 70% EtOH for
freeze-drying microgels is the maintenance of product sterility by incorporating more than
60% alcohol content.[33, 34] The sterility of lyo- microgels was demonstrated by the lack of
bacterial growth after incubating lyo- and non-lyo microgels in LB broth for 3 days (Figure
S4). Moving forward, any reference to lyo-microgels were generated using 70% EtOH as the
lyophilization medium.

3.5. Controlling rehydration volume of freeze-dried microgels yields reproducible MAP
particle fraction

To explore the relationship between lyo-microgel rehydration (wt% MAP) and particle
fraction in MAP scaffolds (Figure 6A), lyo-microgels were rehydrated at varying wt%
ranging from 3.4-7 wt% lyo-microgels and interlinked with a consistent NB:Tet ratio. 3D
renderings of confocal Z-stacks were generated in IMARIS to quantify particle fraction of
the rehydrated lyo-microgels. Particle fraction was shown to increase with increasing wt%
MAP (Figure 6A-B). Rehydrating the lyo-microgels for MAP scaffold fabrication reduced
the standard deviation (indicated by the gray box) of the particle fraction that was observed
when using the centrifugation method for concentrating non-lyo-microgels (Figure 6C). We
also assessed local pore area which showed that increasing the wt% MAP resulted in an
increased frequency of small pores and a decrease in average pore area (Figure 6D).

3.6. Local mechanical properties of lyo-microgels differ from the bulk MAP scaffolds

Independent of crosslinker ratio, the storage modulus of bulk MAP scaffolds increased with
increasing wt% MAP, approaching the storage modulus of a 3.4 wt% nanoporous gel (Figure
6E-F). In addition to assessing the bulk scaffold properties, we also probed the stiffness
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of individual lyo-microgels to understand the effect of freeze-drying with 70% EtOH on
particle stiffness. For this purpose, we compared the mechanical properties of MAP gels
comprised of lyo-microgels (3.4 wt% MAP) to nanoporous gels (3.4 wt%) prepared from the
same precursor as microgels. To assess local stiffness, atomic force microscopy (AFM) was
used to probe the nanoporous gel surface as well as the surface of interlinked lyo-microgels
within MAP scaffolds. Force maps were generated across a 30 pm x 30 um area on the
microgel surface. Figure 6G depicts a representative surface plot of the microgel surface
with the resultant Young’s Modulus (approximated using the Hertz model) shown in Figure
6H. As measured by AFM, the local stiffness of lyo-microgels was not significantly different
than the nanoporous gel of the same composition, indicating that freeze-drying with 70%
EtOH does not compromise stiffness (Figure 61). Bulk modulus was then quantified using
compression testing of nanoporous and lyo-microgel MAP gels. Both the bulk and local
stiffness of nanoporous gels were comparable; however, the bulk stiffness of the MAP gel
was significantly less than the local stiffness of the microgels from which it is comprised
(Figure 6l).

3.7. Lower particle fraction promotes cell growth in MAP scaffolds

In addition to studying the material properties of these scaffolds, we also assessed the impact
of having controlled particle fractions in MAP scaffolds on 3D cell culture. We first studied
cell response in MAP scaffolds comprised of either non-lyo or lyo-microgels at 3.4 wt%
MAP. Prior to lyophilization, all microgels were post-modified with 1 mM RGD to support
integrin binding /n vitro. The non-lyophilized control was concentrated using centrifugation
to remove the excess media. Lyo-microgels from the same microgel population were freeze-
dried and rehydrated in cell media at 3.4 wt%. The non-lyo and lyo conditions were seeded
with the same cell density and inter-particle crosslinking ratio of HA-Tet. Confocal Z-stacks
of each condition are shown as 3D projections in Figure 7A of scaffolds (green), cell nuclei
(blue), and actin filaments (white) across 5 days in culture. While cell counts (Figure 7B)
and cell volume (Figure 7C) increased across 5 days for both conditions, greater variability
was observed across the non-lyo drying replicates compared to lyo-microgels which boast a
controlled particle fraction.

MAP scaffolds comprised of lyo-microgels rehydrated at 5 and 7 wt% allowed us to achieve
consistent particle fractions in MAP scaffolds that could not be achieved with non-lyo
microgels. Because of this, we had yet to study cell responses in scaffolds with these high
packing fractions. As such, we next created 3D cultures in MAP scaffolds comprised of
lyo-microgels at 5 wt% and 7 wt%. As the wt% MAP increased (and therefore the particle
fraction), cell counts and cell volume both decreased with increasing particle fraction.

3.8. Controlled particle fraction supports homogenous cell growth in MAP scaffolds

As shown in Figure 2, we observed pockets of high-density and low-density cell growth in
the non-lyo MAP scaffolds through confocal microscopy. However, in lyo-microgel MAP
scaffolds we observed more homogenous cell distributions. To quantify these observations,
the intensity of the F-actin channel (white) in each Z-slice (Figure 8A) was averaged within
150 pm x 150 um squares (Figure 8C). A representative Z-slice for each condition is
shown in Figure 8B with the corresponding heatmap for each image shown in Figure 8D.
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The average intensity from each square for 30 slices within each Z-stack (Figure 8E) was
then averaged to quantify the uniformity of the cell distribution across replicates for each
condition (Figure 8F). These plots of the average intensity from each square in the heatmaps
shows the large spread of values for the non-lyo condition. In contrast, the uniformity of

cell spreading in the lyo-microgel conditions in indicated by the lower range of cell intensity
across squares in the heatmap as well as the lower variance amongst all lyo-microgel
conditions in Figure 8G. While uniformity is observed in the lyo-microgel conditions at all
wt% MAP, the physical restriction of cells as wt% MAP increases is highlighted in higher
magnification images showing cells at the scaffold interface (Figure 8H).

3.9. Macromolecule diffusion between microgels is affected by microgel packing density

and size

To assess the diffusion of macromolecules in our materials, we cast the hydrogel scaffolds
around 1 mm cylindrical spacers then allowed the scaffolds to swell in PBS. Once the
spacers were removed, the fluorescently tagged dextran solution was added to the central
cavity and imaged over time in a single Z-plane (Figure 9A). An example of this time lapse
imaging of diffusion can be found in Supplemental Video 1. Linear concentration profiles
were obtained over the full range of timepoints, extending outward radially from the center.
The fluorescent intensity was converted to concentration by imaging a standard curve of
the fluorescent dextran solutions. Representative diffusion profiles for each condition are
shown in Figure 9B-E as relative concentration (concentration at each distance normalized
to concentration in the central cavity at time=0) over distance for varying time points.

Under the assumption our gels represent a semi-infinite medium for diffusion, we utilized
Fick’s second law of diffusion to estimate the effective diffusion coefficient (D,z) for

each gel (Equation 1). The diffusion coefficient for the 10 kDa fluorescent dextran within
each scaffold was quantified by non-linear curve fitting of the normalized concentration
values (C/C,) over time and distance (Figure 9F). The estimated D,gfor each condition

is compared to the values for free diffusion of 10 kDa dextran in water (D), as reported
experimentally in literature and also approximated using the Stokes-Einstein equation [35].

Equation 1.

Fick’s second law of diffusion to model one-dimensional radial diffusion, with Dex
concentration (C), constant Dex source concentration (C,), position (X), diffusivity (D), and
time (9.

C _ X
c, T JADt

Compared to the MAP scaffolds, we observed significantly less diffusion in nanoporous gels
of the same composition as the microgels (3.4 wt%) (Figure 9G). Similarly, diffusion was
impeded with increasing particle fraction. Similar trends were also observed when using a
larger size Dex (70 kDa) (Figure S5B—F). We then generated MAP scaffolds comprised of
two different size populations of lyo-microgels (92 and 296 um) at equivalent wt% MAP.
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Diffusion occurred more rapidly in MAP scaffolds comprised of larger microgels compared
to smaller microgels (Figure S5G-J) regardless of macromolecule size.

4. DISCUSSION

Tet-NB click chemistry was shown previously to allow control over bulk MAP scaffold
stiffness while also being biocompatible upon injection in an ischemic stroke model [6]. The
Tet linker used in previous studies was a 4arm-polyethylene glycol-Tetrazine (4arm-PEG-
Tet) which inherently limited the active sites of crosslinking to four. The first improvement
to our MAP system was to incorporate a linear Tet linker, as an alternative to the star-shaped
linker, with more active crosslinking sites to improve the crosslinking kinetics for MAP
scaffolds as well as reduce the amount of crosslinker required to achieve comparable
mechanical properties. This was achieved with a linear HA-Tet linker that boasts more
functional Tet groups than previously reported 4arm-PEG-Tet. HA-Tet supported a greater
range of bulk stiffness with the same Tet/HA ratios as the 4arm-PEG-Tet crosslinker. HA-Tet
also decreased the time required for MAP scaffold gelation; however, it is worth noting that
the tetrazine group on 4arm-PEG-Tet boasts an additional methyl group which improves the
stability in aqueous buffer but also has been shown to reduce reactivity which could affect
annealing Kinetics.

MAP scaffolds generated with microgels concentrated via centrifugation (i.e., non-lyo)
exhibited a large range of particle fractions. /n7 vitro studies with non-lyo MAP scaffolds
provided evidence that the particle fraction is a bioactive cue that influences cell growth
within the scaffolds, with higher particle fractions restricting cell growth. However,
concentrating the microgels via centrifugation failed to provide control over the particle
fraction. One solution for controlling particle fraction would be to remove all available
liquid, such as through freeze-drying, and then reintroduce controlled volumes for
rehydrating the dried microgels and achieving a desired particle fraction. Therefore, to
reproducibly study cell responses in MAP scaffolds, we investigated lyophilization as a new
method for drying microgels and controlling the particle fraction in MAP scaffolds.

A prior report demonstrated that lyophilization of polyethylene glycol (PEG) microgels in
IPA allowed microgels to retain their physical properties after rehydration [12]. While we
observed this same result for PEG-NB microgels, HA-NB microgels lyophilized in 70% IPA
were shown to have internal defects. We demonstrated that implementing different types

of lyophilization mediums could either enhance or prevent internal defects from forming
within microgels when freeze-dried. For EtOH, HEPES, DMSO, and MeCN, defects were
minimized (i.e., increased proportion of fluorescent pixels) as the concentration increased.
However, for IPA, NaCl, and Tris buffers, defects were minimized as the concentration
decreased. Interestingly, these trends were not consistent among the specific types of
mediums except polar aprotic, where both DMSO and MeCN decreased defects with
increasing concentration. We also elucidated several mediums for lyophilization that can
induce significant internal defects within microgels and could be explored for purposes

of cryogel formation. In particular, eight conditions with positive pixels below 20% were
highlighted in Figure 4B as maximal cryogel formation conditions for the conditions tested.
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Lyo-microgels incubated in 70% EtOH showed minimal internal defects and were the most
comparable to non-lyo microgels for both HA-NB and PEG-NB material composition. More
than this, freeze-drying microgels using 70% EtOH also allowed HA-NB microgels to

retain their original properties (i.e., shape, size, stiffness). By implementing these methods
for drying microgels, the dried product could be rehydrated at controllable mg mL™2
concentrations when making MAP scaffolds. Increasing the wt % of lyo-microgels resulted
in increasing particle fractions in the MAP scaffolds they comprised. Additionally, higher
particle fractions were consistently achieved using higher wt % than could not be achieved
with the centrifugation for concentrating microgels.

Users of MAP scaffolds commonly modulate the microgels inter-particle crosslinking
chemistry or concentration of the inter-particle crosslinking species to tune the bulk stiffness
of MAP scaffolds; however, our methods of generating scaffolds with controlled particle
fractions allowed us to investigate how tuning the particle fraction plays a role in bulk
scaffold stiffness. In granular hydrogels, mechanical stress is transmitted between touching
particles through force chains [36, 37]. Because the particle components of granular
materials are responsible the system’s stability under an applied load, we expected particle
density to affect the bulk mechanical properties of MAP scaffolds. Specifically, we expected
increasing particle density to allow more energy to be stored elastically in the scaffold,
corresponding to an elevated storage modulus. To test this hypothesis, we created MAP
scaffolds comprised of lyo-microgels at varying wt% MAP and performed rheological
testing within the linear viscoelastic region. As we increased the wt % of lyo-microgels, and
consequently the particle fraction, the shear storage modulus for MAP scaffolds increased
and approached the modulus of a nanoporous gel. These trends were consistent with
nanoporous gels in which stiffness increases with increasing the wt% of polymer content
[38]. We also investigated the compressive modulus of our material both at the bulk and
local scale which showed that the local stiffness of microgels is greater than the bulk
scaffold stiffness. These findings were consistent with previous reports of bulk nanoporous
and MAP hydrogels exhibiting different mechanical properties [3] due to the mismatched
amount of polymer entanglements in the bulk gel versus contact points between microgels in
MAP scaffolds [22].

With lyo-microgels, we were able to produce consistent particle fractions in our MAP
scaffolds to study the cell response to particle fraction in a controlled manner. We observed
the same trends as shown in non-lyo scaffolds with higher particle fractions restricting
global cell growth. This was particularly evident in the 7 wt % MAP lyo-microgel scaffolds.
By assessing regional cell growth, pockets of high- and low-density cell growth were
observed in non-lyo scaffolds; however, lyo-microgel scaffolds supported more homogenous
cell growth. These findings demonstrate the implications of particle fraction in MAP
scaffolds on cell growth and underscore the inability to replicate this control using the
previous methods of concentrating microgels via centrifugation. Using lyo-microgels, MAP
users can now eliminate the confounding effect of particle fraction on cell response.

In addition to the role of physical confinement on the cells, we also hypothesized that the
diffusion of macromolecules (i.e., nutrients from the media or cell waste) was impeded
in the high particle fraction scaffolds. As such, we wanted to assess the impact of
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particle fraction on macromolecular diffusion within the unique microarchitectures of these
scaffolds. Our platform for assessing macromolecular diffusion allowed us to observe the
impedance of diffusion in nanoporous gels compared to granular MAP scaffolds. With
controlled the particle fractions in the MAP scaffolds we observed slower diffusion as
particle fraction increased. Lastly, increasing the size of microgels comprising the MAP
scaffolds enabled faster diffusion of macromolecules, likely a result of the larger pores
observed between larger particles in granular materials [22].

5. CONCLUSION

In this study we elucidated methods for successfully drying HA-NB microgels without
sacrificing material integrity using 70% EtOH as the lyophilization medium. Lyo-microgels
generated using 70% EtOH allowed microgels to retain their original size, shape, and
stiffness while also minimizing internal defects. Additionally, using 70% EtOH provides

an added benefit of sterilization in the process of MAP fabrication. The goal of this work
was not only to determine a method for drying microgels that retain material properties,

but to also control particle fraction during MAP scaffold formation. Using this method,

we eliminated the variability of particle fraction during MAP scaffold formation that

arises when using alternative drying methods. Once freeze-dried, lyo-microgels could be
weighed and rehydrated with fixed volumes to achieve controlled particle fraction in MAP
scaffolds. As we increased the wt% MAP, we generated higher particle fractions in MAP
scaffolds than could be achieved using centrifugation to concentrate the microgels. Our
findings demonstrate the implications of particle fraction in MAP scaffolds on material
properties, cell growth, and diffusion and underscore the inability to replicate this control
using the previous methods of concentrating microgels via centrifugation. This work also
demonstrates that the molecular architecture of the inter-particle crosslinking polymer
affects the kinetics of microgel gelation and the bulk mechanical properties that can be
achieved. With controlled particle fractions and efficient inter-particle crosslinking methods,
we can now reproducibly assess mechanical properties and diffusion, as well as cell
responses within MAP scaffolds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(A) Schematic of microfluidic generation of microgels. (B) Schematic of HA-NB microgels
(green) annealed with a tetrazine linker to form MAP scaffolds. (C) Reaction schematic of
HA-Tet synthesis. (D) Complex modulus for microgels without Tet- linker (gray), HA-Tet
(green), and 4arm-PEG-Tet (blue) linkers across strain. (E) Time-sweep of MAP annealing
using non-lyo-microgels without Tet- linker, 4arm-PEG-Tet (blue), and HA-Tet (green)
linkers for MAP gelation. (F) Storage moduli (solid) and loss moduli (open) of MAP gels
comprised of microgels annealed with 4arm-PEG-Tet determined by frequency sweep. (G)
Storage moduli (solid) and loss moduli (open) of MAP gels comprised of non-lyo-microgels
annealed with HA-Tet determined by frequency sweep. A one-way ANOVA with Tukey
HSD was performed on the samples for rheology testing (n = 3), with significance reported
at p <0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****).
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Figure2.
(A) Schematic of microgels being concentrated from the microgel slurry during MAP

scaffold preparation. (B) Concentration of microgels in the dried product when using manual
buffer removal after centrifugation for 5 minutes, 15 minutes, or 15 minutes twice. A
one-way ANOVA with Tukey HSD was performed on the samples dried independently (n =
8), with significance reported at p < 0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****).
(C) Using centrifugation for 15 min 2x, the resultant MAP scaffolds boast a range of particle
fractions. (D) MAP scaffolds prepared after centrifuging microgels for 15 minutes twice

are shown as (i) volume renderings taken from (ii) confocal Z-stacks. (iii) The individual Z-
slices from the Z-stacks are segmented to quantify the average intensity of the MAP scaffold
channel within each square (scale bar = 100 pm). (E) D1 mouse mesenchymal cells were
seeded in MAP scaffolds prepared after centrifuging microgels for 15 minutes twice and

are shown as (i) volume renderings taken from (ii) confocal Z-stacks. (iii) The individual
Z-slices from the Z-stacks are segmented to quantify the average intensity of the F-actin
channel within each square (scale bar = 100 pm). (F) Heatmaps were generated for each
Z-slice within the Z-stacks. (G) For MAP scaffolds, the average intensity across the Z-slices
is plotted for one sample from each biological replicate. A one-way ANOVA with Tukey
HSD was performed on the replicates, with significance reported at p < 0.05 (*), <0.01 (**),
<0.005 (***), and <0.001 (****). (H) For cell response within these scaffolds, the average
F-actin intensity across the Z-slices is plotted for one sample from each biological replicate.
A one-way ANOVA with Tukey HSD was performed on the replicates, with significance
reported at p < 0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****). (I) Cell volume was
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determined by IMARIS rendering of the F-actin channel from the confocal Z-stack. Cell
volume results were plotted across the corresponding particle fraction from the sample.
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Figure 3.
The drying process for microgels (A-B) involves 1:1 incubation in lyophilization medium.

(C) Lyo-microgels can then be rehydrated to achieve water-swollen microgels. Microgels
fabricated with PEG-NB were lyophilized in water and 70% IPA. Representative images for
non-lyophilized (Non-lyo) as well as lyo-microgels for water and 70% IPA conditions shown
as (D) maximum intensity projections (scale bar = 100 pm). and (E) single Z-slices from

the original Z-stack with intensity profiles measured across the microgels plotted in (F) for
each condition. Microgels fabricated with HA-NB were lyophilized in water and 70% IPA.
Representative images for non-lyophilized (Non-lyo) as well as lyophilized microgels for
water and 70% IPA conditions shown as (G) maximum intensity projections (scale bar =

100 pm). and (H) single Z-slices from the original Z-stack with intensity profiles measured
across the microgels plotted in (1) for each condition.
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Figure 4.

50 mM HEPES

® 4
ve

(A) The fraction of pixels positive for fluorescence plotted for each condition separated by
polar protic, ionic, zwitterionic, or polar aprotic medium compared to the non-lyo condition
represented by the dotted line. A one-way ANOVA with Tukey HSD was performed on the
samples comparing condition mean to non-lyo mean (n > 3), with significance reported at
p <0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****). (B) Representative maximum
intensity projections and single Z-slices from the original Z-stack for eight lyophilization
conditions with less than 20% positive pixels as indicated by the gray box in panel A (scale
bar = 100 um). (C) 3D volume renderings of confocal Z-stacks were made using IMARIS
software and analyzed for sphericity. A one-way ANOVA with Tukey HSD was performed
on the samples comparing condition mean to non-lyo mean (n > 3), with significance
reported at p < 0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****). (D) The medium
conditions that significantly varied from non- lyo sphericity are shown as representative
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maximum intensity projections and single Z-slices from the original Z-stack (scale bar = 100
um).
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Figure5.

Microgels composed of either PEG or HA can be lyophilized with 70% EtOH and
rehydrated. PEG-NB microgels before (Non-lyo) and after lyophilization with 70% EtOH
are shown as a maximum intensity projections (A) and (B) single Z-slices within the
confocal Z-stack (scale bar = 100 um). The lack of pore formation within microgels is
depicted by the intensity profile across bead diameter (C). HA-NB microgels before (Non-
lyo) and after lyophilization with 70% EtOH are shown as a maximum intensity projections
(D) and (E) single Z-slices within the confocal Z-stack (scale bar = 100 um). The lack of
pore formation within microgels is depicted by the intensity profile across bead diameter
(F). Measurement of HA-NB microgel diameter before and after lyophilization (G) shown
as frequency distributions across for the three separate microgel populations. (H) Proton
NMR spectra of HA-NB lyo-microgels and ethanol show trace amount of ethanol peaks.

(I) Luminescence values correspond to cell viability data for D1 cells cultured with non-lyo
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(gray) and lyo-microgels (dark green) over 5 days. A paired T-test was performed comparing
conditions at each time point (n = 3 with triplicates), with significance reported at p < 0.05

).
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Figure 6.
(A) Lyo-microgels can be reconstituted at varying final wt% in MAP scaffolds which

corresponds to (B-C) increasing particle fraction while non-lyo-microgels concentrated via
centrifugation exhibit a larger range of the final particle fraction in MAP (scale bar =

100 pm). The gray box in each condition corresponds to + standard deviation centered
around the mean particle fraction. (D) 2D analysis of pores represented by frequency
distributions of pore area for each scaffold type. (E) Storage moduli (solid) and loss moduli
(open) of MAP gels comprised of lyo-microgels at varied wt% MAP annealed with HA-Tet
determined by frequency sweep. (F) Storage moduli (solid) and loss moduli (open) of MAP
gels comprised of lyo-microgels at varied wt% MAP annealed with HA-Tet at an angular
frequency of 1 Hz. A one-way ANOVA with Tukey HSD was performed on the samples
for rheology testing (n = 3), with significance reported at p < 0.05 (*), <0.01 (**), <0.005
(***), and <0.001 (****). Force curves generated with AFM show microgel surface (G)
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and local stiffness (H). (1) Bulk and local scaffold stiffness of hanoporous gels and MAP
gels comprised of lyo-microgels with the same composition as nanoporous gels. A one-way
ANOVA with Tukey HSD was performed on the samples (n = 3), with significance reported
at p <0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****).
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Figure 7.
(A) Split channels of confocal Z-stacks for MAP (green) composed of non-lyo-microgels

and lyo-microgels reconstituted at 3.4, 5, and 7 wt% cultured with D1 cells (white F-actin,
blue DAPI). Scale bar = 100 pm. Quantification of volume of interest (\VOI) within each
replicate across days 1, 3, 5 for (B) cell count and (C) cell volume as measured by volume
renderings in IMARIS software of F-actin staining (white). N=3 with duplicate wells
represented by individual datapoints. A one-way ANOVA with Tukey HSD was performed
on the samples at each time point with significance reported at p < 0.05 (*), <0.01 (**),
<0.005 (***), and <0.001 (****).
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Figure 8.

Single Z-slices from confocal Z-stacks (A) are shown in (B) for each condition on Day

5 of culture. The single Z-slices show the cell networks across the field of view (20X
magnification, scale bar = 100 pm). (C) The average intensity of the F-actin channel from
(A) was averaged within 150 pm x 150 pm squares and can be represented as a heatmap

of the image (D). (E) Heatmaps were taken from 30 successive steps in the Z-stacks across
replicates, with the averages shown in (F). (G) The average of the three replicates is plotted
across conditions. (H) Higher magnification examples show cells at the scaffold interface in
a single Z-slice across conditions (scale bar = 10 um).
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(A) Representative images (single Z-slices) of the fluorescent dextran (white) diffusing
through a MAP scaffold (green) over time. Diffusion profiles for (B) 3.4 wt% nanoporous
gel, (C) MAP gel with non-lyo-microgels, and MAP gel with (D) 3.4 wt% lyo-microgels
and (E) 5 wt% lyo-microgels are presented as the relative concentration of 10 kDa

dextran (concentration normalized to initial concentration) over distance for 12 minutes.
Representative profiles are for one gel for each condition. (F) Representative example of
the non-linear curve fitting (black mesh) for the diffusion profile shown as the relative
concentration across time and distance. (G) Estimated effective diffusion coefficient (Dggf) of
10 kDa fluorescent Dex for each condition compared to the reported value of free diffusion
in water (Dyy) represented by the dotted line. A one-way ANOVA with Tukey HSD was
performed with significance reported at p < 0.05 (*), <0.01 (**), <0.005 (***), and <0.001

(****) i
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Lyophilization mediums to optimize HA-NB microgel drying were selected to span medium type: polar protic
(purple), ionic (pink), zwitterionic (green), and polar aprotic (blue), as well as molecular weight and

concentration.

: Molecular weight | Concentration
Medium type | Name Formula [Da] [MM or % viv]
Water H,O 18.0 100%
50%
Isopropyl alcohol (IPA) C3HgO 60.1
70%
Polar protic
30%
Ethanol (EtOH) C,HsOH 46.1 50%
70%
NaCl 58.4 137
KCI 74.6 2.7
Phosphate-buffered saline (PBS)
Na,HPO, 142.0 8
lonic K,HPO, 174.2 2
50
Sodium chloride (NaCl) NaCl 58.4 300
1000
50
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) | CgH1gN,0,S | 238.3 300
1000
50
Zwitterionic tris(hydroxymethyl)aminomethane (Tris) C4H11NO3 1211 300
1000
50
2-(N-morpholino)ethanesulfonic acid (MES) CgH13NO,4S 195.2 300
1000
50%
Dimethylsulfoxide (DMSO) C,HgOS 78.1
100%
Polar aprotic
30%
Acetonitrile (MeCN) C,H;N 411
50%
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