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Abstract

In this study, human foreskin fibroblasts and mouse embryonic fibroblasts were
encapsulated in mechanically reversible, THEOS and THEOS-PEG gels that completely
immobilized them restricting their motility, growth and proliferation. The changes in the
membrane integrity and metabolic activity (MA) of the immobilized cells were measured
by IR spectroscopy and fluorescence microscopy. To explore the effects of surface
chemistry and porosity on immobilized cell MA, different amounts of a biocompatible
polymer, polyethylene glycol PEG, was incorporated into the silica gels. To explore the
effects of the proliferative stress, in selected experiments, cellular proliferation was
arrested prior to immobilization by exposing the cells to irradiation. Four main factors
were identified that affect the long-term survival of the cells within the immobilization
matrix: 1) Porosity/permeability of the gel, 2) Structural homogeneity of the gel, 3)
Specific interactions between the cell membrane and the gel surface and 4) The
proliferative stress. It was shown that the immobilized cells could easily be mechanically
recovered from the gel and upon incubation, proliferated normally. It is believed that the
gels and the matrix developed here have very significant potential applications in tissue

engineering and in personalized cancer treatment.
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Introduction

Eukaryotes have long been encapsulated in alginate, collagen, chitosan,
agarose, polyglycolic acid (PGA) or polylactic acid (PLA) based organic gels to be used
in biomedical applications such as cell therapy and tissue engineering.'® In general,
these organic matrices are highly biocompatible, can be engineered to have
architectures mimicking the extracellular matrix, and offer high permeability to nutrients
but are mechanically weak. Therefore, exfiltration of the encapsulated cells or infiltration
of the gel by other cells is a common occurrence in organic matrices.” ® However, the
low mechanical compliance of the organic gels provides the encapsulated cells with an
environment where high motility, growth and normal proliferation is enabled.®
Inorganic matrices (such as silica gels) on the other hand, are chemically and thermally

stable, resistant to cell infiltration and exfiltration, and are mechanically sturdier.'®

Silica gels that contain encapsulated prokaryotes have been used as biosensors,'® '3

1, 14 1516 as well as for alternative

biocatalysis platforms, and bioremediation systems,
energy production and CO, sequestration purposes.'” '® However, only a very small
number of studies have been conducted with silica gel encapsulated eukaryotes and
almost all of these studies have focused on cell therapy applications.'* 192!

The earliest report on successful long-term sustained functionality observed in
silica encapsulated mammalian cells is with mouse pancreatic islet cells encapsulated
in hydrolyzed silica alkoxide precursors.?? One downside of this is approach (not
explored in the report) is the decreased viability and function of the cells due to toxicity
of ethanol, which is a condensation product of silica gelation. To avoid exposure to
ethanol, alkoxide precursors may be volatilized and then condensed onto the surface of
the cells to be encapsulated, forming a very thin, stable and homogeneous layer of SiO,
in a process called the biosil method.?® It was shown that Hep G2 human cancer cells
and human fibroblasts can be viable and functional after biosil encapsulation.?* ?* Other
approaches for removing the alcohol formed during hydrolysis of the alkoxides are also
used for the encapsulation of clumps or clusters of mouse fibroblasts.?® " Water-based
precursors such as silica nanoparticles or sodium silicate are proven to be more

biocompatible for the encapsulation of HUVEC and hybridoma cells.?”- # Recently,
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alkoxide tetrakis (2-hydroxyethyl) orthosilicate (THEQOS) gels are shown to provide high
level of viability to encapsulated hybridoma cells, allowing functionality for antibody
production and release.?® Hybrid cell encapsulation approaches are also used where
cells are first embedded in a polymeric capsule (e.g., alginate) and then covered with a
silica shell (e.g., alkoxide or sodium silicate) maintaining the functionality of the
eukaryotic cells by isolating them from the silica interface.?**’

In all of the studies described above (both for organic and inorganic gels), the
main aim was to create a synthetic ecosystem where the encapsulated eukaryotes were
partially isolated from their immediate environments but continued to live and function
normally. In this paper, we developed a porous yet stiff silica gel that completely
inhibited the motility, growth and proliferation of the encapsulated mammalian cells.
Furthermore, after encapsulation, the cells could be released, on demand, by
mechanical agitation. The stiff gel immobilization technology and the on demand
release method were developed to explore if mammalian cells could survive these
conditions and to explore the main factors that determine their survival in the
immobilized state. In encapsulated prokaryotes for example, significantly enhanced
metabolic activity was reported if proliferation was completely inhibited.**3* To date, no
such study has been conducted with eukaryotes.

In this study, human foreskin fibroblasts (HFF) and mouse embryonic fibroblasts
(MEF) were encapsulated in 3D pure THEOS and THEOS-PEG gels that completely
immobilized them restricting their motility, growth and proliferation. The changes in the
membrane integrity and metabolic activity (MA) of the immobilized cells were measured
by IR spectroscopy and fluorescence microscopy in gels of different structure, porosity,
and surface chemistry. To explore the effects of surface chemistry and porosity,
different amounts of a biocompatible polymer, polyethylene glycol (PEG), was
incorporated into the silica gels. To explore the effects of the proliferative stress, in
selected experiments, cellular proliferation was arrested prior to immobilization by

exposing the cells to irradiation.
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Materials and Methods

Tetrakis (2-hydroxyethyl) orthosilicate (THEOS) was purchased from Gelest Inc.
(Morrisville, PA). 85 nm diameter colloidal silica nanoparticles (SNPs) were obtained
from NYACOL Nano Technologies Inc. (Ashland, MA). SNPs were purified using
dialysis through a 3.5 kDa cut-off membrane. Linear polyethylene glycol (PEG) at
molecular weights of M, = 0.4, and 0.6 kDa were purchased from Sigma-Aldrich Corp.
(St. Louis, MO); and 4-arm PEG (M, = 2 kDa) was purchased from Creative PEG-
Works (Winston Salem, NC). All chemicals were used without further purification.

Cell Culture

Human foreskin fibroblasts (HFF) and mouse embryonic fibroblasts (MEF) were
purchased from the American Type Cell Collection (Manasas, VA). HFF and MEF cells
were cultured in DMEM basal media supplemented with 15% fetal bovine serum (FBS),
and 1% penicillin/streptomycin. The cells were incubated in T75 flaks in a 5% CO,
atmosphere at 37°C until they reached 80-90% confluence. Before immobilization, the
cells were washed with phosphate buffer saline (PBS) and suspended by exposure to
0.25% Trypsin-EDTA for 5 min at 37°C and pelleted by centrifugation at 800 rpm for 5
min. The supernatant was removed and the cells were re-suspended in growth media at
a concentration of ~ 500,000 cells/ml. In some experiments, before immobilization, the
cells were irradiated at a dose of 6,000 rads (for HFFs) and 10,000 rads (for MEFs)
using an X-ray machine. It was confirmed by plating that the irradiated HFF (HFFIR)
and irradiated MEF (MEFIR) cells were alive (at rates of 93.3% and 92.7%,
respectively) but stopped proliferating. The dead HFF and MEF cells used in the
negative controls were killed by incubating them in 70% ethanol for 10 minutes. The
dead cells were then washed and suspended in media. Compromised membrane
integrity of the “dead” cells was verified before and after immobilization using
fluorescence microcopy (Figure S.1).

Silica Gel Synthesis and Characterization

Synthesis of the silica gels involved direct hydrolysis of THEOS in cell culture
media at 10 % (v/v) concentration in the absence of an acid catalyst. 0.01M 85 nm

5
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SNPs was also added to the cell culture medium. The mixture was then stirred
vigorously for 60 s. A change in the pH of the mixture as a result of THEOS hydrolysis
(~ pH 5) was observed as the color of the media turned yellow. The condensation
reaction proceeded immediately, leading to the formation of the nanoporous silica
matrix. The pH was recovered (~ 7.4) after the sol-gel transition of the hydrolyzed
alkoxide. PEG containing silica gels (SPEG gels) were produced by dissolving PEG in
cell culture media, which was then added to the hydrolyzed THEOS solution. The final
concentration of PEG in the cell culture media mixture was set to 2.3, 4.5, and 10 %
(V/V).

Kinetics of formation of the silica and SPEG gels was measured using oscillatory
rheometry using an AR-G2 rheometer (TA Instruments, New Castle, DE). Briefly, the
experiments were performed using a 2° angle conical plate of 40 mm in diameter with a
truncation gap distance of 49 um. Briefly, 1.5 ml of the experimental solution (e.qg., silica
sol or SPEG gel) was placed between the plates of the rheometer operating at a
constant angular frequency of 1 rad/sec and a strain of 0.05%. The storage (G’) and
loss (G”) moduli were measured continuously over time through the sol-gel transition.
The crossover between G’ and G” corresponded to the gelation time (Tg).

Prepared gels were characterized using Fourier Transform Infrared (FTIR)
spectroscopy with a Thermo-Nicolet 6700 Microspectrometer (Thermo Electron
Corporation LLC, Waltham, MA). FTIR analysis was conducted to determine the
changes in the chemical structure of the gels when PEG was incorporated. UV-vis
spectroscopy (Molecular Devices, Sunnyvale, CA) was performed on the gels to detect
phase separation. A drop in the transmittance values between 450 to 750 nm was taken
to indicate phase separation in the gels. Scanning electron microscopy (SEM) analysis
was conducted with a Hitachi S-900 FESEM (Hitachi Co., Lawrenceville, GA). SEM
images of the different gels were analyzed to determine the ultrastructural changes in
the architecture of the gel and to measure apparent porosity. >°> ImageJ*® software was
used to measure the apparent porosity using at least five images per experimental

group.

Page 6 of 26



Page 7 of 26

Journal of Materials Chemistry B

Cell Immobilization

For immobilization in silica gels, 20 uL of 0.01 M SNPs in culture media was
mixed with 4 uL of THEOS. The mixture was vortexed for 1 min and was placed on ice
to avoid condensation. After the pH recovered to 7.4, 20 uL of cell solution containing
500,000 cell/ml was added to the SNP THEOS solution, mixed gently with a pipette, and
transferred to a 96-well plate. Gelation was completed in 5 min, and 50 uL of media was
added on top of the formed gel to avoid drying. The encapsulated cells were then
incubated in 5% CO. atmosphere at 37°C (Figure 1).

For immobilization in SPEG gels, linear (SPEG-I) or 4-arm PEG (SPEG-4arm)
was added at concentrations of 2.3 %, 4.5 %, or 10 % (v/v) to 20 uL of 0.01 M SNPs
suspended in culture media. The rest of the immobilization procedure was similar to that
described above. To granulate the gels prior to immobilization, the gels were sonicated
with excess media for 5 min at 30% power. The solution was then centrifuged at 1500
RPM for 5 min and the excess media was removed leaving behind a granulated SPEG

gel.

Measurement of Cell Membrane Integrity and Lipid Conformation

The integrity of the cellular membranes after immobilization in silica and SPEG
gels was evaluated using a live-dead fluorescence assay using Calcein, Hoechst (H)
and Propidium lodide (PI) fluorescent dyes. A Nikon Eclipse T200 microscope (Nikon
Instruments Inc., Melville, NY) equipped with 10X and 20Xs objectives were used to
collect brightfield and fluorescent images of the encapsulated cells. The change in the
cell membrane lipid conformation due to immobilization was quantified by monitoring the
wavenumber shift of the FTIR acyl chain (v-CH,) stretching peak (~ 2850 cm™) during

the sol-gel transition.

Measurements of Metabolic Activity and Lactate Dehydrogenase (LDH)

Leakage

Metabolic activity (MA) of the free and encapsulated cells was measured using
AlamarBlue (AB) fluorescence.?” Fluorescence measurements were conducted with a

microplate reader (Molecular Devices, Sunnyvale, CA). The samples were excited at
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540 nm and emission was measured at 590 nm. MA was measured at 12 h or 24 h of
the addition of AB to the encapsulated cells. LDH assay was performed 24 h after
immobilization using a commercially available kit (Roche Applied Science, Indianapolis,
IN). The levels of extracellular LDH activity were determined by absorbance at 492 nm,
using a UV-vis microplate reader (Molecular Devices, Sunnyvale, CA). All
measurements were calibrated using blank wells, wells that only contained media, un-

encapsulated free cells suspended in media, and silica gels without cells.
Results

HFF and MEF cells were immobilized in pre-granulated THEOS and THEOS-
PEG gels that completely encapsulated the cells in a 3D porous gel (Figure 1). As
shown by the SEM images, most cells were encapsulated individually (not in clumps)
and remained intact when encapsulated.

Characterization of the Pure Silica and SPEG Gels

Gelation times (Ty) depended on the initial concentration of THEOS in the
solution. As the concentration of THEOS increased, T4 decreased resulting in faster
gelation (Figure 2A). This was expected since THEOS acts like a cross-linker binding
the SNPs together during gel formation. When PEG was added to silica (SPEG gels), Ty
increased with increasing PEG concentration (Figure 2B). This was expected as well;
PEG interacted with the SNPs and THEOS slowing down the gelation kinetics. For
SPEG-4arm gels, phase separation was observed at PEG concentrations of 4.5 % or
below however, gel formation was observed nevertheless. On the other hand, the linear
PEGs did not cause phase separation at any concentration used in this study (Figure
S.2.). After gel formation, the gels continued to undergo minor structural changes
(aging) typical of sol-gel materials. Aging could be observed through the ongoing
evolution of the storage (G’) and loss (G”) moduli of the pure silica and the SPEG gels
(Figure 2C).

By changing PEG concentration (in the SPEG gels), gel pore size could be tuned
(Figure 2D-E). This enabled tight immobilization of the mammalian cells in a highly
porous matrix while minimizing the risk of accidental release from the gel. Figure 2D
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shows high magnification SEM images of the silica gel wall (from left to right) in pure
THEQOS, and in 0.4, 0.6 kDa SPEG-I, and 2 kDa SPEG-4arm gels. All images showed
that the backbone of the gels was formed by the aggregation of SNPs in a three
dimensional network. The silica gels that did not contain PEG formed a more compact
network with much less void space when compared to the SPEG gels. Greater PEG
molecular size resulted in higher apparent porosity and void space fraction (Figure 2E).

The IR spectra obtained from silica and SPEG gels in the 3900-2500 cm™ range
were compared. In the pure silica gels, at 3737 cm™ a sharp peak (peak O in Figure
3A), which corresponded to the stretching vibrations of the unbound silanol groups (-
SiOH) on the silica surface was apparent.*® Moreover, at 3662 cm™ a shoulder
(shoulder P in Figure 3A) originating from the stretching vibrations of the vicinal silanol
groups was identified.®® In SPEG gels both of these silanol peaks disappeared as a
result of the specific interaction of the PEG with the silica surface groups. A similar
behavior was previously reported to happen in colloidal silica suspensions in the
presence of organic polymers and sugars.®* *° In SPEG gels, the asymmetric stretching
vibrations (v(1[1(1,) of PEG were apparent in the 2900-2750 cm™ region (peak Q in
Figure 3A).

Immobilization in Gels

Complete immobilization of the cells within the matrix was confirmed by
fluorescence microscopy examination of fluorescently labeled cells (CellTracker™ by
Molecular Probes Inc. Eugene, OR) over time and before/after cell counts in selected
gels (results not shown here).

Detrimental surface interactions between the cell membrane and the silanol
groups were observed by measuring the LDH leakage from the encapsulated cells after
24 h (Figure 3B). The amount of LDH leakage is known to be proportional to the
number of damaged and lysed cells.*’ The LDH leakage study showed that only 11.2 %
of the HFFs encapsulated in SPEG-4-arm gels were damaged. The damage was
confined to 13.5 % of the MEF cells encapsulated in similar gels. However, more than
70% of the HFF and MEF cells encapsulated in pure silica gels were damaged.
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Together with the IR spectra, the LDH test results confirmed that the detrimental effects
that bare silica surfaces have on encapsulated cells could be inhibited by PEG.

The protective effect of PEG was further proven when the MA of the
encapsulated cells was measured after 24 hours. The results showed that the MA of the
encapsulated cells varied with the size and concentration of the PEG used in the gel
synthesis (Figure 4A,B). Cells encapsulated in SPEG-I (0.4 kDa, and 2.3 %) had the
greatest decrease in MA, dropping within 24 hours down to <15% of the initial value for
both HFF and MEF cells. In contrast, cells encapsulated in SPEG-I (0.4 kDa) gels that
contained 4.5 % and 10 % PEG exhibited gradually higher MA (p > 0.05). HFF and MEF
cells encapsulated in SPEG-I (0.6 kDa) and SPEG-4arm showed the similar
dependence of MA on the concentration of PEG used, with higher concentrations of
PEG resulted in higher MA. The best results were obtained with SPEG-4arm gels where
at 10% PEG concentration the MA of the immobilized HFF and the MEF cells were
approximately 96% and 88%, respectively.

As the 10% SPEG-4arm gels resulted in the highest MA, we have focused on
these gels for the rest of the studies. After immobilization in pure silica gels, HFF cells
experienced an immediate drop of 5.3% (p < 0.05) in their MA compared to free cells in
media (the positive control) (Figure 5A). For MEFs, the decrease in MA was very
significant at over 70% (p < 0.05) (Figure 5B). Within 12 h of immobilization, HFF cells
have experienced ~50% decrease of in MA, while the MEF cells lost almost all activity.
Within 36 hours, the MA of the pure silica immobilized HFF cells dropped to zero as
well.

FTIR analysis showed that the increased viscosity during the sol-gel transition in
pure silica gels resulted in an increase in the packing of the cellular membranes, which
was evidenced by a decrease in the v-CH, wavenumber by 7.8 cm™ and 8.8 cm™ for
HFF and MEF cells, respectively (Table S.1.). The changes in the wavenumber did not
seem to have a significant immediate effect on the membrane integrity of the
encapsulated cells since the membrane integrity of the encapsulated HFF and MEF
cells were measured to be 98.3 % and 97.3 %, (using H & PI fluorescence) immediately
after immobilization. However, over time, specific surface interactions at the silica lipid

interface potentially caused disruption in the cellular membranes as indicated by the

10
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large release of LDH from the cytoplasm of encapsulated HFF and MEF cells (Figure
3B).

Incorporation of 10% 4-arm PEG into the immobilization matrix had a very
positive effect on the MA of the encapsulated cells. HFF and MEF cells still showed
approximately 77% and 46% of the free cell MA, respectively after 24 h of
immobilization (Figure 5A,B). However, the decrease in MA over time could not be fully
stopped and after 60 hours reached that measured in the negative control values.

Additionally, the effect of arresting cellular division was examined. HFFIR and
MEFIR cells were metabolically more active when compared to the HFF and MEF cells
at all timepoints (Figure 5C, D). Interestingly, the MA of the encapsulated irradiated
cells were even higher than that of free cells (the positive control) for as long as 48
hours. After 60 h of immobilization, the MA of HFFIR and MEFIR cells were less than
50% and the MA values decreased to the levels of negative controls by 84 h of
immobilization (data not shown).

Immobilization and Release of Mammalian Cells from Granulated Pure
Silica and SPEG Gels

After 24 hours of immobilization approximately 55.0 + 15.8% of the cells
encapsulated in granulated SPEG gels could be recovered compared to only 14.5% *
9.9 recovered from the granulated pure silica gels. It is noteworthy that the extracted
cells could proliferate normally when incubated under normal conditions after extraction
(Table 1).

Discussion

We have identified four major factors that have contributed to the long-term
survival of encapsulated eukaryotes inhibited from growth, migration and proliferation:
1) Porosity/permeability of the gel: Large organic molecules such as albumin,

gelatin and casein can be combined with THEOS to produce porous networks.*? Cell
growth medium also contains large biomolecules such as growth factors and albumin
and therefore even pure THEOS gels prepared in this study in cell growth media was
highly porous (Figure 2D). The SEM images showed that the silica gels were formed by
the three dimensional aggregation of SNPs with a random distribution of pores (Figure

11
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2D). When PEG was incorporated into the silica sol, an increase in the porosity of the
resultant gel was observed. The increase in porosity was proportional to the molecular
weight of the PEG added (Figures 2E). Note that, even in the most porous gels used in
this study the pore size was in the order of tens of nanometers and therefore was still
not large enough to allow cellular motility, growth or proliferation. It is also highly likely
that the porosity of the gel was not high enough to allow easy diffusion of large
biomolecules (such as growth factors) into the gel, inducing a condition of partial
starvation for the immobilized cells. This is considered an important factor limiting the
viability of the silica gel immobilized cells.

2) Structural homogeneity of the gel: It was shown that the concentration of PEG

in the gel was critical. Depending on the type and concentration of PEG used in the gel,
phase separation occurred (Figure S2.B,C). In the extreme cases (e.g. low
concentrations of 2kDA 4-arm PEG), phase separation could even be detected visually
(Figure S2.A), and resulted in a mechanically weak and compositionally heterogeneous
gel. In general, higher concentrations of PEG resulted in a more homogeneous gel.
Therefore, structural homogeneity of the resultant gel was considered to be another
factor that contributed to the viability of immobilized cells (Figure 4).

3) Specific interactions of the cell membrane with the gel surface: It was shown

that PEG also formed a buffer region between the cell membrane and the surface
groups of the silica gel by establishing strong Hydrogen bonds with the silanol groups of
the silica matrix. This was confirmed by FTIR analysis of the gel (Figure 3A).* It is also
known that trans-esterification reactions between hydrolyzed alkoxides and PEG might
take place during sol-gel processing,** resulting in covalent interactions between PEG
and silica reactive group as shown by NMR spectroscopy and Differential Scanning
Calorimetry studies conducted by others.** *° The buffer zone decreased the harmful
interactions between the encapsulated cells and the silica surface, very significantly
decreasing the LDH release from the cells (Figure 3B) and very significantly increasing
the survival of the immobilized cells (Figure 5).

The significant structural changes the cell membranes experienced after
immobilization in pure silica gels was also evidenced by the FTIR studies conducted
here (Table S.1.). The membranes of cells in solution are in a liquid-crystalline state

12
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(with a v-CH> peak position of approximately 2852 cm™). At the liquid crystalline state,
lipid head group spacing is high, the acyl chains are disordered and the lipid bilayer
thickness is low.*® It was observed that silica gelation was accompanied by an abrupt
decrease in the v-CH, wavenumber (Table S.1.), showing a more gel-like transition of
the immobilized cell membrane. In the gel phase, the membrane lipid acyl chains are
ordered, the lipid head groups are packed closely and the overall permeability of the
lipid bilayer therefore decreases.”” However, the overall membrane structure may
become leakier due to defect formation at phase boundaries.*®*° Increased packing of
the membrane lipids upon silica gel encapsulation was previously reported for
prokaryotic cells.”! It is highly likely that these stresses on the membrane caused the
increased leaking of LDH observed in pure silica gels (Figure 3B). Specific interactions
between the silica surface and the immobilized cell membrane are therefore determined
to be another very important factor in long-term encapsulated cell viability.

One shortcoming of the FTIR study presented here is that the positive effect of
the presence of PEG on the encapsulated cell membrane structure could not be directly
shown using the v-CH, spectra since these bands are masked by very dominant PEG
bands.

4) Proliferation stress: In this study, the encapsulated cells were immobilized in a

mechanically stiff cell where they could not migrate, grow or proliferate. We have
hypothesized that this would generate a significant source of stress. It is highly likely
that the encapsulated cells have been following a normal cell cycle, eventually ending in
mitosis. However, the tight confinement of the cell within the gel (Figure 1) would not
allow cell division (Figure S.3.).>* The HFF and MEF cells were therefore irradiated
before encapsulation —to stop mitosis- to examine the effect of proliferation stress. It
was shown conclusively that when irradiated, the survival of the cells immobilized in
silica gels increased very significantly. For example, both the irradiated HFF cells (HFF-
IR) and the irradiated MEF cells were as metabolically active as the free control cells
grown in media for up to 48 hours (Figure 5A,B).

These results not only showed that the proliferative stress was an important
factor in determining the survival of encapsulated cells but also opened up very novel
avenues for exploration: For example, the immobilization gel and the methodology

13
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developed here can be used to distinguish between normal and cancerous cell types
with significantly different growth rates, doubling times and ability to transition into

dormancy.

Conclusion

We have used pre-granulated THEOS-based PEG gels stiff enough to
immobilize encapsulated mammalian cells and inhibit their growth, migration and
proliferation. Four main factors were identified to determine the long-term survival within
the immobilization gels: 1) Porosity/permeability of the gel, 2) Structural homogeneity of
the gel, 3) Specific interactions between the cell membrane and the gel surface and 4)
The proliferative stress. It was further shown that the immobilized cells could easily be
mechanically recovered from the gel and upon incubation, proliferated normally (Table
1).
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Table 1: Proliferation of Cells After Extraction

Doubling Time
[Days]
2,000 cells 1.41 £ 0.06
Free Cells 5,000 cells 1.57 +0.13
10,000 cells ’ 1.35+0.10
Cells * released from
Cells 10% SPEG Gel 2.01 £0.91
Released after (granulated)
Immobilization Cells * released from
for 24 hours 0% SPEG Gel 1.37 £0.25

(granulated)

" Total cells in T75 Flask

" Approximately between 10-20K cells in a T75 Flask
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Figure Captions

Figure 1: Cell immobilization process. Cells are suspended in culture media. In a
separate container silica precursor and additives are prepared (e.g., THEQOS, silica
nanoparticles, and PEG). The cell solution and the precursors are then mixed and
gelation was achieved within minutes. A 3D nanoporous silica gel surrounded and
encapsulated the cells as illustrated in the cartoon and as shown in the electron
microscopy images. Top Image: White arrows show encapsulated cells right underneath

the surface of the gel. Bottom Image: Cross section of a gel and an encapsulated cell.

Figure 2: (A) Gelation time (Tg) of silica gels as a function of THEOS
concentration. (B) Gelation time of SPEG gels with PEG molecular weight and
concentration. (C) Measurement of gelation kinetics using oscillatory rheometry. The
crossover of the storage (G’) and loss (G”) moduli measurements represents the onset
of gel formation. Note that the measured values keep on evolving beyond the gelation
point (this is called aging). (D) Scanning Electron Microscopy images of different gels.
From left to right: Silica gel, and SPEG gels with increasing PEG size. The bar
represents 500 nm. (E) Apparent porosity of the gel wall structure with changing PEG
molecular weight.

Figure 3: (A) FTIR spectra in the 2500-4000 cm™ wavenumber region from silica
and SPEG gels. (B) LDH release from HFF and MEF cells encapsulated in silica and
silica-PEG (10% 4arm-2kDa PEG) gels after 24 h of immobilization. Values are given as
percentage of ethanol lysed control cells.

Figure 4: Effect of PEG concentration and molecular weight on the Metabolic

Activity (MA) of the encapsulated (A) HFF, and (B) MEF cells. MA of encapsulated cells
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was measured using AlamarBlue assay and normalized with respect to the MA of the
free cells growing in incubation medium.

Figure 5: Metabolic activity of the silica and silica-PEG encapsulated cells; (A)
HFF, (B) MEF, (C) Irradiated HFF, and (D) Irradiated MEF cells. Negative controls
(black) were prepared by encapsulating dead HFF and MEF cells. Free cells incubated

in growth medium were used as the positive control.
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