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Abstract

An unmet need for expansion of primary cells and progenitor cells in three dimensions (3-D) is a
synthetic mimic of the extracellular matrix (ECM) with user-controllable composition that would
permit rapid recovery of viable cells under mild, non-enzymatic conditions. Three block copolymers
based on disulfide-containing polyethylene glycol diacrylate crosslinkers were synthesized, and were
used to crosslink thiol-modified hyaluronan and gelatin macromonomers in the presence of cells.
The triblock PEGSSDA contained a single disulfide-containing block, the pentablock PEG(SS),DA
contained two disulfide blocks, and the heptablock PEG(SS)3DA contained three disulfide blocks.
For each hydrogel composition, four cell types were encapsulated in 3-D, and growth and
proliferation were evaluated. Murine NIH 3T3 fibroblasts, human HepG2 C3A hepatocytes, human
bone-marrow derived mesenchymal stem cells (MSCs), and human umbilical vein endothelial cells
(HUVECS) all showed excellent viability and growth during expansion in 3-D in the three disulfide
block copolymer crosslinkers. After cell expansion, the hydrogels were dissociated using the thiol-
disulfide exchange reaction in the presence of N-acetyl-cysteine or glutathione, which dissolved the
hydrogel network. After dissolution, cells were recovered in high yield and with high viability by
gentle centrifugation.
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1. Introduction

An ever-increasing number of hydrogels and fibrous scaffolds based on both natural and
synthetic polymers are being developed for the expansion of primary cells and progenitor cells
in three dimensions (3-D) [1-4]. Among the naturally-derived biomaterials is an in situ-
crosslinkable synthetic mimic of the extracellular matrix (SECM) that is based on chemically-
modified hyaluronan (HA) [5]. HA is a ubiquitous non-sulfated glycosaminoglycan with
critical roles in morphogenesis [6], and chemically-modified HA derivatives have generated
considerable interest as biomaterials for tissue engineering [7,8]. This versatile SECM offers
user-controllable composition and compliance, to which a variety of growth factors or
matricellular proteins may be added [9,10]. The elastic moduli of hydrogels can be tailored to
match the cell type to achieve optimal regeneration of a neo tissue [11,12]. The SECM as well
as PEG-based hydrogels with protease-labile sequences [13-15] currently require enzymatic
digestion to release expanded cells. For cells cultured in 2-D on hydrogel surfaces or by
encapsulation in 3-D, hydrolytic enzymes such as trypsin, gelatinase (collagenase), and
hyaluronidase are typically employed to both disassemble the matrix and to disrupt cell-matrix
interactions. With undifferentiated or sensitive cells, this can lead to low cell recovery or
modification of phenotype as a result of the non-physiological treatment, although very high
levels hyaluronidase (2000 U) were well tolerated by human embryonic stem cells recovered
from a photocrosslinked HA derivative [16]. Moreover, many enzymes employed in these
processes are derived from animal sources, further complicating the use of the enzymatic
reagent for cell expansion and recovery for human cell therapy. Thus, an important unmet need
is the availability of an ECM mimetic that would allow expansion of primary or stem cells in
3-D, and then facilitate rapid recovery of viable cells under mild, non-enzymatic conditions.

Herein we describe the synthesis of three disulfide-containing polyethylene glycol diacrylate
block copolymers. These new reagents were used to crosslink a thiol-modified hyaluronan
derivative and thiol-modified gelatin macromonomers to give cytocompatible hydrogels for
surface culture and for in situ cell encapsulation. The disulfide linkages can be cleaved
reductively, and thus the gelation process is reversible and offers a convenient non-enzymatic
pathway for partially dissolving the hydrogel and releasing the cells. Four cell types -- murine
NIH 3T3 fibroblasts, human HepG2 C3A hepatocytes; human bone-marrow derived
mesenchymal stem cells (MSCs), and human umbilical vein endothelial cells (HUVECS) --
were encapsulated in the SECMs, and growth and proliferation in 3-D were evaluated. After
cell expansion, the hydrogels could be dissociated under physiologically compatible conditions
using the thiol-disulfide exchange reaction [17] in which treatment with an excess of cysteine,
N-acetyl-cysteine, or glutathione leads to breakdown of the hydrogel network. After
dissolution, cells were recovered in high yield and with high viability by gentle centrifugation.

2. Materials and Methods

2.1 Materials

Fermentation-derived hyaluronan (HA, sodium salt, Mw= 1.5 MDa) was obtained from
Novozymes Biopolymer A/S (Denmark). N-hydroxysuccinimide (NHS), triethylamine (TEA),
acryloyl chloride, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDCI), 3,3’-dithiobis
(propanoic acid) (DTP), N,N-dimethylaminopyridine (DMAP), t-butyl methyl ether, succinic
acid, hydrazine hydrate, L-cysteine, N-acetyl-L-cysteine, glutathione (reduced), ethylene
glycol, and polyethylene glycol (2000 Da and 3400 Da) were from Aldrich Chemical Co.
(Milwaukee, WI). Phosphate-buffered saline (PBS) was from Fisher (Houston, TX).
Dulbecco's Modified Eagle's Medium (DMEM), Minimum Essential Medium Eagle (MEME),
and Ham's F12K medium were obtained from ATCC (Manassas, Va). Poietics™.
Mesenchymal Stem Cell Basal Medium (MSCBM) was obtained from Lonza (Walkersville,
MD).
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2. 2. Analytical instrumentation

Proton NMR spectral data were obtained using a Varian INOVA 400 at 400MHz and are
reported in ppm (J) relative to & (tetramethylsilane) = 0. UV-visible spectra were recorded on
a Model 8453 UV-Vis spectrophotometer (Hewlett-Packard, Palo Alto, CA). Fluorescence
images of viable cells were recorded using a Nikon Eclipse TE300 with epifluorescence
capabilities. Cell proliferation was determined using a biochemical assay (Cell-Titer 96
Proliferation Kit, Promega, Madison, WI) at 550 nm, which was recorded on an OPTI Max
microplate reader (Molecular Devices, Sunnyvale, CA).

2.3 Synthesis of disulfide-containing crosslinkers

2.3.1. Synthesis of PEGSSDA—AII reactions in organic solvents were conducted under
anhydrous conditions under a blanket of nitrogen. To a stirred solution of 3,3’-
dithiodipropionic acid (DTP, 308 mg, 1.47 mmol) in THF/CH,Cl, (30 ml, 2:1), was added
EDCI in one portion. After 5 min, NHS (244 mg, 2.94 mmol) was added, and the solution was
stirred for 10 min. The solution of the activated DTP NHS ester was added slowly via syringe
to a flask containing a stirred solution of PEG (10.0 g, 2.94 mmol, MW 3400) in CH,ClI, (80
ml). After addition, the final solution was stirred overnight. The resulting mixture was
concentrated under reduced pressure and dried in vacuo. The crude solid product was dissolved
in water and particulate materials were removed by filtration. The aqueous solution was
dialyzed against water for 2 days, and then lyophilized to obtain the PEG-DTP-PEG
intermediate in 80% yield. This material was employed without further purification. 1TH-NMR
(CDCl3): 8 2.75 (4H, t, CH,COO0), 2.95 (4H, t, S-CH)), 3.40-3.80 (m, 672H, -CH,-CH,-0-),
3.82 (4H, t, COOCHy,), 4.25 (4H, t, -CH,- CH»-OH). MALDI/ToF (m/z): 6918.

To a stirred solution of the above PEG-DTP-PEG intermediate (5 g, 0.572 mmol) in CH,Cl,
(100 ml) was added TEA (5 eg. 2.86 mmol, 0.4ml). After 5 min, acryloyl chloride (2.86 mmol,
0.28 ml) was added slowly via syringe. After addition, the mixture was stirred overnight at
ambient temperature. The mixture was concentrated under reduced pressure to a volume of 20
mL and then filtered to remove precipitated triethylamine hydrochloride. The solution was
poured into 300 mL of t-butyl methyl ether to precipitate the diacrylate product, which was
collected by filtration. The solid was then dissolved in 50 ml of water, dialyzed against water
for two days, and lyophilized to obtain 3.5 g of the triblock crosslinker PEGSSDA (70%). This
preparation showed 71% bis-acryloylation as determined by NMR integration of the acrylate
ester § 4.22 (-CH»0-) and primary alcohol & 4.32 (-CH,OH) resonances; % bisacryloylation
= ester methylene area/(ester methylene area + alcohol methylene area). H-NMR (CDCls): &
2.75 (4H, t, CH,COO0), 2.95 (4H, t, S-CH,), 3.4-3.8 (668H, m, -CH,-CH,-0-), 3.82 (4H, t,
COOCHjy), 4.35 (4H, t, CH,OOCCH=CHy), 5.82 (2H, trans, CH,=CH), 6.15 (2H,
RCOOCCH=CHy), 6.43 (2H, cis, CH,=CH). MALDI/ToF (m/z): 7064.

2.3.2. Synthesis of PEG(SS),DA—To a stirred solution of DTP (1.05 g) in THF/
CHCl, (30 ml, 2:1), EDCI (1.92 g) was added in one portion, and the solution was stirred for
10 min. The resulting solution was via syringe to a stirred solution of PEG (20 g, MW 2000)
and DMAP (976 mg) in CH,Cl, (80 ml) and stirred overnight. The resulting solution was
concentrated under reduced pressure and dried in vacuo. The crude solid PEG-DTP-PEG
intermediate was dissolved in water, solids were removed by filtration, and the aqueous
solution was dialyzed against water for 2 days, and then lyophilized to obtain the intermediate
(14.4 g, 72%) as a white powder. 1H-NMR (CDCls): & 2.75 (4H, t, CH,COO0), 2.95 (4H, t, S-
CHy), 3.40-3.82 (m, 182H, -CH,-CH»-0O- ), 4.25 (4H, t, -CH,-CH,-OH). MALDI/ToF (m/z):
4309.

To a stirred solution of succinic acid (69 mg) in THF/ CH,Cl, (30 ml, 2:1), EDCI (192 mg)
was added as one portion, stirring was continued for 10 min. The resulting solution was added
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slowly via syringe to a stirred solution of the above PEG-DTP-PEG intermediate (4.2 g, MW
4200) and DMAP (61 mg) in CH,Cl, (80 ml). After addition, the final solution was stirred
overnight, concentrated, and dried as above. The crude PEG-DTP-PEG-Succ-PEG-DTP-PEG
intermediate was dissolved in water, solids were removed by filtration, and the aqueous
solution was dialyzed against water for 2 days, and then lyophilized to obtain the diol
intermediate (3 g, 71%). 1H-NMR (CDCl3): § 2.75 (6H, t, CH,COO), 2.90 (6H, t, S-CH,),
3.40-3.82 (m, 360H, - CH,-CH»-0-), 4.20 (4H, t, -CH»-CH»-OH). MALDI/ToF (m/z): 8328

To a stirred solution of the above diol intermediate (1.94 g) in CH,Cl, (100 ml) was added
TEA (5eq.0.15 ml). After 5min, acryloyl chloride (5 eq, 0.11 ml) was added slowly via syringe.
After addition, the mixture was stirred overnight at ambient temperature. The resulting solution
was concentrated and dried; the solid crude diacrylate was purified as described for triblock
PEGSSDA, and lyophilized to obtain the pentablock crosslinker PEG(SS),DA (1.1 g, 57%).
This preparation showed 60% bis-acryloylation, calculated as described above. 1H-NMR
(CDCl3): 6 2.75 (6H, t, CH,COO0), 2.90 (6H, t, S-CH)), 3.40-3.82 (m, 360H, -CH,-CH,-0-),
4.25 (4H, t, -CH,-CH»-OH). 5.82 (2H, trans, CH,=CH), 6.15 (2H, RCOOCCH=CH,), 6.43
(2H, cis, CH,=CH). MALDI/ToF (m/z): 8530.

2.3.3. Synthesis of PEG(SS)3DA—To a stirred solution of DTP (1.05 g) in THF/
CH,ClI; (30 mL, 2:1), EDCI (1.92 g) was added in one portion, and the solution was stirred
for 10 min. The resulting solution was added slowly via syringe to a stirred solution of PEG
(20 g, MW 2000) and DMAP (976 mg) in CH,Cl, (80 ml). After addition, the solution was
stirred overnight. The resulting solution was concentrated under reduced pressure and dried
in vacuo. The solid diol was purified as above to give intermediate PEG-DTP-PEG MW 4200
(14.4 g, 72%). IH-NMR (CDCls): 8 2.75 (4H, t, CH,COO0), 2.95 (4H, t, S-CH,), 3.40-3.82
(m, 182H, -CH,-CH,-0- ), 4.25 (4H, t, -CH,-CH,-OH). MALDI/ToF (m/z): 4309.

Toastirred solution of DTP (210 mg) in THF/ CH,ClI, (30 ml, 2:1), EDCI (616 mg) was added
in one portion and the solution was stirred for 10 min. The resulting solution was added slowly
via syringe to a stirred solution of PEG-DTP-PEG (9.0 g, MW 4200) and DMAP (392 mg) in
CH,Cl, (80 ml) and stirred overnight. After addition, the final solution was stirred overnight,
concentrated, dried, purified as above, and then lyophilized to give the intermediate heptablock
diol PEG-DTP-PEG-DTP-PEG-DTP-PEG (5.6 g, 60.8%). 1H-NMR (CDCl3, 8): 2.75 (6H, t,
CH,CO0O0), 2.90 (6H, t, S-CH5), 3.40-3.82 (m, 364H, -CH,-CH»-0-), 4.20 (4H, t, -CH,-
CH»-OH). MALDI/ToF (m/z): 8323.

To a stirred solution of the above tris-disulfide triol (1.94 g) in CH,Cl, (100 ml) was added
TEA (5 eq., 0.15 ml). After 5 min, acryloyl chloride (5 eq, 0.11 ml) was added slowly via
syringe. After addition, the mixture was stirred overnight at ambient temperature. The mixture
was concentrated to 20 ml and amine hydrochloride salts were removed by filtration. The
solution was then poured into 300 ml of t-butyl methyl ether to precipitate the diacrylate
product, and the solid product was isolated by filtration. The crude diacrylate was dissolved in
50 mL of water, and dialyzed against water for 2 days and lyophilized to obtain heptablock
crosslinker PEG(SS)3DA (0.55 g, 28%). This preparation showed 70% bis-acryloylation,
calculated as described above. 1H-NMR (CDCl5): § 2.75 (6H, t, CH,COO0), 2.90 (6H, t, S-
CHy), 3.40-3.82-(m, 364H, -CH,-CH,-0-), 4.25 (4H, t, -CH,-CH,-OH). 5.82 (2H, trans,
CH,=CH), 6.15-(2H, RCOOCCH=CHy,), 6.43 (2H, cis, CH,=CH). MALDI/ToF (m/z): 8323.

2.4. Synthesis of CMHA-S and Gelatin-DTPH

Thiol-modified carboxymethyl hyaluronic acid (CMHA-S) and thiol-modified gelatin (gelatin-
DTPH) were either synthesized in the Center for Therapeutic Biomaterials at the University
of Utah as previously described [5,18,19] or obtained from Glycosan BioSystems (Salt Lake
City, UT) as the Glycosil and Gelin-S components of Extracel ™.
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2.5. Preparation of Hydrogels and Sponges

2.5.1. Preparation of 2% (w/v) hydrogels and sponges with PEGSSDA—CMHA-
S and gelatin-DTPH were dissolved in phosphate buffered saline (PBS) to give 1.5% and 3%
(w/v) solutions, respectively, and the solution pH was adjusted to 7.4 by the addition of 1.0 N
NaOH. Then, the CMHA-S and gelatin-DTPH solutions were mixed in a 2:1 (v:v) ratio, and
then one volume of the crosslinker (PEGSSDA) solution was added to four volumes of the
thiolated macromonomer solution. The solution was thoroughly mixed and then 0.5 mL was
aliquoted without delay to individual vials. Gels formed in 3 minutes. The sponges were
obtained by lyophilization of the corresponding hydrogels [20].

2.5.2. Preparation of 2% (w/v) hydrogels and sponges with PEG(SS),DA and
PEG(SS)3DA—The hydrogels and sponges with PEG(SS)3DA or PEG(SS),DA at pH 7.4
were prepared as the same protocol as the above.

2.6 Swelling Determination

First, a 0.5 ml-aliquot of each hydrogel formulation was gelled in the bottom of replicate glass
vials. Then, 3 ml of PBS was added on top of each gel, and the vials were placed into an
incubator at 37 °C and agitated at 150 rpm. In this case, the hydrogel swelling occurred
uniaxially toward the upper direction of the vials. The buffer was changed hourly, and the
hydrogels plus the vials were weighed, after carefully removing the surface buffer at each time
point. The mass of the swollen hydrogels was calculated by subtracting the mass of the vial
from the total mass. The mass of the dry hydrogel components was calculated by the subtracting
of the mass of the vial from the total mass, which was obtained after the hydrogels were
thoroughly washed with distilled water and then lyophilized. The swelling ratio was defined
as a ratio of the mass of swollen hydrogel to the mass of dry hydrogel. The same protocol was
used to measure swelling of the sponges.

2.7 Dissolution of Hydrogels

A solution of either L-cysteine (Cys) or L-glutathione (GSH) (1.0 ml) was added to the
hydrogels (0.5 mL) in order to dissociate the hydrogel network. Concentrations of Cys and
GSH were 10, 25, 50, and 100 mM, and the dissolution time was defined as time from addition
to the time at which no hydrogel could be visually detected. Note: In subsequent experiments,
N-acetyl L-cysteine (NAcCys) was used in place of Cys to minimize precipitation near the
isoelectric point during dissolution.

2.8. In Vitro Cytocompatibility — Surface Culture (*3-D on top”)

2.8.1 sECM preparation—CMHA-S and gelatin-DTPH were dissolved in PBS to give 1.0%
(w/v) solutions. The crosslinkers were dissolved in PBS to give 2.0% (w/v) solutions. The pH
value of each solution was adjusted to 7.4 using 1.0 N NaOH, and then sterile filtered. To form
gels, the CMHA-S and gelatin-DTPH solutions were mixed in a 1:1 volume ratio. This solution
was then mixed with the appropriate crosslinker in a 4:1 volume ratio; we refer to these
modified HA-gelatin hydrogels as CMHA-GSX. The final solution was pipetted into wells in
24-well plates and allowed to gel. Gels were typically ready to use within 20 min. One extra
set of each hydrogel type was frozen with liquid N, and lyophilized to form porous sponges.
At the end of the SECM preparation, there were eight SECM types to be evaluated: four CMHA-
GSX hydrogel analogs with differing crosslinkers (PEGDA, triblock PEGSSDA, pentablock
PEG(SS),DA, and heptablock PEG(SS)3DA) and four CMHA-GSX sponges using with the
same four crosslinkers.

2.8.2. Surface seeding—NIH 3T3 fibroblasts, HEPG2 C3A cells, and human mesenchymal
stem cells (hMSCs) were obtained from ATCC and expanded in 2-D on tissue culture plastic
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using T-75 flasks until 90% confluence with DMEM, MEME, and MSCBM, respectively.
Fibroblasts and hepatocytes were cultured in the presence of 10% FBS, while the hMSCs were
supplemented with mesenchymal stem cell growth supplement (MCGS). Cells were removed
from the substrate using accutase and seeded with 1 ml of their respective media on the
hydrogels or sponges at a density of 10,000 cells/ml. Three replicates were performed for each
cell type, each time point, each hydrogel composition, and each substrate examined. The plates
were transferred to the incubator (37 °C, 5% CO»).

2.8.3. Cell viability—Cell viability was determined using MTS (Promega) assays at Day 3
and Day 7 of culture. Spent media was aspirated from the wells containing cells. Then, 300 pl
of 15% MTS reagent in cell culture was added to each well and plates were incubated (37°C,
5% CO,) for 15 min. Next, 100 ul of the MTS/media solution was transferred from each well
to a corresponding well of a 96-well plate. Absorbance values were determined at 490 nm using
an Optimax Tunable Microplate Reader (Molecular Devices). Higher absorbance values are
proportional to higher cell numbers.

2.9. In Vitro Cytocompatibility — Encapsulation in 3-D

2.9.1. sECM material preparation—CMHA-S and gelatin-DTPH were dissolved in
phosphate buffered saline (PBS) to give 2.0% (w/v) solutions. The crosslinkers were dissolved
in PBS to give 4.0% (w/v) solutions. The pH of each solution was adjusted to 7.4 using 1.0 N
NaOH and sterile filtered.

2.9.2. Cell encapsulation—Previous encapsulation methods [9,10,21] were modified to
use the new crosslinkers. Thus, NIH 3T3 fibroblasts, HepG2 C3As, and human mesenchymal
stem cells (hMSCs) were cultured as described above. For encapsulation, we added human
umbilical vein endothelial cells (HUVECS), obtained from ATCC and expanded in 2-D on
tissue culture plastic were cultured in T-75 flasks until 90% confluence Ham's F-12K medium.
Cells were removed from the substrate using accutase and resuspended in the crosslinker
solutions. To form gels, the CMHA-S and gelatin-DTPH solutions were mixed ina 1:1 volume
ratio. This solution was then mixed with the appropriate crosslinker/cell solution in a 4:1
volume ratio. Then, 100 pl of each combination was pipetted into tissue culture inserts in 24-
well plates. The final cell seeding density in each insert was 10,000 cells per 100 ul of each
SECM hydrogel. Three replicates were performed for each cell type, each time point, and each
hydrogel composition examined. The plates were transferred to an incubator (37 °C, 5%
CO») and cell viability was determined using MTS (Promega) assays at day 3 and day 7 of
culture as described above.

2.9.3. Recovery of Encapsulated Cells from Pentablock-Crosslinked SECMs—In
a separate set of experiments, NIH 3T3 fibroblasts, HepG2 C3A cells, hMSCs, and HUVECs
were encapsulated in tissue culture inserts at a density of 100,000 cells in a 200-pl hydrogel
(cell density = 500,000 cells/ml) formed using the pentablock PEGSS,DA crosslinker as
described above. Each hydrogel was cultured for 3 days in 800 pul of the appropriate media,
and then the spent media was removed by aspiration. Gels were removed from the tissue culture
inserts by excising the mesh layer of the insert, and then using the large end of a sterile plastic
pipette tip to pushthe gel through the opening into a 15-ml sterile plastic centrifuge tube. Next,
solutions containing 50 mM N-acetyl-L-cysteine solutions were prepared in each cell type's
appropriate media, and the pH values were adjusted to 7.4. Then, 3 ml of the NAcCys media
solutions was added into each gel-containing tube and placed on a rocker in an incubator (37
°C, 5% CO,) for 1 h. Tubes were centrifuged (1500 rpm, 5 min) and the supernatant was
removed by aspiration. The remaining contents were resuspended in the appropriate media and
plated on the surface of 2% Extracel™ (Glycosan BioSystems) gels in 24-well plates following
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the 3-D on top protocol described above. Three replicates were performed for each cell type
and each time point examined.

Three wells from each cell type were assayed at 24, 48, and 72 h after re-plating onto Extracel ™
using the LIVE/DEAD® Viability/Cytotoxity Kit for mammalian cells (Molecular Probes,
Eugene, OR). Concentrations of 4 uM calcein-AM and 4 uM ethidium homodimer-1 in DPBS
were prepared for the assay. Media was aspirated and 400 pl of the assay solutions were added
to each well. Cells were incubated for 20 min (37 °C, 5% CO>) and then imaged and
photographed with fluorescence under the microscope (Olympus, Center Valley, PA). All
pictures taken were representative of the entire well. LIVE and DEAD photos were overlaid
and cells were counted, and the percentage of live cells was calculated.

2.10. Statistical analysis

The data are presented as the means + standard deviation (S.D.) of the number of replicates.
Values were compared using Student’s t-test (2-tailed) with two sample unequal variance, and
p < 0.05 or less was considered statistically significant.

3.0 Results

3.1. Synthesis and characterization of disulfide-containing block copolymers

Three disulfide-containing block copolymers — the triblock PEGSSDA, pentablock PEG
(SS),DA and heptablock PEG(SS)3DA crosslinkers -- were prepared to determine the ease of
dissolution for crosslinkers with single or multiple reductive cleavage sites. The triblock
crosslinker was synthesized using a carbodiimide-mediated coupling of PEG (MW 3400) with
the disulfide containing bis(3,3’-dithiopropionic acid, DTP); oligomerization was minimized
by adding the activated ester of DTP to excess PEG in mixed tetrahydrofuran-dichloromethane
solution (Scheme 1). The crude triblock PEG-DTP-PEG intermediate was purified by dialysis
against water to remove small molecule byproducts. Next, the lyophilized PEG-DTP-PEG
intermediate was bis-acryloylated under anhydrous conditions to provide the triblock
crosslinker PEGSSDA, which was purified by dialysis and lyophilized. The final crosslinkers
were characterized by 1H-NMR and Maldi/ToF mass spectrometry.

The pentablock crosslinker was synthesized by first preparing the triblock PEG-DTP-PEG
intermediate using MW2000 PEG, in order to ultimately obtain a pentablock crosslinker with
a size under 10 kDa (Scheme 2). Then, a solution of EDCl-activated succinic acid was added
to excess PEG-DTP-PEG, and the resulting PEG-DTP-PEG-Succ-PEG-DTP-PEG
intermediate was isolated, purified by dialysis, and lyophilized. (Note: the central PEG-Succ-
PEG unit is considered as a single “PEG” block for comparison purposes). Bisacryloylation
generated the pentablock crosslinker PEG(SS),DA.

Finally, the heptablock crosslinker was prepared from the above triblock PEG-DTP-PEG
intermediate with MW2000 PEG using DTP instead of succinic acid as the internal diacid to
provide a third disulfide-containing block (Scheme 3). Thus, a solution of EDCI-activated DTP
acid was added to excess PEG-DTP-PEG, and the resulting PEG-DTP-PEG-DTP-PEG-DTP-
PEG intermediate was isolated, purified by dialysis, and lyophilized. Bisacryloylation provided
the heptablock crosslinker PEG(SS)3DA, which was purified and analyzed as above.

3.2. SECM hydrogels with disulfide-containing crosslinkers

We first established that the new crosslinkers gave SECM hydrogels with suitable gelation and
dissolution properties, and could be prepared from CMHA-S and gelatin-DTPH solutions (pH
7.4) using the triblock, pentablock, and heptablock disulfide-containing crosslinkers in place
of PEGDA. Scheme 4 shows a representation of the molecular network generated during the
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crosslinking with the triblock PEGSSDA. Gelation was observed within 3—5 min as previously
described for PEGDA [5,21] and other newer PEG and HA-derived crosslinkers [22,23].
Samples of the triblock, pentablock, and heptablock disulfide-containing hydrogels were also
lyophilized to form porous sponges [20]. The swelling of the disulfide block copolymer
hydrogels and sponges was measured in PBS at pH 7.4 over the course of 6 h (Supplementary
Figure 1). Each of the disulfide block copolymer hydrogels was essentially fully swollen when
prepared, with only minor (10-20%) additional swelling during this time period. In contrast,
the lyophilized sponges all swelled by 13 to15—fold, with the most rapid changes occurring in
the first three hours.

3.3. Redissolution of disulfide block copolymer crosslinked hydrogels

We employed the thiol-disulfide exchange reaction (Scheme 5) that occurs commonly in
biochemistry to “un-crosslink” the hydrogels by cleaving many of the disulfide bonds that
maintained the hydrogel structure. The kinetics of this reaction are first-order in both disulfide
and thiolate anion, and are generally believed to occur by a bimolecular nucleophilic
substitution reaction [17]. Given these kinetic parameters, it was necessary to employ an excess
of the thiol component at a pH as high as possible, consistent with maintaining physiological
compatibility. The rate of dissolution for each of the three disulfide block copolymer hydrogels
(0.5 ml each) was measured at pH 7.4 during mechanical agitation in the presence of 1.0 ml
of 10, 25, 50, and 100 mM of either L-cysteine (Cys) or L-glutathione (GSH) (Supplementary
Figure 2). As anticipated, the re-dissolution times decreased with the increased thiol
concentration. Each of the three disulfide-block containing gels was completely dissolved with
50 mM and 100 mM Cys within 90 min, the heptablock showing the most rapid dissocation.
At 10 mM and 25 mM, dissolution took much longer, and at lower volumes (0.5 ml) of Cys
solution, gels would re-form within a few hours. The use of Cys near its isoelectric point also
led to precipitation and cloudy suspensions at 50 mM, which necessitated a switch to NAcCys
in subsequent studies. With GSH as the thiol, even 10 mM and 25 mM GSH both led to
dissociation in as little as 40 min for the heptablock and pentablock crosslinkers
(Supplementary Figure 2).

3.4. Surface culture on disulfide block copolymer crosslinked sECMs

Next, the cytocompatibility of the disulfide block copolymer crosslinked SECMs was
determined. HepG2 C3A, NIH 3T3 fibroblasts, and hMSCs were seeded onto the surface of
triblock PEGSSDA, pentablock PEG(SS),DA, and heptablock PEG(SS)3DA crosslinked
hydrogels and sponges (Supplementary Figure 3). As controls, cells were also seeded on tissue
culture plastic and PEGDA-crosslinked SECMs (Extracel). MTS assays were conducted at Day
3 and Day 7 of surface culture on SECM gels and sponges. For all of the hydrogels, the number
of cells, based on cell number proportionality to A9 measurements, was higher on day 7 than
on day 3, indicating expected proliferation on a cytocompatible substratum. There were no
significant differences among the disulfide block copolymers or between the disulfide block
copolymers and the two controls, suggesting that each of the three disulfide-containing
crosslinkers could be readily substituted for PEGDA.

There were some differences among the cell lines on both gels and sponges. The NIH 3T3
fibroblasts exhibited greater proliferation on the hydrogel SECMs than on the sponges, but both
exhibited continued cell growth over 7 days. In contrast, HEPG2 C3As and hMSCs proliferated
well on all hydrogel SECMs, but showed decreased proliferation on sponge SECMs relative to
controls (Supplementary Figure 3). The decreased proliferation of HEPG2 C3As and hMSCs
can likely be attributed the stiffer mechanical properties of the sponges, but this was not pursued
further.
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3.5. Encapsulation in 3-D and recovery of encapsulated cells

Having established that cells would grow on the surface of all disulfide block crosslinked SECM
hydrogels, and having established initial parameters for dissolution of the hydrogels, we next
examined the ability of cells to survive in 3-D culture following encapsulation using in situ
crosslinked hydrogels. Thus, HepG2 C3A, NIH 3T3 fibroblasts, hMSCs, and HUVECs were
encapsulated in tissue culture inserts at a cell density of 10,000 cells/100 pl into triblock
PEGSSDA, pentablock PEG(SS),DA, and heptablock PEG(SS)3DA crosslinked hydrogels.
Cell viability and proliferation was determined at Day 3 and Day 7 using MTS assays. Figure
1 shows that increased proliferation was observed on Day 7 compared to Day 3 on each of the
three disulfide-containing crosslinked SECMs for HepG2 C3A, NIH 3T3 fibroblasts, hMSCs.
The proliferation of cells within the three disulfide-containing crosslinked SECMs were
indistinguishable from the 2-D control and the PEGDA encapsulation control. For the HUVEC
cells, proliferation was considerably slower, but again there were no differences among the
disulfide-containing crosslinked SECMs and the controls.

Next, we asked whether it was possible to recover viable cells from the disulfide block
copolymer crosslinked sECM hydrogels. To this end, we focused on a single crosslinker, the
pentablock PEG(SS),DA, which offered two reductively cleavable modules. For these
experiments, HepG2 C3A, NIH 3T3 fibroblasts, hMSCs, and HUVECs (100,000 cells) were
encapsulated in 200 pl of pentablock PEG(SS),DA crosslinked sECM hydrogels in tissue
culture inserts and cultured for 3 days in 800 ul media. After removing the gel from the insert,
a solution of 50 mM NACcCys in cell-specific media was prepared, adjusted to pH 7.4, and 3
ml of the NAcCys media was added to the 200 pl hydrogel in a sterile centrifuge tube and
agitated by rocking at 37 °C, 5% CO», for 1 h. By this time, the entire gel piece had completely
dissolved. The tubes were then centrifuged gently to obtain a cell pellet, the dissolved sECM
solution was removed by aspiration, the cells were resuspended in the appropriate medium,
and then seeded onto 2% Extracel in 3-D on top cultures to determine viability and the
proportion of live cells.

It should be noted that the conditions employed for cell recovery differ significantly from the
simple solution-overlay method employed to assess dissolution rates. First, the gels containing
encapsulated cells were completely surrounded by the dissolution solution, rather than being
overlaid with solution. Second, the solution:gel ratio for the initial experiments were 2:1, while
in the cell recovery studies, the ratios were increased to 15:1. Third, the agitation from the
rocker platform created turbulence that further accelerated dissolution. Since the goal is to
minimize the time required for cell recovery, these three simple changes had important practical
implications.

A live-dead assay was first conducted for each cell type at 24, 48, and 72 h following cell
recovery and re-seeding onto Extracel. Figure 2 shows representative images exhibiting the
characteristic morphology and cell survival at 24 hours for HepG2 C3A hepatocytes (Figure
2a), NIH 3T3 fibroblasts (Figure 2b), hMSCs (Figure 2c), and HUVECs (Figure 2d); the
HEPG2C3A cells were clustered, while the 3T3s, hMSCs, and HUVECSs had adopted their
normal spread and spindle-like appearance. Importantly, for each cell type, the percentage of
live cells increased at each time point (Figure 3), with 80-95% viability at 3 days. This result
confirmed that the treatment used to induce the dissolution of the reductively cleavable SECM
hydrogels was indeed mild enough for the vast majority of the encapsulated cells to survive.

4. Discussion

Toexpand cells ina 3-D environment, a variety of natural, synthetic or semi-synthetic materials
have been developed to recapitulate the functions of the natural extracellular matrix (ECM) in
orchestrating cell proliferation, migration, differentiation, angiogenesis and invasion [24,25].
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Design principles must recreate the interwoven set of biochemical and mechanical cues in the
cellular microenvironment [2,26] and allow versatility in fabrication methods for engineered
microenvironments [1,27,28]. Recently, the natural and synthetic materials that have been
developed specifically to provide environments that mimic the stem cell niche have been
reviewed [3].

A wide range of natural and synthetic hydrogels, water-swollen cross-linked polymeric
structures with good biocompatibility, have been used for controlled release of bioactive
macromolecules [4,29-31] and tissue engineering [32,33]. Hydrogels are promising cell
delivery systems for the healing and regeneration of damaged tissues for several reasons. First,
the soft nature of hydrogels minimizes mechanical or frictional irritation to the surrounding
tissue [34]. Second, the hydrophilic surface has low interfacial tension in contact with body
fluids, thus minimizing protein adsorption and unwanted cell adhesion [35]. Third, hydrogels
are highly permeable, facilitating the transport of nutrients and metabolites [36]. The
outstanding properties of alginate hydrogels as tools in cell delivery and tissue engineering
have been recently reviewed [37], but cell recovery from these gels has been problematic. A
clever enzymatic solution was recently described, in which alginate gels containing PLGA
microspheres loaded with alginate lyase were employed for expansion of neural progenitor
cells [38].

Many in situ-crosslinkable hydrogels based on derivatives of the polyanionic
glycosaminoglycan HA derivatives have been developed in the past decade [7,8]. Most
prominent among the hydrogels useful for cell encapsulation are the chemically-crosslinked
thiolated HA-PEGDA hydrogels [39] and the photocrosslinked methacrylated HA [40].
Photopolymerized HA has been manipulated to control degradation and mechanical behavior
[41], used as a template for addition of peptides and to adjust modulus and swelling [42], used
for chondrocyte or MSC encapsulation for repair of osteochondral defects [43,44], and
developed as a matrix for self-renewal and differentiation of human stem cells [16]. For in
vitro cell recovery, a large excess of bovine-derived hyaluronidase was employed. Other
applications of photocrossed glycosaminoglycan-based gels include the culturing of
chondrocytes in poly(vinyl alcohol) — chondrotin sulfate photocrosslinked gels, which can be
degraded with chondroitinase ABC [45].

Two alternatives to cell-recovery by non-enzymatic methods should be noted:
thermoresponsive “smart” gels and physically crosslinked self-assembling peptides.
Thermoresponsive polymers [31] have been used to recover cell sheets from an elastin
polymer-coated inert membrane [46], from cells cultured on poly(N-isopropylacrylamide)
(PIPAAmM) grafted PEG surfaces [47,48], or from cells cultured on pluronic-coated surfaces
[49]. These novel surfaces allow the cultivation of cells without using enzymes by utilizing
the thermoresponsive phase transition property of PNIPAAm [50]. Nonetheless, these systems
have not been adapted to the 3-D encapsulation environment for cell expansion and recovery.

Polypeptide -based hydrogels can be physically crosslinked via leucine zipper domains [51],
or allowed to self-assemble into a shear-thinning gel suitable for injectable cell therapy [52].
The synthetic, peptide-based ECM substitute PuraMatrix™ forms fibrous scaffolds that can
be used for 3D cell embedding or surface plating, but cell recovery by “on-demand”
dissociation of the matrix in vitro is not practical [53,54].

Recently, we have emphasized the importance of using the simplest applicable material to
facilitate manufacture and regulatory approval, that is, including the end-user needs as design
criteria for materials to be used for cell therapy [5] and for development of drug evaluation
tools [55]. Examples of end-user parameters that can now be met by pragmatic SECMs include:
(i) experimentally variable composition, (ii) experimentally variable compliance, (iii)
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controllable biodegradability in vitro and in vivo, (iv) multiple physical forms for in situ
crosslinking during cell encapsulation and fabrication, (v) batch to batch consistency, (vi) ease
of use at physiological temperature and pH, (vii) transparency for ease of visualization, (viii)
compatibility with high throughput screening (HTS) platforms, and (ix) translational potential.
These SECMs are modular in nature, allowing the user to add soluble factors, attachment
peptides, matricellular proteins, different crosslinkers, and different macromomers in any
required combination [9].

Notably absent from this list is the development of hydrogels for the expansion and
differentiation of cells ex vivo that permit rapid recovery of the expanded and differentiated
cells. In particular, the value of being able to expand undifferentiated human postnatal or
embryonic stem cells in an animal product-free environment is negated if one requires an
animal-derived protease or glycosidase to release the cells from the 3-D hydrogel environment.
This design criterion is not a necessity for classical forms of tissue engineering or cell therapy,
in which “cells + scaffold + soluble factors” are used to create an implantable or injectable
scaffold. For these constructs, a biodegradable material is sufficient, and engineers have
developed a myriad of materials that degrade by bulk erosion via hydrolysis or by endogenous
enzymatic degradation in vivo as the two most common mechanisms of biodegradation.
However, for the ex vivo expansion and ultimate manipulation of stem cells for producing
clinically-useful engineered tissues or cell therapy products, a simple and practical non-
enzymatic method was required.

To this end, we prepared the disulfide block PEG(SS),,DA copolymers and created the first
covalently-crosslinked 3-D SECM hydrogel that permits a non-enzymatic dissociation of the
gelunder mild physiologically well-tolerated conditions. Furthermore, encapsulated cells grow
and proliferate in 3-D, and a high yield of viable cells can be obtained following gel dissolution
by using the well-known thiol-disulfide exchange reaction that occurs in normal biochemical
processes. The process of cell encapsulation and cell recovery is illustrated schematically in
Figure 4. While the proof-of-concepts experiments described herein employed a chemically-
modified gelatin derivative for attachment and spreading of normal adherent cells, the same
principles are applicable to using the disulfide block PEG(SS),DA copolymers to crosslink
chemically modified HA hydrogels, such as the CMHA-S (a.k.a., Glycosil) employed for a
metabolomic study involving self-renewal and expansion of human fetal hepatic stem cells
[56], or the photocrosslinked HA methyacrylate gels [16] used to expand and differentiate
human embryonic stem cells.

The incorporation of degradable crosslinkers makes 3-D expansion and differentiation of
progenitor cells more practical and scalable. The principal drawback of the majority of
hydrogels is in recovering cells from the 3-D environment. Simple enzymatic treatment does
not always allow facile recovery of cell encapsulated in 3-D. In contrast, the disulfide
containing crosslinkers were readily dissociated using the thiol-disulfide exchange reaction
with Cys, NAcCys, or GSH as the biocompatible thiol component. Preliminary studies with
encapsulated cells suggested that for maximum viability, it was necessary to limit the thiol
component concentration to 25 mM and to employ agitation and diffusion conditions to limit
the exposure time to one or two hours. At 25 mM GSH or NAcCys, even after 12 hours of
incubation, enough healthy cells survived to proliferate into a confluent monolayer 3 days after
replating, but viability was clearly reduced. In each of the triblock, pentablock, and heptablock
crosslinked gels cells consistently at Day 3 and Day 7 relative to PEGDA and plastic controls,
indicating complete biocompatibility of the new crosslinkers. Thus, the “fall-apart” disulfide-
containing crosslinkers can be used in place for PEGDA.

There was a noticeable difference between the proliferation of cells on and in gels and on
sponges. All cell types performed well when surface or encapsulation cultured using our
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hydrogels. However, when cultured on sponges, 3T3 fibroblasts were the only cell type to
proliferate after day 3. HEPG2 C3As and hMSCs decreased in number from day 3 to day 7.
Based on the encouraging data from all of our gels and that of the 3T3 fibroblasts on sponges,
we can conclude that this decrease in cell number is not due to toxicity. It is likely that the
mechanical properties, or simply the stiffness, of the sponges affected the proliferation rates
of the different cell types.

Photopolymerized poly(ethylene glycol) diacrylate (PEGDA) has become a staple as a research
tool for preparing “bio-neutral”, synthetic, degradable, and readily customized matrices for
tissue engineering and drug delivery [57]. Multiarmed PEG derivatives with matrix
metalloprotease-cleavable peptide linkages provide specific microenvironments engineered to
direct morphogenesis [25] and cell-invasion characteristics [13]. Photopolymerized poly
(ethylene glycol) (PEG) hydrogels have also used for manipulating cell matrix interactions of
hMSCs in response to peptides and pendant phosphates [58]. Recently, photopolymerized
pluronic hydrogels were developed for injectable cell delivery [59]. We considered the
possibility that the disulfide block PEG(SS),DA copolymers could be used for photochemical
crosslinking, analogous to the use of PEGDA as a “blank slate” [1,33,60] onto which additional
peptides may be grafted or other factors embedded. We hypothesized that we could create a
blank slate environment that could be designed to “fall apart” on demand under non-enzymatic
conditions. To this end, we attempted to crosslink a 10% wi/v solution of the triblock PEGSSDA
in the presence of a catalytic (1%) amount of acetophenone in N-vinylpyrrolidone added to the
solution, followed by irradiation at 365 nm for 1 min (data not shown). Robust gels were formed
using this protocol with PEGDA, but none of the PEG(SS),,DA crosslinkers formed a hydrogel
over a wide range of conditions. Addition of cysteamine, a soluble disulfide at 100 mM failed
to “protect” the crosslinker disulfide against radical-induced scission of the PEGSSDA,; indeed,
100 mM cysteamine was an effective inhibitor of gelation of PEGDA by virtue of its radical
scavenging ability.

5. Conclusion

Three block disulfide-block containing polyethylene glycol diacrylate crosslinkers were
synthesized, characterized, and used to prepare SECMs that could be disassembled under mild
reductive conditions. Murine NIH 3T3 fibroblasts, human HepG2 C3A hepatocytes, human
bone-marrow derived mesenchymal stem cells (MSCs), and human umbilical vein endothelial
cells (HUVECS) all showed excellent viability and growth during expansion in 3-D in each of
the triblock, pentablock, and heptablock copolymer crosslinked SECMs. After cell expansion,
the reductively-cleavable hydrogels could be dissociated by the thiol-disulfide exchange using
N-acetyl-cysteine or glutathione. After dissolution of the hydrogels, cells were recovered in
high yield and with high viability by gentle centrifugation. The reductively-cleavable
crosslinkers offer a platform that can be employed for a wide variety of hydrogel SECM
compositions. Moreover, the readily dissolvable hydrogels allow for non-enzymatic cell
recovery to facilitate comparative proteomic and genomic profiling of cells grown in 2-D vs.
3-D, with specific growth factors, with different gel compliance, or with different added
matricellular proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MTS absorbance readings on culture day 3 and 7. Clockwise from upper left: HEPG2 C3A

hepatocytes; NIH 3T3 fibroblasts; hMSCs; HUVECSs. Cells were encapsulated in SECM
hydrogels using PEGDA, triblock PEGSSDA, pentablock PEG(SS),DA and heptablock PEG
(SS)3DA crosslinkers. One asterisk (*) indicates statistical difference relative to plastic control
(p < 0.01) and two asterisks (**) indicate statistical difference relative to PEGDA control.
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Figure 2.

Live/Dead Images of cells recovered from pentablock PEG(SS),DA-crosslinked SECM
hydrogels by NAcCys dissolution and then re-cultured for 3 days on Extracel™. Green
fluorescent calcein marks the live cells and red fluorescent EthD-1 is taken up by the dead
cells. Clockwise from upper left: HEPG2 C3A hepatocytes; NIH 3T3 fibroblasts; hMSCs;
HUVECs.
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Figure 3.

Viability of cells recovered from pentablock PEG(SS),DA-crosslinked SECM hydrogels by
NACcCys dissolution and then re-cultured for 1, 2, and 3 days on Extracel™. From left to right:
HEPG2 C3A hepatocytes; NIH 3T3 fibroblasts; hMSCs; HUVECs. One asterisk (*) indicates
statistical difference at p < 0.05, and two asterisks (**) indicate statistical difference at p <
0.01.
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Figure 4.

Schematic representation of encapsulation and recovery of cells from fall-apart crosslinked

SECMs.
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Scheme 1.

Synthesis of the triblock fall-apart crosslinker with a single disulfide bond (PEGSSDA). The
crosslinker with mono-disulfide was made by coupling of PEG 3400 to DTP followed by
acryloylation. See text for details.
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Scheme 2.
Synthesis of the pentablock fall-apart crosslinker with two disulfide bonds (PEG(SS),DA)
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Scheme 3.
Synthesis of the heptablock fall-apart crosslinker with three disulfide bonds (PEG(SS)3DA)
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Scheme 4.
Network structure for SECM hydrogels formed with triblock PEGSSDA crosslinker
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Scheme 5.

Mechanism of re-dissolution of triblock PEGSSDA via thiol-disulfide exchange reaction
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