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ABSTRACT

Cell therapy is a promising approach for ischemic tissue regeneration. However, high death rate of de-
livered cells under low oxygen condition, and poor cell retention in tissues largely limit the therapeutic
efficacy. Using cell carriers with high oxygen preservation has potential to improve cell survival. To in-
crease cell retention, cell carriers that can quickly solidify at 37 °C so as to efficiently immobilize the
carriers and cells in the tissues are necessary. Yet there lacks cell carriers with these combined prop-
erties. In this work, we have developed a family of high oxygen preservation and fast gelation hydro-
gels based on N-isopropylacrylamide (NIPAAm) copolymers. The hydrogels were synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization of NIPAAm, acrylate-oligolactide (AOLA), 2-
hydroxyethyl methacrylate (HEMA), and methacrylate-poly(ethylene glycol)-perfluorooctane (MAPEGPFC).
The hydrogel solutions exhibited sol-gel temperatures around room temperature and were flowable and
injectable at 4°C. They can quickly solidify (<6 s) at 37°C to form flexible gels. These hydrogels lost
9.4~29.4% of their mass after incubation in Dulbecco’s Phosphate-Buffered Saline (DPBS) for 4 weeks. The
hydrogels exhibited a greater oxygen partial pressure than DPBS after being transferred from a 21% O,
condition to a 1% O, condition. When bone marrow mesenchymal stem cells (MSCs) were encapsulated
in the hydrogels and cultured under 1% O, the cells survived and proliferated during the 14-day culture
period. In contrast, the cells experienced extensive death in the control hydrogel that had low oxygen
preservation capability. The hydrogels possessed excellent biocompatibility. The final degradation prod-
ucts did not provoke cell death even when the concentration was as high as 15 mg/ml, and the hydrogel
implantation did not induce substantial inflammation. These hydrogels are promising as cell carriers for
cell transplantation into ischemic tissues.

Statement of Significance

Stem cell therapy for ischemic tissues experiences low therapeutic efficacy largely due to poor cell sur-
vival under low oxygen condition. Using cell carriers with high oxygen preservation capability has poten-
tial to improve cell survival. In this work, we have developed a family of hydrogels with this property.
These hydrogels promoted the encapsulated stem cell survival and growth under low oxygen condition.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Cell therapy has been considered as a promising strategy for
ischemic tissue regeneration, yet experiences low therapeutic
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Quick vascularization of ischemic tissues represents an effective
and long-term strategy to supply oxygen to improve cell survival
[4,5], yet a large percent of cells die before vascularization is
established [6-8]. Direct provision of oxygen upon cell transplan-
tation has been demonstrated to improve cell survival [9,10]. The
approaches that have been used to supply oxygen include hyper-
baric oxygenation (HBO) [11-13], in situ generation of oxygen in
tissues [14,15], and oxygen carriers [16-18].

HBO is a systemic oxygen delivery approach that has been used
to increase tissue oxygen level. HBO therapy has been shown to
stimulate the survival of colonic stem cell, neural stem cell, and
mesenchymal stem cell in ischemic tissues [19-22]. While HBO
therapy is convenient, there are disadvantages associated with it
especially for ischemic tissue repair/regeneration. First, this sys-
temic oxygen delivery approach cannot efficiently diffuse oxygen
by blood to the ischemic area that is poorly vascularized. Second,
HBO therapy cannot provide oxygen to ischemic tissues in a sus-
tainable manner. The oxygen level decreases quickly after the ther-
apy. Third, HBO therapy increases oxygen level in healthy tissues.
This may increase tissue oxidative stress leading to adverse effects
[23].

In situ generation of oxygen in the ischemic tissues is an ap-
proach that can locally and directly deliver oxygen to the trans-
planted and host cells. Mg0O, [24], CaO, [25-27] and H,0, [28,29]
have been used as source of oxygen. Mg0O, and CaO, react with
water to form H,O, followed by H,0, decomposition to form
molecular oxygen. Encapsulation of Mg0,, CaO,, and H,0, into
polymers or microspheres allowed oxygen release to last for sev-
eral hours to 2 weeks. The released oxygen promoted cell survival
in the ischemic skin [30]. One of the concerns for peroxide-based
oxygen release is that H,O, may be toxic to cells if it is not con-
verted quickly into molecular oxygen [31]. To avoid direct contact
of cells with H,0,, catalase was added to the polymers to timely
convert the released H,0, into oxygen [32,33]. Studies have shown
that this approach largely improved the survival of cardiosphere
derived cell under low oxygen condition in vitro [34], and cardiac
cell survival in vivo [9,35]. Nevertheless, the increased oxidative
stress due to burst release needs to be minimized for in vivo ap-
plications and clinical uses.

Using oxygen carriers to deliver oxygen into ischemic tis-
sues has proven to be efficient in animal models and clinical
trials [36,37]. Hemoglobin [38,39] and fluorinated compounds
[40-42] are typical oxygen carriers. Utilization of hemoglobin
to supply oxygen to MSCs significantly promoted cell survival
and growth under hypoxic conditions [43,44]. One of the major
challenges to the clinical use of hemoglobin is its instantaneous
oxygen release. In addition, hemoglobin generates reactive oxygen
species (ROS) after the initial oxygen release [45,46]. Compared to
the above mentioned oxygen-generating species, peroxide-based
releasing biomaterials and hemoglobin-based oxygen carriers,
perfluorocarbons (PFCs) have potential to overcome these dis-
advantages. PFCs are a type of oxygen carrier with high oxygen
solubility (20-fold higher than water) [47,48]. This remarkable
oxygen carrying property allows PFCs to be used in artificial
blood [49]. PFCs have also been applied during tissue culture
to increase the survival of MSCs and adipose-derived stem cells
under hypoxic conditions [50,51|. However, PFCs have a short
in vivo retention time due to their low molecular weight [52],
which limits their applications in ischemic tissue regeneration.
Conjugation of PFCs into biomaterials may increase their retention
time, and hence short-term cell survival [17]. Yet current reports
provide limited evidence that using PFC-conjugated biomaterials
improves long-term cell survival under hypoxic conditions [53].

The objective of this study was to develop a family of PFC-
conjugated hydrogels with increased oxygen partial pressure, so as
to augment cell survival under hypoxic conditions. These hydrogels

are also fast gelling and thermosensitive. Fast gelation enables the
hydrogels to quickly solidify so as to immobilize cells in the tis-
sues and increase cell retention. [54-58] Thermosensitivity allows
the hydrogels to be solidified at body temperature yet flowable at
temperatures below thermal transition temperature. These attrac-
tive properties make the developed hydrogels more suitable for
cell therapy than the oxygen delivery biomaterials without these
properties. In this work, we characterize the chemical and physi-
cal properties and the in vitro and in vivo biocompatibility of the
hydrogels, and we test their ability to improve MSC survival under
low oxygen conditions.

2. Experimental section

2.1. Materials

All  materials were purchased from Sigma-Aldrich, un-
less otherwise stated. Perfluorooctanoyl chloride (Alfa
Aesar), poly(ethylene glycol) methacrylate (PEGMA), 2-

(dodecylthiocarbonothioylthio)—2-methylpropionic acid (DDMAT),
triethylamine (TEA, Fisher-Scientific), D, L-lactide, acryloyl chlo-
ride, lithium phthalocyanine (Alfa Aesar), and 2, 2’-azobis (2-
methylpropionitrile) (AIBN) were used as received. NIPAAm (TCI)
was recrystallized three times using ethyl acetate and hexane.
HEMA (Alfa Aesar) was used after removing polymerization in-
hibitors using a packed-bed column filled with inhibitor remover.
Acrylate oligolactide (AOLA) was synthesized by acrylation of
oligolactide (HO-OLA-OCH3) with acryloyl chloride, as described
in our previous reports [9,59,60].

2.2. Synthesis of PFC containing macromer

PFC-containing macromer MAPEGPFC was synthesized by the
reaction of perfluorooctanoyl chloride with MAPEG (Scheme 1).
In brief, MAPEG (12.1 g, 23.0 mmol) and dichloromethane (DCM,
50 mL) were added to a 250 mL three-neck flask equipped with
a dropping funnel and a magnetic stirrer. After the solution was
purged with N, for 15 min, TEA (3.53 g, 35.0 mmol) was added.
The solution was then cooled in an ice bath. A solution of perflu-
orooctanoyl chloride (5.73 mL, 23.0 mmol) in DCM (20 mL) was
added dropwise for 1 h. The mixture was stirred overnight in an
ice bath, then after filtration, the solution was concentrated by a
rotary evaporator and dissolved in ethyl acetate (100 mL). The so-
lution was washed sequentially with saturated sodium bicarbonate
and saturated sodium chloride aqueous solutions, which were re-
moved after washing by phase separation. The organic phase was
dried over sodium sulfate and then concentrated under vacuum.
The obtained product, a yellow oil, had a yield of ~70%. Its struc-
ture was confirmed by 'H NMR (400 MHz, CDCl;) and °F-NMR
(400 MHz, CDCl3) spectra.

2.3. Synthesis of hydrogels

Hydrogel polymers poly(NIPAAm-co-HEMA-co-AOLA-co-
MAPEGPFC) and poly (NIPAAm-co-HEMA-co-AOLA-co-MAPEG),
were synthesized by reversible addition-fragmentation chain-
transfer (RAFT) polymerization, using AIBN as an initiator and
DDMAT as the chain transfer agent (CTA) (Scheme 2). In a typical
polymerization procedure, the monomers (NIPAAm, HEMA, AOLA,
and MAPEGPFC or MAPEG) were dissolved in dimethylformamide
(DMF) with molar ratios of 77/10/8/5 and 72/10/8/10, respectively
(Table 1). The solution concentration was controlled at 10%. It
was then added into a 250 mL three-necked flask. After flushing
with N, for 15 min, a degassed solution of AIBN and CTA in DMF
was injected into the flask. The molar ratio of the comonomers,
CTA and AIBN, was 100/1/0.2. The reaction was conducted at
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Scheme 1. Synthesis of macromer MAPEGPFC by reaction of pentadecafluorooctanoyl chloride with poly(ethylene glycol) methacrylate.
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Scheme 2. Synthesis and degradation of poly (NIPAAm-co-HEMA-co-AOLA-co-MAPEGPFC) and poly (NIPAAmco-HEMA-co-AOLA-co-MAPEG) by RAFT polymerization.
Table 1
Monomer feed ratio, and polymer composition and molecular weight.
Hydrogel Composition Feed ratio Actual ratio ° M, Mw PDI
PNHAM-PFCO NIPAAm/HEMA/AOLA/PEGMA 72/10/8/10 72.3/9.4/8.6/9.7 29 x 10* 5.0 x 104 1.72
PNHAM-PFC5 NIPAAmM/HEMA/AOLA/PEGMAPFC 77/10/8/5 76.2/9.4/8.8/5.6 25 x 10* 3.9 x 104 1.56
PNHAM-PFC10 NIPAAm/HEMA/AOLA/PEGMAPFC 72/10/8/10 71.5/10.5/8.2/9.8 2.6 x 10* 3.8 x 10* 1.46

2 Calculated from 'H NMR.

65 °C for 20 h. After cooling to room temperature, the polymer
was precipitated in diethyl ether, and further purified by tetrahy-
drofuran/diethyl ether twice. The yield was ~60%. The structure
was confirmed by 'H NMR spectra (400 MHz, CDCl;), and the
composition was calculated based on the spectra. The molecular
weight of polymers were measured with an analytical gel perme-
ation chromatography (GPC) equipped with light scattering and
refractive index detectors (Wyatt Tech). DMF was used as a sol-
vent. The hydrogels without PFC, and with 5% and 10% PFC, were
abbreviated as PNHAM-PFCO, PNHAM-PFC5, and PNHAM-PFC10,
respectively.

2.4. Characterization of oxygen partial pressure in hydrogels

To test oxygen preservation capability of the hydrogels, the oxy-
gen partial pressure (pO,) in the hydrogels at 21% and 1% O,
conditions were measured using electron paramagnetic resonance
(EPR). Oxygen sensitive lithium phthalocyanine (LiPc) was used as
EPR probe [61]. LiPc particles (<1 pm in diameter, 40 mg/mL in
DPBS) were thoroughly mixed with 8% hydrogel solution that was
stirred under atmospheric condition (21% O,) overnight. 200 pL of
the mixture was transferred to a 37 °C water bath for gelation.
After 30 min, the solid gel was loaded into a gas permeable EPR
tube under atmospheric condition (21% O,). The EPR spectrum was
recorded on an X-band EPR instrument (Bruker). The parameters
used included 0.1 mW for microwave power, 9.8 GHz for frequency
and 1.0 dB for attenuation. After measurement under 21% O, the

sample was flushed with 1% O, to reach equilibrium as monitored
by EPR. The EPR spectrum was then recorded. LiPc loaded with
DPBS was used as control. pO, was calculated based on linewidth
of the sample and calibration curve of linewidth vs. oxygen con-
centration. Four replicates for each hydrogel type were tested.

2.5. Characterization of hydrogel properties

The polymers were dissolved in DPBS at 4 °C overnight to form
8% hydrogel solutions. Each hydrogel solution was pre-cooled to
4 °C and transferred into a 1 mL syringe. The injectability was
then tested by injecting the solution through a 26 G needle. To de-
termine thermal transition temperature of each hydrogel solution,
differential scanning calorimetry (DSC) was used. The temperature
range was —10 °C to 80 °C, and the heating rate was 10 °C/min.
The thermal transition temperature was the temperature at the
maximum endothermal peak [62]. Gelation time of hydrogel so-
lution was measured by a temperature controllable Olympus mi-
croscope following our previously established protocol [59,63]. The
time needed for a 4 °C solution to become completely opaque at
37 °C was defined as gelation time. To determine hydrogel water
content, the 8% hydrogel solution was solidified at 37 °C. 200 pL of
pre-warmed DPBS was then added. Following incubation at 37 °C
for 5 h, samples (n = 4) were taken out and weighed. Water con-
tent was calculated as (wp-wq)/wy x 100%, where w; and w, were
the mass of dry and wet hydrogels, respectively.
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To characterize hydrogel mechanical properties, the 37 °C solid
gels were cut into specimens of 5 mm x 5 mm x 25 mm. Each
specimen was then loaded into an Instron tensile tester equipped
with a 37 °C water bath. The testing was conducted using a cross-
head speed of 50 mm/min, and a load cell of 44.5 N. Hydrogel
Young’s modulus was quantified from the stress-strain curve using
a Matlab program [64].

To characterize hydrogel degradation property, 200 pL of hy-
drogel solution (8%) was transferred into a 1.5 mL microcentrifuge
tube, followed by incubation in a 37 °C water bath for solidifica-
tion. 200 pL of DPBS was then added. The tubes were placed in a
37 °C water bath. After 1, 2, 3, and 4 weeks of incubation, samples
(n = 4 for each hydrogel type at each time point) were collected,
freeze-dried and weighed. Weight remaining was calculated.

To determine biocompatibility of the final degradation prod-
uct, poly (NIPAAm-co-HEMA-co-AAc-co-MAPEGPFC) with feed ra-
tio of 72/10/8/10 (NIPAAm/HEMA/AAc/MAPEGPFC) was synthesized
by RAFT polymerization using the same approach as for the hy-
drogels. This polymer represents the final degradation product of
PNHAM-PFC10. The polymer was dissolved in DPBS to obtain solu-
tions with concentrations of 1, 5, 10, and 15 mg/mL, respectively.
To test cytotoxicity of the final degradation product, rat cardiac fi-
broblasts were seeded in a 96-well tissue culture plate. The den-
sity was controlled at 2 x 10° cells/mL. The cells were cultured in
DMEM supplemented with 10% FBS. After 24 h of culture, 50 pL
of the final degradation product solution was added to each well
(n = 4 for each concentration). The wells without addition of the
final degradation product solution were used as control. Cell via-
bility was determined by MTT assay following 48 h of culture [59].

2.6. MSC culture in the hydrogels

Rat bone marrow derived MSCs were used for encapsulation in
the hydrogels to investigate cell survival and paracrine effects un-
der normal and hypoxic conditions. The cells were cultured using
oMEM supplemented with 10% FBS and 1% Penicillin/Streptomycin.
Prior to encapsulation, the cells were stained with a live cell
tracker CMFDA (Invitrogen) [59]. The labelled MSCs were sus-
pended in the culture medium followed by mixing with the hy-
drogel solutions (8%) that were stirred under atmospheric condi-
tion (21% O, ) overnight. Based on our previous study [65], the final
seeding density of 8 million/mL was used. The mixture was then
transferred into 1.5 mL microcentrifugation tubes (200 pL/tube).
The tubes were placed in a 37 °C incubator for gelation. After
30 min, 200 pL of culture medium was added into each tube. The
cells were cultured under two oxygen conditions (21% and 1%) for
2 weeks, respectively. To determine MSC survival and proliferation
in the hydrogels, double-stranded DNA (dsDNA) content was mea-
sured by PicoGreen dsDNA assay [59] after 1, 3, 7, and 14 days of
culture (n = 4 for each condition at each time point). To visualize
live cells, the samples collected at days 1, 3, 7 and 14 were imaged
by a confocal microscope.

MSC paracrine effects were characterized by real-time RT-PCR.
The expressions of PDGFB and IGF-1 were quantified. RNA ex-
traction and cDNA synthesis were performed following our es-
tablished protocols [59,64]. The primer sequences were listed in
Table 2. Real-time RT-PCR was conducted with Maxima SYBR
Green/Fluorescein master mix on an Applied Biosystem 7900 sys-
tem. Housekeeping gene was f-actin. A standard AACt method
was utilized to quantify fold of increase [57,59].

2.7. In vitro oxygen tension within hydrogels
Oxygen tension in the hydrogels with or without MSC en-

capsulation was measured using an Oxylite™ oxygen monitor
equipped with a fiber-optic oxygen micro-sensor (Oxford Optronix

Table 2
Sequences of primers used for real-time RT-PCR.
Gene Primer Sequences
B-actin Forward: AAGATCAAGATCATTGCTCCTC

Reverse: GGACTCATCGTACTCCTG

Forward: GATGCCTTGGAGACAAACCTGACA

Reverse: ATACTTCTCTTCCTCCTGCGAATGGGC

IGF-1 Forward: TGACATGCCCAAGACTCAGAAGGA
Reverse: GGTTGCTCAAGCAGCAAAGGATCT

PDGFB

Ltd, Britain). Before measurement, the oxygen sensor was cali-
brated under normal air (21% O,), 15% O, and 1% O, conditions to
validate the accuracy. All three polymers, PNHAM-PFCO, PNHAM-
PFC5 and PNHAM-PFC10, were separately dissolved in DPBS to
form uniform hydrogel solutions. Each hydrogel solution (200 pL)
was placed in a 1.5 mL microcentrifuge tube in a 37 °C incubator
under 21% O, for 30 min to allow gelation. The sensor was then in-
troduced into the hydrogel to measure oxygen partial pressure. For
each sample, 7 measurements were made at 7 different locations
of the bulk of the hydrogel. For each measurement, the oxygen ten-
sion was recorded when a stable reading on the monitor was es-
tablished (it took <10 min). Four samples for each hydrogel type
were tested. Following the measurements, a hole was punched on
the lid of each microcentrifuge tube with an 18 G needle. The tube
was placed in a hypoxic incubator with 1% O, The oxygen tension
was tested after incubation for 8, 72, 120 and 168 h, respectively.
For each sample at each time point, oxygen tension at 7 differ-
ent locations of the bulk was measured. The above method was
applied for testing oxygen tension in hydrogels encapsulated with
MSCs.

2.8. Subcutaneous injection of hydrogels into mice

All animal experiments were conducted in accordance with the
National Institutes of Health Guide for handling laboratory animals
and the animal protocol was approved by the Institutional Animal
Care and Use Committee of the Ohio State University. C57BL/6 mice
aged 9 weeks were used. The 8% hydrogel solutions were cooled in
an ice bath and sterilized under UV light for 30 min. The hydrogel
solution was injected subcutaneously into mice (50 pL/injection,
2 injection/mouse, 3 mice for each hydrogel type). Mice injected
with type I rat tail collagen gel (3-4 mg/ml, Corning) were used
as controls. After 4 weeks of implantation, the samples were col-
lected, fixed in 4% paraformaldehyde, and sectioned into 5 pm-
thick slices. The sections were stained using F4/80 antibody [66],
and the ratio of F4/80 positive cells was quantified from confocal
images (n = 8) [59].

2.9. Statistical analysis

Data were reported as mean + standard deviation. Data analysis
was performed using one-way ANOVA with post hoc Neuman -
Keuls testing. Statistical significance was defined as p < 0.05.

3. Results
3.1. Synthesis of macromer and hydrogel polymers

The macromer MAPEGPFC was synthesized by the reaction of
MAPEG with perfluorooctanoyl chloride. In the "H NMR spectrum
(Fig. 1A), all characteristic peaks for protons in PEGMA were ap-
peared [C Hp= (a), -C H3 (b), -C(=0)0OC H,- (c), -OC H,- (d, e,
f, ¢), and -CH,-C H,-0-C(=0)- (h)]. In the F-NMR spectrum
(Fig. 1B), the characteristic peaks for fluorine in CF; (a) and CF, (b-
f) were observed. The three hydrogel polymers based on NIPAAm,
HEMA, AOLA, and MAPEGPFC or MAPEG were synthesized by RAFT
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Fig. 1. "H-NMR spectrum (A) and 'F-NMR spectrum (B) of the synthesized monomer MAPEGPFC. CDCl; was used as a solvent.

polymerization. Free radical polymerization using AIBN as an ini-
tiator cannot effectively polymerize the monomers. A typical 'H
NMR spectrum exhibited the characteristic proton peaks of each
monomer unit [NIPAAm (a and b), HEMA (c and d), AOLA (e) and
PEGMAPFC (f and g)] (Fig. 2). The hydrogel composition was calcu-
lated based on the 'H NMR spectra. All three polymers possessed
ratios of all four monomers consistent with the initial feed ratios
(Table 1). The number average molecular weights of the synthe-
sized polymers ranged from 2.5 to 2.9 x 10* g/mol, and weight
molecular weights were in the range of 3.8 - 5.0 x 10* g/mol.

3.2. Oxygen preservation property of the hydrogels

To investigate oxygen preservation property of the hydrogels
when transferring the samples from the 21% O, condition to the
1% 0O, condition, pO, in the hydrogels was measured under both
conditions using EPR. Under 21% O,, the hydrogel without PFC
(PNHAM-PFC0) had a pO, significantly lower than that of DPBS
(p < 0.05, Table 3). Introducing 5% PFC into the hydrogel (PNHAM-
PFC5) significantly improved the pO, similar to that of DPBS
(p < 0.01 PNHAM-PFC5 vs. PNHAM-PFCO; p> 0.05 PNHAM-PFC5

Table 3

Oxygen partial pressure pO, tested for DPBS, PNHAM-PFCO, PNHAM-PFC5, and
PNHAM-PFC10 under normal (21% O;) and hypoxia (1% O,) conditions. pO2 was
calculated based on the calibration curve obtained for oxygen content and line
width change in EPR spectrums.

Group pO, under 21% O, (mm Hg)  pO, under 1% O, (mm Hg)
DPBS 1343 £ 15.2 35.0 + 3.1
PNHAM-PFCO 101.7 + 84 28.1 £ 2.9
PNHAM-PFC5 133.6 £ 9.8 62.3 + 5.7
PNHAM-PFC10  138.4 + 10.7 75.8 £ 8.2

vs. DPBS). Further increase of PFC to 10% (PNHAM-PFC10) sub-
stantially increased the pO, (p > 0.05 PNHAM-PFC5 vs. PNHAM-
PFC10). Under 1% O, condition, the pO, in all 3 hydrogels were
dropped. Yet the PNHAM-PFC5 and PNHAM-PFC10 had remark-
ably greater pO, than the PNHAM-PFCO (p < 0.01 PNHAM-PFC5
and PNHAM-PFC10 vs. PNHAM-PFCO). In addition, PNHAM-PFC10
exhibited significantly higher pO2 than PNHAM-PFC5 (p < 0.05).
These results demonstrate that the developed PFC-containing hy-
drogels had good oxygen preservation property.
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Fig. 2. 'H-NMR spectrum of hydrogel PNHAM-PFC10. DMSO-dg was used as solvent.

Table 4
Injectability, water content, thermal transition temperature, and Young’'s modulus
of hydrogel PNHAM-PFC5 and PNHAM-PFC10.

Hydrogel Injectability Water Thermal transition Young's
content (%) temperature ( °C)  Modulus (kPa)

PNHAM-PFC5  + 67 + 2 23 +1 18 +3

PNHAM-PFC10 + 84 +3 29 £2 12+3

3.3. Injectability, thermal transition temperature, water content, and
mechanical properties of the hydrogels

The hydrogels PNHAM-PFC5 and PNHAM-PFC10, which had
better oxygen preservation capability were selected for physical
property characterization. Both hydrogel solutions (4 °C, 8%) can
be readily injected through a 26 G needle commonly used for tis-
sue injection (Fig. 3A). The 4 °C hydrogel solutions were solidified
within 6 s at 37 °C. The thermal transition temperatures of the
hydrogel solutions were measured by DSC (Table 4). Both hydrogel
solutions had thermal transition temperatures well below 37 °C,
suggesting that they can solidify at 37 °C. The hydrogel PNHAM-
PFC10 exhibited a higher thermal transition temperature than
PNHAM-PFCC5. Water content of the hydrogels was dependent on
their compositions. The increase of MAPEGPFC content from 5%
to 10% significantly augmented water content from 66.5% to 84.3%
(p<0.05. Table 4).

The hydrogels were highly flexible as they were stretchable
at 37 °C (Figs. 3D and E, and 4). Both hydrogels had breaking
strains higher than 100% (the first 100% of strain was shown in
Fig. 4 to better demonstrate the initial difference in mechanical
behaviors of the two hydrogels). Young’s modulus of the hydrogel
with 5% MAPEGPFC was 18 + 3 kPa. It was significantly decreased

to 12 + 3 kPa when the MAPEGPFC content was increased to 10%
(p < 0.05. Table 4).

3.4. Hydrogel degradation and cytotoxicity of the degradation
product

Hydrogels PNHAM-PFC5 and PNHAM-PFC10 gradually lost
weight during the incubation in 37 °C DPBS for 4 weeks. PNHAM-
PFC5 exhibited a relatively slow and linear weight loss profile,
while PNHAM-PFC10 lost weight quicker than PNHAM-PFC5 in the
period of week 2 and week 4 (Fig. 5A). At day 28, PNHAM-PFC10
had a significantly higher weight loss than PNHAM-PFC5 (p <0.05).
The final degradation products include lactic acid and high molec-
ular weight polymer II in Scheme 2. It is known that lactic acid
is nontoxic. To evaluate cytotoxicity of the high molecular weight
polymer II, the final degradation product of PNHAM-PFC10 was
synthesized. Rat cardiac fibroblasts were used to test cytotoxic-
ity. Based on the structure change before and after degradation,
the concentration of degradation products was estimated less than
15 mg/mL [59]. Cell viability did not significantly decrease even
when the final degradation product concentration was as high as
15 mg/mL (Fig. 5B). These results demonstrate that the degradation
products are nontoxic.

3.5. MSCs proliferation and paracrine effects in hydrogels under
normal and hypoxic conditions

To evaluate cell proliferation in the developed hydrogels un-
der normal oxygen condition, MSCs were encapsulated in the hy-
drogels and cultured for 14 days. Fig. 6A demonstrates that MSCs
were able to proliferate in the hydrogels as cell dsDNA content
was increased. The more pronounced proliferation was found for
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Fig. 4. Tensile stress-strain curves of PNHAM-PFC hydrogels. PNHAM-PFC5 and
PNHAM-PFC10 represent hydrogels with PFC content of 5% and 10%, respectively.

the hydrogel PNHAM-PFC10 that had the highest content of PFC
(Fig. 6A). At day 14, its dsDNA content was increased for more
than 3 times compared to that at day 1 (p < 0.01). The dsDNA
content was also significantly greater than that in the PNHAM-
PFC5 and PNHAM-PFCO groups (p < 0.05). Live cell imaging results
(Fig. 6E) were consistent with dsDNA data, demonstrating that PFC-
containing hydrogels can promote cell growth.

To determine whether the oxygen preservation hydrogels can
promote MSC survival under hypoxic condition, the cells were en-
capsulated into the hydrogels and cultured under 1% O,. In the
control hydrogel PNHAM-PFCO, MSCs experienced extensive death
as dsDNA content was continuously decreased during the culture
(Fig. 6B). At day 14, the dsDNA content was less than 10% of that
at day 1. In contrast, dsDNA content in the hydrogels with PFC was
increased during the 14-day culture period (Fig. 6B). The dsDNA
content at day 14 was 2.4 times and 3.6 times of that at day 1 for
PNHAM-PFC5 and PNHAM-PFC10 hydrogels respectively (p < 0.01,

day 14 vs. day 1 for both hydrogels). These results show that the
PFC-containing, high oxygen preservation hydrogels were able to
promote MSC survival under hypoxic condition.

MSC paracrine effects in the hydrogels PNHAM-PFC5 and
PNHAM-PFC10 were evaluated in terms of expressions of angio-
genic growth factor PDGFB and prosurvival growth factor IGF-1.
Real time RT-PCR results showed that PDGFB and IGF-1 expres-
sions were significantly augmented during the 14-day culture pe-
riod (Fig. 6C and D. p <0.01 day 14 vs. day 7; p <0.05 day 7 vs. day
1 for each hydrogel). The above cell paracrine effects and survival
results demonstrate that the PFC-containing hydrogels were able to
not only promote MSC survival but also modulate their paracrine
effects under hypoxic condition.

3.6. In vitro oxygen tension measurements in hydrogels with and
without MSCs

A fiber-optic oxygen micro-sensor was used to test the oxy-
gen concentration within the hydrogels under 1% O, condition.
After gelation under atmospheric condition (21% O,) for 30 min,
the PNHAM-PFC10, PNHAM-PFC5, PNHAM-PFCO, and DPBS exhib-
ited similar oxygen concentrations as those measured by EPR
(Fig. 6F and Table 3). The oxygen concentration gradually de-
creased after incubation under 1% O, condition (Fig. 6F). At 168 h,
the PNHAM-PFC5 and PNHAM-PFC10 hydrogels exhibited signifi-
cantly higher oxygen concentrations than the PNHAM-PFCO hydro-
gel (p <0.0001).

When MSCs were encapsulated in these 3 hydrogels and in-
cubated under 1% O, condition, the oxygen concentrations in the
hydrogels also decreased over time. The degree of decrease was
greater than that in the hydrogels without MSCs. At 168 h, the oxy-
gen concentrations were 21.1, 59.8, and 63.9 mmHg for PNHAM-
PFCO, PNHAM-PFC5, and PNHAM-PFC10 encapsulated with MSCs,
respectively (Fig. 6G). These concentrations were lower than those
without MSCs at 168 h (28.2 mmHg for PNHAM-PFCO, 67.2 mmHg
for PNHAM-PFC5, and 69.9 mmHg for PNHAM-PFC10). The greater
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oxygen concentration decrease after MSC encapsulation is likely
due to consumption of oxygen by the cells.

3.7. In vivo biocompatibility of the hydrogels

To test hydrogel in vivo biocompatibility, PNHAM-PFC5 and
PNHAM-PFC10 were implanted subcutaneously in mice for 4
weeks. Collagen gel was employed as a control. F4/80 staining
was used to characterize macrophages in the explanted tissues
(Fig. 7A). All 3 groups did not experience substantial inflammation
(Fig. 7A), and their macrophage ratio was similar to that of the
collagen group (Fig. 7B), suggesting that the hydrogels possessed
excellent biocompatibility.

4. Discussion

Cell transplantation has been explored extensively for ischemic
tissue regeneration. Yet it remains impractical for comprehensive
clinical applications due to inferior cell survival under low oxygen
condition of the damaged tissues [67]. Various reports have shown
that over 98% of the transplanted cells were dead after only two
weeks of implantation [59,60,68,69]. To address the issue of oxy-
gen supply after cell transplantation, we have developed high oxy-
gen preservation hydrogels as cell carriers. The oxygen preserved
in the hydrogels is able to support cell survival under hypoxic con-
ditions. The developed hydrogels also feature other attractive prop-
erties such as fast gelation and thermosensitivity. Fast gelation en-
ables the hydrogels injected into tissues to quickly immobilize with
a high cell retention rate [54-58]. Thermosensitivity allows the hy-
drogels to solidify simply by raising the temperature to body tem-
perature.

The hydrogels were based on NIPAAm, HEMA, AOLA, and
MAPEGPFC. NIPAAm was served as a thermosensitive component.
HEMA was used to increase hydrophilicity of the hydrogels so
as to improve their solubility in aqueous condition at tempera-
tures below their thermal transition temperatures. AOLA compo-
nent was responsible for hydrogel degradation. PFC was employed
to improve oxygen preservation in the hydrogels. The synthesized
PFC-containing hydrogels were soluble in DPBS at 4 °C (Fig. 3B).
The solutions were readily injectable through 26 G needles. The
4 °C hydrogel solutions were able to quickly solidify within 6 s at
37 °C. The thermal transition temperatures of the hydrogels were
dependent on the ratio of MAPEGPFC. The increase in the ratio

augmented the thermal transition temperature (Table 4). This in-
crease is likely due to the increase of hydrogel hydrophilicity as
the MAPEGPFC was hydrophilic. This is consistent with water con-
tent results where PNHAM-PFC10 exhibited greater water content
than PNHAM-PFC5 (Table 4). These results are also consistent with
previous reports where the increase of hydrophilic component ra-
tio in PNIPAAm-based hydrogels led to a higher thermal transition
temperature and water content [59,70].

The developed hydrogels were soft and flexible at 37 °C (Figs. 3
and 4). Their Young’s moduli were in the range of 12 kPa and
18 kPa (Table 4). These moduli were similar to that of the heart
muscle [71]. Therefore, the hydrogels are suitable for heart injec-
tion as they have potential to effectively decrease elevated wall
stress in the left ventricle after myocardial infarction, leading to
the increase of cardiac function [9]. The hydrogel modulus was de-
pendent on the MAPEGPFC content. The increase of MAPEGPFC ra-
tio from 5% to 10% decreased Young’'s modulus. This is expected
as the hydrogel water content increase often results in decreased
modulus [59,69].

The hydrogels were designed to be degradable by hydrolysis of
oligolactide in the side chain. During the 4-week incubation pe-
riod, the PNHAM-PFC5 and PNHAM-PFC10 gradually lost weight
(Fig. 5A). Both hydrogels exhibited similar weight loss during the
first week of degradation. The faster degradation was observed for
PNHAM-PFC10 beyond 1 week. At week 4, PNHAM-PFC10 had sig-
nificantly greater weight loss than PNHAM-PFC5. The discrepancy
in degradation rate is consistent with hydrogel water content. A
greater water content can facilitate hydrolysis of oligolactide in
the hydrogels leading to increased weight loss. To determine ther-
mal properties of the final degradation product, the polymer with
the same composition as PNHAM-PFC10 after complete degrada-
tion of oligolactide was synthesized. The final degradation prod-
uct had a thermal transition temperature 48.5 °C. As this temper-
ature is above 37 °C, the final degradation products cannot solid-
ify but dissolve in the body fluid. The increase of thermal transi-
tion temperature is due to conversion of hydrophobic AOLA units
into hydrophilic acrylic acid units after hydrolysis. We found in our
previous report that increase of hydrophilicity of the PNIPAAm-
based hydrogels can elevate their thermal transition temperatures
[54-58].

The final degradation product was biocompatible as it did not
decrease fibroblast viability even when the concentration was as
high as 15 mg/mL (Fig. 5B). Hydrogel in vitro biocompatibility be-
fore degradation was tested in terms of its capability to support
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MSC survival and proliferation under normal culture conditions
(21% 0O,). MSCs were able to grow inside the hydrogels during a
2-week culture period (Fig. 6A and B). To determine in vivo bio-
compatibility of the hydrogels, they were injected subcutaneously
into mice. The collagen gel that has excellent biocompatibility
was used as control. After 4 weeks, the tissues injected with the
PNHAM-PFC5 and PNHAM-PFC10 hydrogels did not show substan-
tial inflammatory reaction compared with control collagen hydro-
gel (Fig. 7A). F4/80 staining results demonstrate that macrophage
recruitment of PNHAM-PFC5 and PNHAM-PFC10 hydrogels was as
low as collagen hydrogel (Fig. 7B). Overall, the developed hydrogels
exhibited excellent biocompatibility in vitro and in vivo.

The oxygen preservation property of the hydrogels was charac-
terized by EPR in terms of pO, under hypoxic condition (1% O,) af-
ter the hydrogels were transferred from normal condition (21% O;).
The pO, of the hydrogel without PFC was much lower than that of
the DPBS in the normal condition. The pO, was increased to that
of DPBS after 5% PFC was introduced into the hydrogel. When the
PFC content was increased to 10%, the pO, was even greater than
that of DPBS (Table 3). These results demonstrate that introduction
of PFC into hydrogels facilitated oxygen binding, leading to an aug-
mentation of oxygen preservation.

Ischemic tissues are characterized by a low oxygen content that
hinders the survival of transplanted cells [69,72,73]. While cells
may be tolerant of an oxygen level ~5% [74], they experience sig-
nificant death when the oxygen level drops to 1%, a condition sim-
ilar to that in the ischemic tissues [75,76]. When MSCs were en-
capsulated in hydrogel with a low oxygen preservation capability
(PNHAM-PFCO), more than 90% of the cells were dead after 14 days

of culture under 1% O, (Fig. 6B). In contrast, MSCs encapsulated in
the hydrogels with high oxygen preservation capability (PNHAM-
PFC5 and PNHAM-PFC10) did not experience death, rather, MSCs
proliferated under the same low oxygen condition (Fig. 6B). In ad-
dition, hydrogel with a higher pO, more significantly promoted
MSC proliferation (PNHAM-PFC5 vs. PNHAM-PFC10). It is possible
that the cells consumed the oxygen preserved in the hydrogels,
and facilitated their survival and proliferation. The above results
demonstrate that hydrogels with high oxygen preservation capa-
bility can potentially be used to deliver cells into ischemic tissues
for improved cell survival. These results are consistent with pre-
vious reports where controlled release of molecular oxygen im-
proved cell survival under hypoxic conditions [9,10]. The duration
of the developed hydrogels in promoting cell survival is longer
than those reported PFC-conjugated chitosan hydrogels. In this
study, we found that PNHAM-PFC5 and PNHAM-PFC10 enhanced
MSC survival under hypoxic condition for 14 days. In contrast, the
PFC-conjugated chitosan hydrogels promoted neural stem cell sur-
vival under normal oxygen condition for 8 days [77].

To understand the mechanism of the developed oxygen preser-
vation hydrogels in promoting MSC survival, oxygen tension in
the hydrogels with and without MSCs were monitored under 1%
0, condition for 7 days (Fig. 6F and G). In the hydrogels with-
out MSCs, the oxygen tension for PNHAM-PFCO was decreased to
28.2 mmHg at day 7, while it maintained above 61.7 mmHg in
the two PFC-conjugated hydrogels during the entire testing period
(Fig. 6F). After encapsulation of MSCs, the oxygen tension in all 3
hydrogels was decreased compared to that in the corresponding
hydrogels without MSCs (Fig. 6G), likely attributed to the oxygen
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consumption by the cells. Yet the oxygen tension in the PNHAM-
PFC5 and PNHAM-PFC10 hydrogels kept greater than PNHAM-PFCO
during 7 days. The remaining oxygen in the hydrogels promoted
cell survival beyond 7 days (Fig. 6B). In our future studies, we will
deliver MSCs using the developed hydrogels into ischemic tissues
such as ischemic limb and infarcted cardiac muscle to systemati-
cally test the efficacy of these hydrogels in improving MSC survival,
leading to tissue repair and functional improvement.

5. Conclusions

A family of PFC-containing, high oxygen preservation hydrogels
have been developed to improve cell survival under hypoxia. The
hydrogels were also fast gelling, thermosensitive, injectable, and
degradable. Under 1% O,, the hydrogels possessed a greater pO,
than DPBS. The high oxygen preservation hydrogels promoted MSC
survival and proliferation under hypoxic conditions but the cells
experienced extensive death in low oxygen preservation hydrogels.
These high oxygen preservation hydrogels are attractive for cell
therapy involving regeneration of ischemic tissues.
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