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ABSTRACT: Microporous annealed particle (MAP) scaffolds
composed of cross-linked microgels are emerging as important
biomaterials due to their modular design, high porosity, and large
surface area, which allow for highly tailored properties, cellular
infiltration, nutrient and waste exchange, and improved drug release
characteristics. To further expand on these technologies and
enhance their modular design, thiolated mesoporous organosilica
nanoparticles (ssMSN-SH), which degrade in response to

glutathione, were first cross-linked inside of 4-arm poly(ethylene glycol) maleimide microgels. The microgel size, rheological
properties, and payload release characteristics were determined. Hierarchical MAP scaffolds were then created by cross-linking 4-arm
poly(ethylene glycol) maleimide microgels with ssMSN-SH. Surface attachment and cross-linking of microgels using ssMSN-SH
were confirmed with scanning electron microscopy and confocal imaging; rheological properties were characterized; porosity was
analyzed; glutathione-induced degradation of MAP scaffolds was determined; and the depth of viable NIH/3T3 fibroblasts into
MAP scaffolds was visualized using confocal microscopy. ssMSN-SH cross-linked microgels form MAP scaffolds with an increase in
the storage modulus, maintain their porosity while decreasing the interparticle distance, degrade in response to glutathione, and
increase the depth of viable NIH/3T3 fibroblasts into scaffolds when compared with bulk PEG hydrogels.

H INTRODUCTION

Microgels, hydrogel microparticles ranging in size roughly
between ~1 and 100 pum, possess several advantageous
characteristics for biomedical applications when compared to
bulk hydrogels. These include shear-thinning-enabled inject-
ability, microporosity between particles allowing for cellular
infiltration, and large surface areas for cell attachment and
increased permeation of released therapeutics through
injection sites.! They are highly tunable; their mesh size,
particle size, packing density, and porosity can be tailored; and
their mechanical properties can be adjusted based on polymer
concentrations and selection.”? Importantly, by jamming
microgels to make them densely packed, they can be formed
into macroscopic granular hydrogels."”® The properties of
granular hydrogels depend on the microgel composition and
interparticle interactions, and densely packed microgels can be
cross-linked together to form microporous annealed particle
(MAP) scaffolds.”~"® MAP scaffolds are especially attractive
for tissue engineering because they can achieve macroscopic
architectures while maintaining microscale porosity for cellular
integration, waste exchange, and therapeutic delivery through-
out the scaffold."* While microgels, granular hydrogels, and
MAP scaffolds have great potential in tissue engineering due to
their modular nature, nanoparticles have been added into their
designs to further increase functionalities and precisely tune
the properties of microgels.””™'* Specifically, silica-based
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nanoparticles are useful for incorporation into microgels as
they can be fabricated with pores for drug loading, their
surfaces are readily functionalized, and their size and
morphology can be tailored on demand.'”

Mesoporous silica nanoparticles (MSNs) are widely
produced via the surfactant-templating approach, which allows
for controlled formation of mesostructures, morphologies, and
dimensions.'® MSN biocompatibility, high specific surface
areas, tunable pore sizes, and stable porous structures have
driven their use in drug delivery applications.'” Recent
advancements have created breakable MSNs through the
incorporation of various moieties into the silica network. These
include bispropyldisulfide as a redox-sensitive group,'®'? bis-
alkoxysilanes for breakability with UV,” nucleic acids for
enzymatic degradation,”’ and pH-responsive iron-doped
MSNs.”> The ease of surface modifications using silane
chemistries can produce MSNs coated with thiols, amino
groups, polyethylene %lycols (PEG), aptamers, antibodies, and
targeting peptides.”” "> These valuable properties, as well as
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the stability of MSNs, have led to their incorporation into
hydrogels in order to wield more control over hydrogel
pro[)erti<es.26’27 MSNs have been incorporated into many
different hydrogel types for biomedical applications, including
injectable polyamidoamine, PEG, alginate, chitosan, and
hyaluronic acid-based hydrogels.”*~** This has allowed for
precision drug release, self-healing, specialized cross-linking,
and cell-responsive degradation. Because of the versatility and
increased functionality provided by MSNs, this study employs
MSNs, specifically thiolated mesoporous organosilica nano-
particles (ssMSN-SH), as cross-linkers and modifiers of
microgels and MAP scaffolds.

With the continued rise in the use of granular hydrogels and
MAP scaffolds in therapeutic delivery, tissue engineering, and
regenerative medicine, there is promise in incorporating
nanoparticles with these biomaterials to tailor the granular
hydrogel and MAP scaffold properties. PEG is one of the most
common synthetic, biocompatible polymers in tissue engineer-
ing, and it was chosen here due to the highly tailorable reactive
groups that can cap the ends of PEG chains for cross-linking
reactions.”*> We specifically chose PEG-maleimide (PEG-
Mal) microgels as they have previously been shown to form
microgels that support cellular infiltration, have tailorable
mechanical properties, and can readily undergo maleimide—
thiol chemistry for attachment of other molecules.’®™** Here,
we report the inclusion of ssMSN-SH with PEG-Mal cross-
linked microgels in two different formats: (1) incorporation of
ssMSN-SH inside of microgels during fabrication and (2)
ssMSN-SH as PEG-Mal microgel interparticle cross-linkers to
form MAP scaffolds. Importantly, using maleimide—thiol
cross-linking, we were able to create and characterize
hierarchical MAP scaffolds that have an increased storage
modulus, glutathione-induced degradation, and a decreased
interparticle distance and that increase the depth of viable
NIH/3T3 fibroblasts into scaffolds.

B MATERIALS AND METHODS

Synthesis of Mesoporous Organosilica Nanoparticles
(ssMSNs). Nanoparticles were fabricated in a manner similar
to previous reports, and 20 mL of DIH,O was added to a 50
mL round-bottom flask and heated to 90 °C."*** 600 mg (1.65
mM) of hexdecyltrimethylammonium bromide (CTAB, 98%,
Sigma-Aldrich, H5882) and 60 mg (0.4 mM) of triethanol-
amine (TEA, 99%, Sigma-Aldrich, 90279) were then added,
and the solution was stirred at 200 rpm for 20 min under
reflux. 1.276 g (2.69 mM) of Bis(triethoxysilyl propyl)disulfide
(BTDS, 95%, Fluorochem, $02135) and 0.8397 g (4.03 mM)
of tetraethyl orthosilicate (TEOS, 99%, Sigma-Aldrich, 86578)
were then added dropwise and stirred at 200 rpm for an
additional hour at 90 °C under reflux to form nanoparticles.
The solution was then removed from heat, pelleted via
centrifugation (35,000 RCF, 20 min, 20 °C), and washed three
times in EtOH. The CTAB template was removed via reflux
overnight in a solution of EtOH (12 mL) and HCl (1.6 mL,
38% HCI). Particles were then collected via centrifugation
(35,000 RCF, 30 min, 20 °C) and washed 1X in ethanol, 1X in
50:50 DIH,O/EtOH, and 1x in DIH,O.

Synthesis of Mesoporous Organosilica Nanoparticles
with Thiol Functionalization (ssMSN-SH). 10 mg of
lyophilized mesoporous organosilica nanoparticles (ssMSNs)
were resuspended in 1 mL of toluene. 12 uL (64.6 uM) of (3-
mercaptopropyl) trimethoxysilane (95%, Sigma-Aldrich,
175617) and 1 pL (1.124 mM) of TEA were added, and the
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solution was mixed overnight at RT (25 °C). ssMSN-SH were
then washed 1X in toluene, 1X in 50:50 EtOH:toluene, 1X in
EtOH, 1X in 50:50 EtOH:DIH,O, and 1X in DIH,O.

Rhodamine B Isothiocyanate Loading of Organosilica
Nanoparticles. To load ssMSNs with rhodamine B
isothiocyanate (Sigma-Aldrich, 283924), a previous protocol
was adapted.'” 5 mg of ssMSNs were suspended in a solution
of S mg (9.32 uM) of rhodamine B isothiocyanate in 1 mL of
DIH,O. The suspension was vigorously stirred for 4 h in the
dark. Subsequently, the solvent was evaporated, and the
particles were washed 1X in H,0, 1X in H,O:EtOH, 1X in
EtOH, 1X in 50:50 EtOH:toluene, and 1X in toluene.
Rhodamine B isothiocyanate-loaded ssMSNs were then
functionalized with thiols as described above. The loading of
rhodamine B isothiocyanate was determined using a Tecan
Infinite M200 plate reader (A, 570 nm, A.,: 595 nm)
following particle breaking via incubation at 37 °C in PBS at
pH 7 containing 100 mM L-glutathione reduced (GSH)
(Sigma-Aldrich, G4251), and it was found to be 4.2 + 0.6% by
mass of ssMSN.

Characterization of ssMSNs. The hydrodynamic particle
size (dynamic light scattering, DLS) and (-potential were
measured with a Malvern Zetasizer Ultra instrument equipped
with a HeNe laser (633 nm) and a Peltier thermostatic system
in water at 25 °C. Thermogravimetric analysis (TGA) was
conducted on pristine ssMSNs and ssMSN-SH using a Netzsch
model STA 449 fi Jupiter instrument. The samples were kept
at 100 °C for 30 min for stabilization and then heated from
130 to 800 °C at a speed of 10 °C min~". The analysis was
carried out under a 20 mL min™" airflow. The N, adsorption/
desorption profile was determined by using a Micromeritics
ASAP 2020 surface area and porosity analyzer. Small-angle X-
ray scattering was conducted with the SAXSess mc2 instru-
ment (Anton Paar GmbH) containing a slit collimator system
and the PW3830 laboratory X-ray generator (40 kV, 50 mA)
with a long-fine focus sealed X-ray tube (Cu Ka 4 = 0.1542
nm) from PAN Analytical. Detection was performed with the
2D imaging plate reader Cyclon by PerkinElmer. Measure-
ments were performed on lyophilized samples for 10 min. The
2D data were converted to 1D data and the background was
corrected by using SAXSQuant software (Anton Paar GmbH).
Transmission electron microscopy was conducted using a
Talos L10C (FEI) electron microscope.

Poly(ethylene glycol) Microgel Synthesis. Microgel
fabrication was adapted from previous reports,”'® where a
solution of mineral oil (Sigma-Aldrich, 330779) and 2% Span
80 (Sigma-Aldrich, S6760) was added to a SO mL conical tube.
20% by mass (0.5 uM) of 4-arm polyethylene glycol (PEG)
maleimide (MW 40000 Da, JenKem, JKA7067) was dissolved
in pH 5.0 MES buffer (Thermo Scientific, J61960.AP). In
another tube, HS-PEG-SH (MW 1500 Da, JenKem, JKA4105)
was dissolved in pH 5.0 MES buffer at different molar ratios
that were calculated to allow for either 2-arm, 3-arm, or 4-arm
PEG-maleimide to be cross-linked. 100 xL of 20% (m/m) (0.5
UM) 4-arm PEG-maleimide was then combined with 100 uL of
0.5 uM (2-arm), 0.75 uM (3-arm), or 1.0 uM (4-arm) HS-
PEG-SH for a final concentration of 10% (m/m) 4-arm PEG-
maleimide. This 200 uL of the combined PEG solution was
then added to a 30X volume mineral 0il/2% Span 80 solution
and vortexed for 20 s to create the emulsion. The microgels
were then placed on a shaker and allowed to cross-link over 30
min. Cross-linked microgels were collected via centrifugation
at 4000 RCF for S min and washed 1X with 0.3% Triton-X 100
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Figure 1. Microgel fabrication and mechanical properties. (A) 4-arm PEG-Mal was combined with SH-PEG-SH in a batch emulsion to create (B)
control microgels (scale = 100 gm). (C) Thiolated ssMSNs were incorporated into the SH-PEG-SH solution and then (D) made via a batch
emulsion (scale = 100 ym). Higher-magnification images of the (E) control (scale = 100 ym) and (F) ssMSN-SH-incorporated (scale = 100 ym)
microgels. (G) Microgel size analysis. Data are displayed as a box and whisker plot with the Min and Max, upper quartile, median, and lower
quartile. (H) SEM micrograph of lyophilized microparticles (scale = 10 ym). (I) Frequency and (J) strain sweeps were performed on microgels
that had 4-arm, 3-arm, and 2-arm molecular equivalents of Mal groups cross-linked, and decreasing the amount of PEG-Mal arms cross-linked
reduced the storage modulus (G’) of the microgels. (K) Cyclic strain (1% strain at low-strain regions and 500% strain for high-strain regions)
demonstrate the thixotropic properties of the microgels, as they return to their initial storage modulus following increased strain. (L) Frequency
and (M) strain sweeps were performed on microgels that had 1-arm cross-linked with ssMSN-SH and either 3-arm or 2-arm molecular equivalent
of Mal groups cross-linked. Decreasing the amount of PEG-Mal arms cross-linked reduced the storage modulus (G’) of the microgels. (N) Cyclic
strain (1% strain at low-strain regions and 5S00% strain for high-strain regions) demonstrate the thixotropic properties of the ssMSN-SH microgels,
as they return to their initial storage modulus following increased strain.

(Sigma-Aldrich, X100) in H,O, 1X in 50:50 acetone:H,0, 1X (amount to couple to 1-arm of the maleimide 4-arm PEG)

in H,O, and 1X in PBS. were suspended in the 100 uL of HS-PEG-SH solution. This
PEG ssMSN-SH Microgel Synthesis. PEG + ssMSN-SH was then mixed with 100 yL of 20% 4-arm PEG-maleimide,

microgels were fabricated in a manner similar to that described and cross-linking and washing steps were conducted as

above, with small alterations to add ssMSN-SH or rhodamine- described above.

loaded ssMSN-SH. TGA was used to quantify the moles of SH Fabrication of MAP Scaffolds of PEG Microgels Cross-

on the surface of the ssMSNs, and the quantity of particles that Linked with ssMSN-SH. PEG microgels were fabricated with
contain 0.5 uM of (3-mercaptopropyl) trimethoxysilane 75% (3 of the 4) maleimide arms cross-linked with HS-PEG-
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SH. This leaves 1-arm of maleimide free to undergo further
cross-linking. These gels were then centrifuged for S min at
4000 RCF, and the supernatant was removed. ssMSN-SH
suspended in PBS at 2 mg mL™" were added to centrifuged
microgels to cross-link into MAP scaffolds for 15 min at RT.
The MAP scaffolds were then washed 3X with PBS to remove
any remaining ssMSN-SH that were not cross-linked.
Characterization of Microgels and Multiscale MAP
Scaffolds. Rheological measurements were conducted by
using a Thermo Scientific HAAKE modular advanced
rheometer system (MARS). Microgels were centrifuged for S
min at 4000 RCF, the supernatant was removed, and the
microgels were then transferred to the rheometer plate. All
measurements were conducted at 37 °C, using an 8 mm
geometry and a 0.5 mm gap size (n = 3). Frequency sweeps
were conducted from 0.1 to 100 Hz at a constant 1% strain,
while strain sweeps were conducted from 0.1 to 100% strain
and at a constant frequency of 1 Hz. Cyclic strain
measurements were then conducted between low (1%) and
high (500%) strains over 120 and 60 s, respectively, and
repeated 3 times at a constant frequency of 1 Hz similar to
established protocols.'” Rhodamine B isothiocyanate release
was determined using a Tecan Infinite M200 plate reader (4.
570 nm, A, 595 nm) following particle breaking via
incubation at 37 °C in PBS at pH 7 containing 100 mM
GSH. The supernatant was collected on indicated time points
and replaced at each time point. Degradation products of
ssMSN-cross-linked MAP scaffolds were imaged with bright-
field microscopy using an Olympus IX 71 microscope.
Fluorescence images were acquired with an Olympus IX 71
microscope. In order to determine the MAP scaffold porosity,
microgels were centrifuged for 5 min at 4000 RCF. Microgels
were then transferred to a 96-well plate and again centrifuged
at 1000 RCF for 5 min to evenly distribute themselves.
ssMSN-SH were then added in PBS at a concentration of 2 mg
mL™" for the cross-linked MAP scaffolds. Then, a high-
molecular-weight solution of fluorescein isothiocyanate-dex-
tran (0.1 mg mL™' in PBS) (2000 kDa, Sigma-Aldrich,
FD2000S) was incubated in the microgel scaffolds for 1 h.
Confocal images were then acquired by using a Nikon Ti2
Eclipse Al laser confocal microscope. The images were
binarized and watershed and particles were analyzed using
the FIJI distribution of Image] according to published
protocols.'” The area and major axis lengths for each pore
were then averaged across both microgel and ssMSN-cross-
linked microgel granular hydrogels (n = 3). Scanning electron
microscopy was conducted using a FE-SEM Sigma (Zeiss)
instrument with an in-lens detector (2 kV and 3.5 WD).
Culture of NIH/3T3 Murine Fibroblasts. For cell culture
experiments, microgels were centrifuged for 5 min at 4000
RCF. Microgels were then transferred to a 96-well plate and
again centrifuged at 1000 RCF for S min to evenly distribute
themselves. For ssMSN-SH-cross-linked scaffolds, ssMSN-SH
were then added in PBS at a concentration of 2 mg mL™" for
the cross-linked MAP scaffolds. These were gently washed
three times in DMEM (GIBCO) and soaked in DMEM
containing 10% fetal bovine serum (FBS, Gibco), 1% L-
glutamine (Euroclone), and 1% penicillin—streptomycin
(Euroclone, 100 pug mL™" streptomycin and 100 units/mL
penicillin) for 1 h prior to cell seeding. Bulk hydrogels were
cross-linked from the solution prior to seeding and soaked in
DMEM containing 10% FBS, 1% L-glutamine, and 1%
penicillin—streptomycin for 1 h prior to seeding. NIH/3T3
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murine fibroblasts (ATCC) were seeded at a density of 20k
cells per well in the 96-well plates in DMEM (Gibco)
containing 10% FBS, 1% L-glutamine, and 1% penicillin—
streptomycin. After 24 h in culture (37 °C, $% CO,
atmosphere), live cells were stained with calcein AM
(Invitrogen, C1430), and dead cells were stained with
propidium iodide (ThermoFisher, P3566) and washed 1X in
PBS. Cells were imaged using a Nikon Ti2 Eclipse Al laser
confocal microscope. The cellular depth into granular
hydrogels (n = S) was determined using Image]. The
maximum distance of viable NIH/3T3 fibroblasts was
determined in S slices per scaffold, and this was also compared
to the bulk hydrogel depth (10% w/w 4-arm PEG-maleimide
cross-linked with HS-PEG-SH).

Statistical Analysis. Statistical analysis was performed
using GraphPad Prism (10.2.3). Multiple groups were analyzed
using one-way ANOVA and Tukey’s posthoc test conducted
with p < 0.05. As shown in Figure 4, Student’s ¢ test was used
to determine the differences between the two groups.

B RESULTS AND DISCUSSION

ssMSN-SH-Containing Microgels. ssMSNs were synthe-
sized using the sol—gel method as previously described and
detailed in the methods.”® This process created spherical
ssMSNs with an average diameter of ~90 nm, a {-potential of
—38 + 1.2 mV, and a peak pore diameter of 3 nm (Figures S1
and S2). Thiol groups were incorporated onto the surface of
the ssMSNs via reaction of ssMSNs with (3-mercaptopropyl)
trimethoxysilane in a solution of toluene and triethanolamine
overnight, creating spherical ssMSN-SH of diameters ~90 nm
and a (-potential of —38.2 + 0.87 mV (Figure SI).
Thermogravimetric analysis showed conjugation with (3-
mercaptopropyl) trimethoxysilane totaling 10% by mass with
this process (Figure S3). Once synthesized, ssMSN-SH were
incorporated into microgels during fabrication. Control
microgels were created using the oil:water emulsion technique
as described in the Supplementary Methods and as previously
reported.”'” The impact of the cross-linking density on
microgel rheological properties was determined with 100%
(4-arms), 75% (3-arms), and 50% (2-arms) of the available
maleimide groups of 4-arm PEG-Mal cross-linked with SH-
PEG-SH (Figure 1A). Microgels formed by this process had
similar average diameters determined by optical microscopy,
66 + 20 ym (4-arms cross-linked), 76 &+ 35 ym (3-arms cross-
linked), and 72 + 32 um (2-arms cross-linked) (Figure
1B,E,G). Frequency and strain sweeps were then performed to
determine the linear viscoelastic (LVE) regime of the
microgels, and all rheological characterization was conducted
after centrifugation of microgels for 5 min at 4000 RCF and
removal of the supernatant.*’ Strain and frequency sweeps of
all microgel types demonstrated that a frequency of 1 Hz and a
strain of 1% were within the LVE regime (Figure 11]). With a
decrease in the percentage of arms cross-linked to form
microgels, a decrease in the average storage modulus was
demonstrated from 745 Pa (4-arms cross-linked at 1 Hz and
1% strain) to 449 Pa (3-arms cross-linked at 1 Hz and 1%
strain) and 86 Pa (2-arms cross-linked at 1 Hz and 1% strain)
(Figure 1I1-K). Cyclic strain experiments were then conducted
between low (1%, in the LVE regime) and high (500%) strain
over 120 and 60 s, respectively, to test the shear thinning and
postshear reassembly of the microgels.'’ All of the microgels
exhibited a thixotropic behavior, where, following high strains
(500%), the microgels are then returned to the starting, higher

https://doi.org/10.1021/acsomega.5c07004
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Figure 2. Rhodamine release from microgels. (A) Brightfield image of rhodamine-loaded ssMSNs cross-linked into PEG microgels. (B)
Fluorescence of rhodamine loaded in ssMSNs and (C) overlay demonstrating colocalization of rhodamine with ssMSNs (scale = 100 ym). (D)
Release of rhodamine from ssMSN microgels. Rhodamine is released over a 2-week timeline from ssMSN-incorporated microgels.

storage modulus upon reapplication of low strain (1%, in the
LVE regime; Figure 1K). ssMSN-SH-containing microgels
were fabricated similarly to control microgels, except that
ssMSN-SH were incorporated with HS-PEG-SH during the
fabrication process (Figure 1C). Using the TGA results,
ssMSN-SH were added to the HS-PEG-SH solution at a molar
ratio that was equal to the amount to cross-link 1-arm of the 4-
arm PEG-Mal and HS-PEG-SH used to cross-link either 2 or 3
of the remaining 4-arm PEG-Mal. This resulted in microgels
with ssMSN-SH throughout the polymer matrix (Figure
1D,F). The average diameter of the microgels was 60 + 18
pm for 3-arms cross-linked with HS-PEG-SH and 1-arm with
ssMSN-SH and 70 + 31 pm for 2-arm cross-linked with HS-
PEG-SH and l-arm with ssMSN-SH (Figure 1G). Again,
frequency and strain sweeps were then performed to determine
the LVE regime of the microgels. Strain and frequency sweeps
of all microgel types demonstrated that a frequency of 1 Hz
and a strain of 1% was within the LVE regime (Figure 1L,M).
With a decrease in the percentage of arms cross-linked to form
microgels, a decrease in the storage modulus was demonstrated
from 440 Pa (3-arms cross-linked HS-PEG-SH 1-arm ssMSN-
SH at 1 Hz and 1% strain) to 83 Pa (2-arms cross-linked HS-
PEG-SH 1-arm ssMSN-SH at 1 Hz and 1% strain) (Figure
IL-N). Cyclic strain experiments were then conducted
between low (1%, in the LVE regime) and high (500%) strain
over 120 and 60 s, respectively, to test the shear thinning and
postshear reassembly of the microgels.'” All of the ssMSN-SH
containing microgels exhibited a thixotropic behavior, where,
following high strains (500%), the microgels are then returned
to the starting, higher storage modulus upon reapplication of
low strain (1%, in the LVE regime; Figure 1N). While the
chemical cross-linking plays a key role in microgel mechanical
properties, the amount of water left between the microgels can
also play a role. This is especially true when ssMSN-SH are
included, as they will have different affinities for water
compared to PEG polymers.

To determine whether the glutathione-degradable nano-
particles could be incorporated into microgels and used to
control the release timeline of a drug payload, rhodamine B
(thodB) was used as a model drug. ssMSNs were loaded with
rhodB using an evaporation loading technique, followed by
conjugation of ssMSN with thiol groups. Rhodamine ssMSN-
SH were then incorporated into microgels during fabrication.
Overlay images of rhodamine and microgels taken using
fluorescence microscopy show that rhodamine remains inside
ssMSN-SH after microgel fabrication (Figure 2A—C). When
these microgels are incubated in PBS at 37 °C, no release of
rhodamine was detected over the two-week observation period.
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When incubated with glutathione (GSH) at a concentration of
100 mM, ~25% of rhodamine is released within 1 day, ~60%
within 4 days, and 100% is released by the 14 days time point
(Figure 2D). This demonstrates the ability of GSH to degrade
the ssMSN-SH incorporated inside the microgels, resulting in
rhodamine release that is not observed in PBS.

ssSMSN-SH-Cross-Linked MAP Scaffolds. Previous works
in MAP scaffolds have reported on polymers to cross-link
microgels into MAP scaffolds.”’ Here, MAP scaffolds were
fabricated using microgels that have 3-arms of the total 4-arms
of PEG-Mal cross-linked (75%), leaving 1-arm of maleimide
(25%) available for further cross-linking. 3-arm cross-linked
PEG-Mal microgels were centrifuged for S min at 4000 RCF to
jam them into granular hydrogels. After removal of any
supernatant, ssMSN-SH in PBS at a concentration of 2 mg/mL
were added to the jammed hydrogels for 15 min to initiate
interparticle cross-linking (Figure 3A). This produced MAP
scaffolds of microgels cross-linked with ssMSN-SH (Figure
3B—F). Brightfield microscopy images showed ssMSN-SH on
the surface of the microgels (Figure 3B), and the cross-linked
scaffolds retain their shape (Figure 3C). Scanning electron
micrographs show an almost complete coverage of the
microgel surfaces with ssMSN-SH (Figure 3D—F). This is in
contrast to the micrographs of jammed microgels without
MSNs, where there clearly are no MSNs on the surface of the
microgels (Figure 1H). SAXS measurements also demonstrate
the inclusion of MSNs with microgel structures (Figure S4).
Rhodamine-loaded ssMSN-SH were then used to cross-link
microgels into MAP scaffolds for fluorescence imaging (Figure
3G). Combining brightfield imaging with fluorescence
microscopy demonstrates the extent of ssMSN-SH interpar-
ticle cross-linking of microgels (Figure 3H—-J). Microgels
incorporated with FITC-labeled dextran were cross-linked with
rhodamine ssMSN-SH for confocal imaging (Figure 3K). The
high-magnification overlay again shows that ssMSN-SH are
only on the surface of the microgels and act as interparticle
cross-linkers (Figure 3L).

The rheological properties of ssMSN-SH cross-linked MAP
scaffolds were determined, and frequency and strain sweeps
were performed to determine the LVE. Strain and frequency
sweeps demonstrated that a frequency of 1 Hz and a strain of
1% were within the LVE (Figure 3M,N). Interparticle cross-
linking of microgels with ssMSN-SH increased the storage
modulus from 380 Pa (3-arms cross-linked HS-PEG-SH at 1
Hz and 1% strain) to 1320 Pa (MAP scaffold at 1 Hz and 1%
strain) (Figure 3M,N). Cyclic strain experiments were then
conducted between low (1%) and high (500%) strain over 120
and 60 s, respectively, to test the shear thinning and postshear

https://doi.org/10.1021/acsomega.5c07004
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Figure 3. ssMSN-SH-cross-linked MAP scaffolds. (A) Fabrication of ssMSN-cross-linked MAP scaffolds. PEG microgels with uncross-linked
maleimide groups are collected via centrifugation, and a solution of thiolated ssMSNs is added to cross-link the microgels into granular hydrogels.
(B) Brightfield image depicting cross-linked microgels. Arrows show regions of the granular hydrogels with ssMSNs (scale = 100 ym). (C) ssMSN-
cross-linked MAP scaffolds retain their shape after washing and removal from ssMSN solution. (D) Low-magnification (scale = 10 ym) and (E)
high-magnification (scale = 200 nm) scanning electron micrographs of ssMSN-cross-linked MAP hydrogel. ssMSNs attach to the surface of the
PEG microgels, but are too large to enter the microgel interior. (F) High-magnification image demonstrating a microgel surface completely cross-
linked with ssMSNs (scale = 10 ym). (G) Rhodamine-loaded ssMSNs were conjugated with thiol groups and then used to cross-link PEG
microgels into MAP scaffolds. (H) Brightfield, (I) rhodamine fluorescence, and (J) overlay showing the structure of a ssMSN-cross-linked MAP
scaffold (scale = 200 ym). (K) Confocal fluorescence image of FITC-dextran-incorporated microgels (green) cross-linked into MAP scaffolds with
rhodamine-loaded ssMSNs (red). Rhodamine fluorescence is only present on the surface of the microgels, as the ssMSNs do not infiltrate the
microgel structure but serve as cross-linkers in the formation of MAP scaffolds (scale = 200 ym). (L) High-magnification image depicting the
coverage of microgels with ssMSNs (scale = 200 ym). (M) Frequency and (N) strain sweeps were performed on 3-arm cross-linked microgels and
$sMSN-cross-linked MAP hydrogels. Cross-linking microgels into MAP scaffolds increased the storage modulus (G’). (O) Cyclic strain (1% strain
at low-strain regions and 500% strain for high-strain regions) demonstrate the thixotropic properties of the 3-arm cross-linked microgels, as they
return to their initial storage modulus following increased strain. However, ssMSN-cross-linked MAP hydrogels’ storage modulus (G’) is decreased
following cyclic strain, demonstrating the breakage of the SH-Mal cross-links under high strains.
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Figure 4. Microgel porosity. (A) Confocal imaging of FITC-labeled dextran throughout centrifuge-packed microgels and (B) ssMSN-cross-linked
MAP scaffolds. (C) The pore area is similar following ssMSN cross-linking, but (D) the interparticle distance is significantly reduced following

ssMSN cross-linking of microgels.

Figure S. Degradation of ssMSN-SH-cross-linked MAP scaffolds in the presence of glutathione. (A) ssMSN-cross-linked MAP scaffolds were
suspended in either (B) control PBS or (C) PBS containing GSH for 3 days. GSH degrades the ssMSNs over time, degrading ssMSN-cross-linked
MAP scaffolds and reducing the area of cross-linked microgels from (D) day 1, (E) day 2, and (F) day 3 (scale bars = 500 ym). (G) The area of

cross-linked MAP scaffolds is significantly reduced each day.

reassembly of the microgels.'’ The microgels again exhibited a
thixotropic behavior, with high strains (500%) reducing the
storage modulus of the microgels that is then returned to the
starting, higher storage modulus upon reapplication of low
strain (1%) (Figure 30). However, the MAP scaffolds did not
return to the same starting storage modulus, and their storage
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modulus decreased from 1300 to 730 Pa after undergoing
500% strain (Figure 30). This is due to the irreversible
breakage of interparticle cross-links induced by the high strain
of the rheometer.

The porosity of jammed microgels and MAP scaffolds was
visualized to understand the impact of ssMSN-SH cross-linking

https://doi.org/10.1021/acsomega.5c07004
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Figure 6. Depth of viable NIH/3T3 fibroblasts into microgels. Confocal micrographs of viable, calcein-labeled NIH3T3 cells were captured on (A)
bulk 4-arm PEG hydrogels, (B) centrifuge-packed PEG microgels, (C) centrifuge-packed ssMSN-incorporated PEG microgels, and (D) ssMSN-
cross-linked MAP scaffolds. (E) Cells were significantly farther into the packed microgels and ssMSN-cross-linked MAP scaffolds compared with

bulk PEG hydrogels.

on porosity. Microgels were jammed via centrifugation for §
min at 4000 RCF. They were then transferred to a 96-well
plate and again centrifuged at 1000 RCF for S min to evenly
distribute the microgels. ssMSN-SH were added to the wells
for 15 min in PBS to allow for the cross-linking reaction to
proceed, followed by washing to remove any ssMSN-SH not
cross-linked. Fluorescein isothiocyanate-dextran (2000 kDa)
was added to the wells to permeate the pores between the
microgels as it is too large to permeate into the microgel mesh
and remains outside of the microgels. Representative images of
microgel controls (Figure 4A) and ssMSN-SH cross-linked
MAP scaffolds (Figure 4B) show the permeation of dextran
throughout the pores of the scaffolds. There is no significant
difference in the pore area between the two groups, with MAP
scaffolds having an average pore area of 67.9 + 13 ym* and
jammed microgels having an average pore area of 75.5 + 10
um?® (Figure 4C). When the interparticle distance was
characterized, it revealed that ssMSN-SH cross-linked MAP
scaffolds had a significantly shorter interparticle distance (10.3
+ 1 ym) compared to jammed microgel controls (13 + 1.1
um) (Figure 4D). These results show that even though
interparticle distances are shorter when microgels are cross-
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linked into MAP scaffolds, the porosity of the scaffolds
remains.

Previously, it has been shown that GSH triggers the
degradation of ssMSNs at physiologically relevant concen-
trations,"® and this study aimed to capitalize on this property
to specifically degrade MAP scaffolds in the presence of GSH.
Microgels were cross-linked into MAP scaffolds using ssMSN-
SH following centrifuge jamming for S min at 4000 RCF, and
MAP scaffolds were then suspended in either PBS or PBS with
100 mM GSH (Figure SA). MAP scaffolds suspended only in
PBS at 37 °C retain their structure over the 3 day time period,
but when MAP scaffolds are suspended in 100 mM GSH at 37
°C, the ssMSNs degrade, leaving the MAP scaffolds as their
component microgels (Figure SB,C). The area of the ssMSN-
SH cross-linked microgels was determined at 1 day, 2 days, and
3 days postincubation in GSH, and significant decreases in area
were observed. Following 1 day in GSH, the area of the cross-
linked MAP scaffolds was 0.694 + 0.185 mm?, which was then
reduced to 0.27 + 0.106 mm? after 2 days and to 0.014 +
0.008 mm” after 3 days of degradation in GSH (Figure SD—
G). These experiments demonstrate the engineered degrada-
tion of ssMSN-SH MAP scaffolds in the presence of GSH.

https://doi.org/10.1021/acsomega.5c07004
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The cellular depth of NIH/3T3 fibroblasts was then
analyzed to determine how cells interact with the MAP
scaffolds cross-linked with ssMSN-SH. Four different hydrogel
scaffolds were tested: (1) bulk 4-arm PEG-Mal hydrogels, (2)
centrifuge-packed microgels, (3) centrifuge-packed microgels
with incorporated ssMSN-SH (3-arms cross-linked HS-PEG-
SH 1-arm ssMSN-SH), and (4) ssMSN-SH cross-linked MAP
scaffolds. Confocal microscopy of calcein-labeled NIH/3T3
fibroblasts was used to image live cells over an area of 1262 um
X 1262 ym and depths ranging to 542 ym (Figure 6A—D).
Representative images show live, calcein-labeled NIH/3T3
fibroblasts throughout the surface of all of the PEG systems,
while images of the x and z axes show the depth of viable cells
in the scaffolds. No propidium iodide-labeled (dead) cells were
noted, and while high cell viability is expected for microgel
biomaterials,' the fact that none were visualized is likely due
to the washing step prior to imaging. Fibroblasts were
visualized at a depth of 147 & 12 um after 24 h of culture,
which is significantly less than all of the microgel groups
(Figure 6E). Viable NIH/3T3 fibroblasts were at similar
depths into centrifuge-packed control microgels (530 + 36
um) and centrifuge-packed microgels with incorporated
ssMSN-SH (490 + 62 um). NIH/3T3 fibroblasts were
visualized at 442 + 44 um into ssMSN-SH-cross-linked
MAP scaffolds, which is significantly less than control
microgels and significantly more than bulk hydrogels (Figure
6E). The porous space still allows for viable NIH/3T3
fibroblast ssMSN-SH-cross-linked MAP scaffolds to be
visualized deeper into the scaffolds compared to bulk
hydrogels, where they remain largely on the surface. The
presence of ssMSN-SH on the microgel surface and the
significantly shorter interparticle distance do have a minor yet
statistically significant impact on restricting the depth of
visualized viable NIH/3T3 fibroblasts when compared with
centrifuge-packed microgels. The incubation of the microgels
with DMEM containing 10% FBS, 1% L-glutamine, and 1%
penicillin—streptomycin for 1 h prior to seeding likely causes
biological factors to interact with the surface of the microgels,
but this study does not provide evidence that NIH/3T3
fibroblasts are attaching to the surfaces and actively moving
throughout the microgels. However, the microporosity of the
ssMSN-SH-cross-linked MAP scaffolds clearly leads to the
visualization of viable NIH/3T3 fibroblasts at depths farther
from the surface of bulk hydrogels.

B CONCLUSIONS

This work provides a solution to the problem of engineering
MAP hydrogel properties across length scales by cross-linking
PEG-Mal microgels with ssMSN-SH to form MAP scaffolds.
We found that ssMSN-SH can be cross-linked inside PEG-Mal
microgels, altering microgel mechanical properties and
releasing loaded rhodamine when degraded in the presence
of GSH. As this work did not address the impact of the SH
cross-linking density into the microgels, future studies with
different amounts of SH surface groups (including bare
ssMSNs) would be important to address how cross-linking
densities affect microgel properties. Further, varying GSH
concentrations would elucidate the tunability of the payload
release from these ssMSN-SH microgels in different environ-
ments. Importantly, ssMSN-SH can be used to cross-link PEG-
Mal microgels to create MAP scaffolds and increase the storage
modulus, maintain microscale porosity, degrade MAP scaffolds
into constituent microgels in the presence of GSH, and

754

increase the depth into scaffolds of viable NIH/3T?3 fibroblasts.
Future studies could look to study the degradation rate by
varying GSH concentrations and controlling the amount of
ssMSN-SH used to cross-link the scaffolds, imparting even
more control on the degradation rate. While others have
combined nanoparticles with microgels in various for-
7% this work represents the first example of cross-
linking microgels into MAP scaffolds using ssMSN-SH. Here,
we demonstrate the ability to use maleimide—thiol cross-
linking to readily form these multiscale scaffolds. The
modularity of MAP scaffolds has been discussed at length,
and here we show that ssMSN-SH can be used to further
increase the modularity of MAP scaffolds at the nanoscale.
Through cross-linking of MAP scaffolds with ssMSN-SH, the
mechanical properties, degradation rate, and interparticle
distance can be engineered while maintaining the capability
of viable NIH/3T3 fibroblast cells to grow into the MAP
scaffolds. Future studies determining cell viability over time
with more cell types, especially human-derived cells, and
microgels that also present extracellular matrix molecules will
further advance the understanding of the utility of these
multiscale biomaterials. The ability to engineer different
mechanical properties into the MAP scaffolds is important
when considering interfacing with different tissues (soft tissue
vs bone), while the degradation rate and interparticle distance
are important for the timeline of cell growth into MAP
scaffolds. Previously, it has been shown that hydrogels cross-
linked via maleimide—thiol reactions can degrade over
time.*™>” This added function of ssMSN-SH degradation
allows for engineered MAP scaffold degradation, followed by
engineering of microgel degradation at a later time. The
versatility of the maleimide—thiol cross-linking chemistry will
allow most nanoparticle types to act as MAP scaffold cross-
linkers if thiol groups can be attached to the nanoparticle
surface. Previous research using polymers, specifically linear
hyaluronic acid with tetrazine for interparticle cross-linking of
hyaluronic acid norbornene microgels, required a similar
timeline to cross-link MAP scaffolds (15—30 min) and
demonstrated mesenchymal cell viability and growth through-
out the MAP scaffolds.”’ The ssMSN-SH-cross-linked MAP
scaffolds here increase the functionality, specifically in GSH-
triggered MAP scaffold degradation and the ability to load
drugs into their mesoporous structure while maintaining
scaffold porosity and retaining cellular viability similar to
polymer-only systems. However, beyond the scope of this
work, we expect that the system can be used to tailor drug
release rates by loading therapeutics into either nanoparticles
or microgels. Degradation could be engineered by using
nanoparticles that demonstrate varying rates of degradation.
Cross-linking upon injection can also be envisioned using a
dual-chamber syringe with each chamber containing a separate
constituent of the hierarchical MAP scaffolds. We envision
applications ranging from tissue engineering and regenerative
medicine to filtering systems due to the mesopores of MSN.

B ASSOCIATED CONTENT
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