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ABSTRACT: Stem-cell therapy has the potential to regenerate
damaged heart tissue after a heart attack. Injectable hydrogels may be
used as stem-cell carriers to improve cell retention in the heart tissue.
However, current hydrogels are not ideal to serve as cell carriers because
most of them block blood vessels after solidification. In addition, these
hydrogels have a relatively slow gelation rate (typically >60 s), which
does not allow them to quickly solidify upon injection, so as to
efficiently hold cells in the heart tissue. As a result, the hydrogels and
cells are squeezed out of the tissue, leading to low cell retention. To
address these issues, we have developed hydrogels that can quickly
solidify at the pH of an infarcted heart (6−7) at 37 °C but cannot
solidify at the pH of blood (7.4) at 37 °C. These hydrogels are also
clinically attractive because they can be injected through catheters
commonly used for minimally invasive surgeries. The hydrogels were
synthesized by free-radical polymerization of N-isopropylacrylamide, propylacrylic acid, hydroxyethyl methacrylate-co-
oligo(trimethylene carbonate), and methacrylate poly(ethylene oxide) methoxy ester. Hydrogel solutions were injectable
through 0.2-mm-diameter catheters at pH 8.0 at 37 °C, and they can quickly form solid gels under pH 6.5 at 37 °C. All of the
hydrogels showed pH-dependent degradation and mechanical properties with less mass loss and greater complex shear modulus
at pH 6.5 than at pH 7.4. When cardiosphere-derived cells (CDCs) were encapsulated in the hydrogels, the cells were able to
survive during a 7-day culture period. The surviving cells were differentiated into cardiac cells, as evidenced by the expression of
cardiac markers at both the gene and protein levels, such as cardiac troponin T, myosin heavy chain α, calcium channel
CACNA1c, cardiac troponin I, and connexin 43. The gel integrity was found to largely affect CDC cardiac differentiation. These
results suggest that the developed dual-sensitive hydrogels may be promising carriers for cardiac cell therapy.
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1. INTRODUCTION

Cardiovascular disease is the leading cause of death in the
United States. Myocardial infarction (MI) is one of the major
cardiovascular diseases. Currently, coronary artery bypass
surgery (CABG) and percutaneous coronary intervention
(PCI) are used to reestablish the blood flow to the infarcted
areas. In PCI, a catheter was used in balloon-based angioplasty
and the placement of a stent. The advantage of PCI lies in its
minimally invasive strategy. However, the possibility of vessel
wall damage during PCI raises the high risk of thrombogenesis.1

Another drawback of PCI is its low efficacy in revascularization
of infarcted areas compared to CABG.2 The delivery of
anticoagulation drugs and vascularization growth factors during
PCI is a possible solution because they can suppress
thrombogenesis and stimulate angiogenesis, respectively.
Currently, delivery vehicles of these drugs or biomolecules
include drug-eluting stents,3 polymer microspheres,4 and
hydrogels.5,6

Nevertheless, neither CABG nor PCI strategies can
regenerate new cardiomyocytes to compensate for cell loss
after MI. The delivery of stem cells is considered to be a
promising solution. Many types of stem cells have been used in
cardiac cell therapy, including mesenchymal stem cells,7,8

skeleton muscle stem cells,9 embryonic stem-cell-derived
cardiomyocytes,10,11 induced pluripotent stem cells,12 and
cardiosphere-derived cells (CDCs).13−15 CDCs are derived
from endocardium biopsy and have a fast proliferation rate
when cultured ex vivo. They can differentiate into endothelial
cells, cardiac myocytes, and smooth muscle cells.13 Therefore,
CDCs are considered to be one of the promising autologous
adult progenitor cells for cardiac cell therapy.
Direct injection of stem cells into the infarcted area results in

low cell retention and poor long-term engraftment.16−18 This is
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mainly due to the cellular apoptosis induced by the local harsh
ischemic environment and lack of cell anchorage for survival. In
our previous work, thermosensitive hydrogels loaded with
antioxidant drugs,19 angiogenic growth factors,20,21 or oxygen
release microspheres22 were used to address these issues. The
results showed that cell survival was significantly improved
under the low oxygen/low nutrient conditions or high reactive
oxygen species environment. However, gels developed in these
reports cannot be directly used for catheter-based PCI delivery
because they are thermosensitive only and may block the
catheter during the injection.
Hydrogels used for catheter delivery include polyelectrolyte

pullulan,3 in situ gelling fibrin glue,6 shape-defined alginate
hydrogel,23 thermosensitive triblock copolymer poly(ethylene
glycol) (PEG)−poly(lactic acid) (PLA)−PEG,24 collagen gel,25

and pH-sensitive hydrogels like sulfamethazine oligomer-
terminated polycaprolactone (PCLA)−PEG−PCLA.26 The
infarcted area has a lower local pH than normal cardiac tissues
because of the inflammation induced by acute MI.27,28

Therefore, a hydrogel that is responsive to the pH difference
is suitable for catheter-based delivery.
Many polymers are introduced as potential pH-sensitive

hydrogel candidates for biomedical applications. Natural pH-
sensitive hydrogels, like collagen and chitosan, are soluble at
acidic pH but form gels at neutral pH.29 Synthetic polymers
provide wider prospects of pH sensitivity, with a pH-responsive
range between 3 and 10.30 Poly(acrylic acid),31,32 poly-
(methacrylic acid),33 and sulfonamide-based polymers34 solidify
at acidic pH, while basic pH-responsive polymers including
poly(amino ester),35,36 poly(tert-amine methacrylate)37,38 and
poly(2-vinylpyridine)39 can form gels at basic pH. To use a
catheter to deliver hydrogels into infarcted hearts, the hydrogels
should be acid-pH-responsive because the infarcted area has a
lower pH than that of the normal tissue. Most acid-pH-
responsive hydrogels are based on acrylic acid and methacrylic
acid that have pH (2−4.5) values far lower than that of the
infarcted tissue (6−7).27,28 Murthy et al. found that the
incorporation of propylacrylic acid (PAA; pKa ∼ 6.3) into
hydrogels allowed a pH-responsive range between 6 and 7.40

The synthesized thermosensitive and pH-sensitive poly(N-
isopropylacrylamide-co-propylacrylic acid-co-butyl acrylate)
(PNIPAAm−PAA−BA) was used as a drug carrier for a basic
fibroblast growth factor.41,42 However, the nondegradable
nature of PNIPAAm−PAA−BA may be a limitation in cel-
based therapy.
In this work, a family of PAA-based degradable and

thermosensitive and pH-sensitive hydrogels were synthesized
by copolymerizing NIPAAm, PAA, methacrylate poly(ethylene
glycol) methyl ether (MA-PEG), and biodegradable macromer
2-hydroxyethyl methacrylate-co-oligo(trimethylene carbonate)
(HEMA-oTMC) (Figure 1). The hydrogel injectability and
thermal, mechanical, and degradation properties were assessed
under different pH values. Furthermore, CDCs were
encapsulated in the hydrogels, and cell survival and cardiac
differentiation were evaluated by real-time reverse transcription
polymerase chain reaction (RT-PCR) and immunohistochem-
istry.

2. EXPERIMENTAL MATERIALS AND METHODS
2.1. Materials. Diethyl propylmalonate (99%), potassium

hydroxide, and diethylamine (99%+) were purchased from Alfa
Aesar and used without further purification. A formaldehyde solution
(36.5−38.0%) was obtained from Mallinckrodt Chemicals and used as

received. Concentrated sulfuric acid was purchased from Fisher and
used directly. N-Isopropylacrylamide (NIPAAm), poly(ethylene
glycol) methyl ether (MA-PEG), and 2-hydroxyethyl methacrylate
(HEMA) were purchased from VWR. NIPAAm was recrystallized
three times by hexane. MA-PEG and HEMA were purified by vacuum
distillation. Trimethylene carbonate was obtained from Boehringer
Ingelheim and used without further purification. All solvents were
purchased from VWR and used as received.

2.2. Synthesis of PAA. PAA was synthesized following the
methods in previous reports40,43 with modification (Figure 2). Briefly,

50 g of diethyl propylmalonate was stirred in 350 mL of 1 mol/L KOH
and a 95% ethanol solution overnight. The mixture was condensed by
a rotary evaporator. Hydrochloric acid was further added to the
yellowish oil, and the solution pH was adjusted to 1.5−2. A total of
600 mL of ethyl ether was used to extract the crude product. The ether
layer was further dried by magnesium sulfate overnight and filtered.
Excess ether was removed by a rotary evaporator. The oily product was
further mixed with 27.5 mL of diethylamine at 0 °C. After mixing, 21.8
mL of a formaldehyde solution was slowly added by an addition
funnel. Following stirring overnight, the addition funnel was replaced
by a condenser. The mixture was heated to 60 °C and stirred for
another 12 h. The mixture was then cooled to 0 °C with the addition
of sulfuric acid. Ether was further used to extract the product. The
structure of crude ethyl 2-propylacrylate was verified by 1H NMR. It
was further hydrolyzed by 1 mol/L KOH and refluxed under 60 °C.
Hydrochloric acid was used to adjust the pH to 1.5−2. A yellow oil-
like crude product was separated and further extracted by diethyl ether.
The final product was obtained by removing the ether with a rotary
evaporator. The structure of the final PAA was verified by 1H NMR
(Figure 3): δ 6.28 (1H, s, CH2), 5.64 (1H, s, CH2), 2.28 (2H, t,
−CH2−), 1.49 (2H, m, −CH2−), 0.92 (3H, m, CH3−).

Figure 1. Design of the pH sensitivity in PNIPAAm-based
thermosensitive hydrogels.

Figure 2. Synthesis of PAA.
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2.3. Synthesis of Poly(NIPAAm-co-PAA-co-HEMA-oTMC-co-
MA-PEG). HEMA-oTMC was synthesized based on previously
reported methods.19,43 The obtained HEMA-oTMC had an average
of 2.2 TMC units calculated from the 1H NMR spectrum.
Poly(NIPAAm-co-PAA-co-HEMA-oTMC-co-MA-PEG) was synthe-
sized via free-radical polymerization of NIPAAm, PAA, HEMA-
oTMC, and MA-PEG (Figure 4). The monomers and macromer were
dissolved in dioxane and charged in a 250 mL round-bottom flask.
Benzoyl peroxide was used as an initiator. The reaction was conducted
at 60 °C overnight under the protection of nitrogen. The polymer was
precipitated by hexane, purified by tetrahydrofuran (THF)/ethyl ether
twice, and dried under vacuum.
2.4. Characterization of Synthesized Hydrogels. The

structures of the copolymers were characterized by 1H NMR. The
composition was determined by the ratio between the integration of
characteristic peaks of different functional groups. The molecular
weights and polydispersity indexes (PDIs) of the copolymers were
determined by gel permeation chromatography (GPC). THF and
polystyrene were used as the solvent and standard, respectively. The
hydrogel solutions were prepared by dissolving copolymers in
Dubecco’s modified phosphate-buffered saline (DPBS). The final
concentration was 20 wt %. The injectability of the hydrogel solutions
was tested by injecting the prewarmed solutions (37 °C) through a

catheter (Abbott Voyage, inner diameter 0.2 mm) to 37 °C sodium
phosphate buffers with pH values of 6.5 and 7.4. The catheter was
immersed in a 37 °C water bath. The lower critical solution
temperatures (LCSTs) of the solutions at pH values of 6.5, 7.4, and
8.0 were measured by differential scanning calorimetry (DSC) using
thermal scanning from 0 to 60 °C with a 10 °C/min increment. The
temperature at the maximum endothermal peak was considered to be
the LCST.

Solid gels were formed by incubating the hydrogel solutions in a pH
6.5 buffer at 37 °C. To determine the pH responsiveness, hydrogels
were equilibrated under a sodium phosphate buffer of either pH 6.5 or
7.4 for 24 h. The rationale of using a sodium phosphate buffer was to
test the gel response under different pH values without changing the
ionic strength. For mechanical testing, hydrogels were placed in a
cone−plate rheometer equipped with a temperature-controlled Peltier
and a cap to prevent evaporation. The gap distance was set as the
thickness of the gels. A strain sweep (0.1−3%) with a 1 Hz frequency
was used. A further frequency sweep from 1 to 10 Hz with strain in the
linear viscoelastic region was applied. The storage, loss modulus, and
complex viscosity were recorded. Afterward, a large strain sweep from
0.1% to 15% was further used.

The hydrogel water content was determined based on the wet
weight of the hydrogel w1 and the lyophilized weight w2. The water
content was calculated as

= − ×w w wwater content (%) ( )/ 100%1 2 2

Hydrogel degradation was conducted in pH 6.5 and 7.4 buffers to
investigate the effect of the pH on the degradation rate. The solid
hydrogels were placed in 2 mL microcentrifuge tubes containing 1.5
mL of a prewarmed buffer. Degradation was conducted in a 37 °C
water bath. The samples were taken at defined intervals and freeze-
dried before being weighed (w3). The weight loss was calculated as

= ×w wweight remaining (%) / 100%3 4

where w4 is the sample weight before degradation.
2.5. Encapsulation of CDCs in Hydrogels. Murine CDCs were

cultured by using an Iscove modified Dubecco’s medium (IMDM)
supplemented with 10% fetal bovine serum, 2% L-glutamine, and 1%
antibiotics. The medium was changed every 3 days. Cells were

Figure 3. 1H NMR spectrum of PAA.

Figure 4. Synthesis scheme of poly(NIPAAm-co-PAA-co-MA-PEG-co-HEMA-oTMC).
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passaged when 90% confluence was reached. CDCs of passages 11−14
were used. A CDC suspension with a density of 20 million/mL was
prepared by trypsinizing and resuspending cells in DPBS. A total of 0.5
mL of the cell suspension was added into 1 mL of a hydrogel solution
at 4 °C and mixed thoroughly. Hydrogel/cell constructs were then
formed by incubating the mixture at 37 °C for 20−30 min. The
supernatant was replaced by an equal amount of the cell culture
medium (pH 7.4).
2.6. Survival and Cardiac Differentiation of CDCs in

Hydrogels. To assess cell survival, cell/hydrogel constructs were
collected after 1 and 7 days of culture, followed by digestion in a
papain solution at 60 °C. The double-stranded DNA (dsDNA)
content in the solution was quantified by PicoGreen assay
(Invitrogen). To assess cardiac differentiation of the encapsulated
CDCs at the gene level, cell/hydrogel constructs were first immersed
in TRIzol (Sigma) to isolate the total RNA following the
manufacturer’s protocol. The quality of RNA was monitored by a
Nanodrop system. A total of 1 μg of RNA was utilized to synthesize
cDNA. Primers of forward and reverse pairs of cardiac troponin T
(cTnT), myosin heavy chain α (MYH6), and calcium channel, voltage-
dependent, L type, α 1c (CACNA1c), and β-actin were designed using
PerlPrimer software. The sequences and melting temperatures are
listed in Table 1. Real-time RT-PCR was conducted in triplicate for
each sample with a Maxima SYBR Green/fluorescein master mix on an
Applied Biosystem 7900 system. β-Actin was used as the housekeeping
gene. Fold differences were calculated using a standard ΔΔCt method.
To assess CDC cardiac differentiation at the protein level, cell/

hydrogel constructs were taken after 7 days of culture and fixed in 4%
paraformaldehyde for 1 h. The constructs were further embedded in
an optimal cutting temperature solution and sectioned at −20 °C with
a thickness of 10 μm. The sections were blocked by 10% goat serum,
permeabilized by 0.3% Triton X-100 for 1 h, incubated with primary
antibodies mouse antimouse cardiac troponin I (cTnI; Abcam) and
rabbit antimouse connexin 43 (CX43) at 37 °C overnight, and finally
incubated with secondary antibodies Dylight488 conjugated goat
antimouse IgG and AlexaFluo647 conjugated goat antirabbit IgG
(Jackson Immuno) at 37 °C for 1 h. Hoechst 33342 was used to
counterstain the nucleus. Sections without primary antibody
incubation were treated as negative controls. All images were observed
under an Olympus FV1000 confocal microscope.
2.7. Statistical Analysis. Data are reported as mean ± standard

deviation. Multivariate repeated-measures ANOVA were used to
compute the statistical significance between different groups. A
statistical significance was considered when p < 0.05.

3. RESULTS

3.1. Synthesis of Poly(NIPAAm-co-PAA-co-MA-PEG-
co-HEMA-oTMC). Poly(NIPAAm-co-PAA-co-MA-PEG-co-
HEMA-oTMC) was synthesized by free-radical polymerization
of NIPAAm, PAA, MA-PEG, and HEMA-oTMC. The
structures of the copolymers were validated by 1H NMR
(Figure 5). In a typical 1H NMR spectrum, all of the
characteristic peaks for NIPAAm (b), PAA (a′), MA-PEG (c
and d), and HEMA-oTMC (g, h, i, j, k, and k′) appeared. The
copolymer composition was determined by the ratio between
integrations of these peaks and is listed in Table 2. The
compositional ratio of the copolymers was found to be
consistent with the feed ratio. The three copolymers had
molecular weights of 9.2−11.0 kDa and PDIs of 1.2−1.4. The

relatively low molecular weights may be due to the usage of a
polystyrene standard during GPC tests because its molecular
structure is largely different from the synthesized copolymers.

3.2. Hydrogel Solution Injectability, Gelation, and
LCST at Different pH Values. The synthesized copolymers
were able to dissolve in DPBS to form 20 wt % hydrogel
solutions. All of the solutions were injectable through a 0.2-
mm-diameter catheter at 37 °C when the pH was adjusted to
8.0. The gelation of the hydrogel solutions was pH-dependent.
When the pH 8.0 solution was injected into the 37 °C buffer
with a pH of 7.4, EG1 solidified and EG2 and EG3 retained a
solution state. In contrast, all three solutions solidified upon
injection into the 37 °C buffer with a pH of 6.5 (Figure 6).
To understand the pH-dependent gelation behavior of the

hydrogels, LCSTs of the hydrogel solutions at different pH
values were measured by DSC and are listed in Table 3. At pH
8.0, all three hydrogel solutions had LCSTs well above 37 °C,
indicating that they cannot solidify but remain flowable at 37
°C. A substantial decrease in the LCST was observed for the
hydrogel solutions when the pH was decreased from 8.0 to 7.4
and 6.5. For EG1, the LCSTs at pH 6.5 and 7.4 were lower
than 37 °C, suggesting that it can solidify at both pH values.
For EG2 and EG3, the LCSTs at pH 7.4 were greater than 37
°C, while at pH 6.5, they were lower than 37 °C. These two
hydrogels can thus solidify at 37 °C when the pH is 6.5 instead
of 7.4. The LCSTs of the hydrogels were also dependent on the
composition. An increase in the ratio of the hydrophilic

Table 1. Primers Used for Real-Time RT-PCR

name forward (5′-3′) reverse (5′-3′) Tm (Fwd/Rev, °C) product size (bp)

β-actin AAGATCAAGATCATTGCTCCTC GGACTCATCGTACTCCTG 61.2/59.5 110
cTnT TACATCCAGAAGACAGAGCG CTCTCAGTTGGTCTTCATTCAG 61.4/60.7 123
MYH6 GAGGAGATGCGAGATGAGAG CGGTTTGATCTTGAAGTAGAGC 61.6/61.3 194
CACNA1c TCTCATCCTGCTCAACACCA ATCACAGAAATAGTGCTTGGGT 61.3/60.2 162

Figure 5. 1H NMR spectrum of poly(NIPAAm-co-PAA-co-MA-PEG-
co-HEMA-oTMC).

Table 2. Copolymer Feed Ratio, Composition, Molecular
Weight, and PDI

gel feed ratioa compositiona Mn PDI

EG1 87/6/5/2 87/5.3/4.8/2.9 9591 1.3
EG2 86/6/5/3 86/5.2/4.3/4.5 9234 1.2
EG3 84/6/7/3 84/5.5/6.3/4.2 10956 1.4

aRatio of NIPAAm/PAA/HEMA-oTMC/MA-PEG.
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component MA-PEG increased the LCST (EG2 vs EG1). On
the other hand, an increase in the ratio of the hydrophobic
HEMA-oTMC component decreased the LCST (EG2 vs
EG3).
3.3. Hydrogel Mechanical Properties at Different pH

Values. The mechanical properties of the hydrogels formed at
pH 6.5 were characterized using a rheometer. All of the
hydrogels showed a typical shear-thinning behavior because the

complex shear moduli decreased with an increase of the shear
rate. The hydrogels were highly soft with complex shear moduli
at an initial 1 Hz and pH 6.5 ranging from 580 to 1418 Pa. The
modulus was dependent on the hydrogel composition. An
increase in the hydrophobic HEMA-oTMC content signifi-
cantly increased the complex shear moduli (p < 0.01), while an
increase in the hydrophilic MA-PEG content significantly
decreased the complex shear moduli (p < 0.01).
To investigate whether the mechanical properties of the

hydrogels formed at pH 6.5 varied in the pH 7.4 environment,
the hydrogels were incubated in IMDM with a pH of 7.4. After
1 day, the complex shear moduli for EG2 and EG3 dropped
dramatically. This is expected because their LCSTs were higher
than 37 °C at pH 7.4 (Table 3).

3.4. Degradation of Hydrogels under Different pH
Values. The degradation property of the hydrogels formed at
pH 6.5 was investigated after incubation in the buffers with
different pHs (Figure 7). All three hydrogels demonstrated a
pH-dependent degradation behavior. At pH 6.5, the hydrogels
did not show significant weight loss during the 14-day
degradation period. For the same hydrogel, the weight
remaining under pH 6.5 was significantly higher than that
under pH 7.4, suggesting that the hydrogels degraded faster at
pH 7.4. Besides mass change, hydrogel water contents also
varied throughout the degradation process. After 14 days, the
hydrogels degraded under pH 7.4 had significantly higher water
contents than those degraded under pH 6.5 (Figure 7).

3.5. CDC Survival in Hydrogels. To examine the
biocompatibility of the hydrogels, CDCs were encapsulated
and cultured for 7 days. Cell survival was quantified by the
dsDNA content (for live cells). Figure 8 demonstrated that the
cells survived in all three hydrogels because the dsDNA content
did not change during the culture (p > 0.05). These results

Figure 6. Injection of a hydrogel solution into a sodium phosphate
buffer with different pH values through a catheter: (a) test setup (the
temperature of the water bath was 37 °C); (b) injection of a 37 °C
hydrogel solution into a pH 7.4, 37 °C buffer; (c) injection of a 37 °C
hydrogel solution into a pH 6.5, 37 °C buffer.

Table 3. Hydrogel LCST and Gelation Capability under
Different pH Values

LCST (°C) gelationa

gel pH 6.5 pH 7.4 pH 8.0
pH
6.5

pH
7.4

pH
8.0

EG1 31.9 ± 0.9 35.9 ± 0.3 40.5 ± 0.6 + + -
EG2 33.6 ± 0.6 39.7 ± 0.4 41.6 ± 0.2 + − −
EG3 29.5 ± 0.4 38.4 ± 0.4 39.8 ± 0.2 + − −

a+ = gelation; − = no gelation.

Figure 7. Degradation of EG1 (a), EG2 (b), and EG3 (c) in pH 6.5 and 7.4 buffers for 14 days and the water contents of the remaining EG1 (d),
EG2 (e), and EG3 (f).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b01374
ACS Appl. Mater. Interfaces 2016, 8, 10752−10760

10756

http://dx.doi.org/10.1021/acsami.6b01374


were consistent with live cell staining, where the cell density did
not vary substantially at days 1 and 7 (Figure 9).

3.6. Cardiac Differentiation of CDCs in Hydrogels.
CDCs are capable of differentiating in cardiomyocytes in vitro
and in vivo.13−15 To investigate whether CDCs encapsulated in

the hydrogels differentiated in cardiac lineage, cellular
expressions of cardiac markers were characterized at both the
gene and protein levels by real-time RT-PCR and immunohis-
tochemical staining, respectively. At the mRNA level, the
expressions of cTnT, MYH6, and CACNA1c were significantly
upregulated for CDCs in EG1 and EG3 hydrogels compared to
those in a 2D culture plate (p < 0.05; Figure 10). Meanwhile,
CDCs in the EG1 hydrogel exhibited the highest expressions of
cTnT, MYH6, and CACNA1c. Cardiac proteins including cTnI
and gap junction protein CX43 were used to qualitatively
detect cardiac differentiation at the protein level. CDCs in all
three hydrogels exhibited cTnI expression. In contrast, more
CDCs in the EG1 hydrogel than in the EG2 and EG3 hydrogels
expressed CX43 (Figure 11).

4. DISCUSSION
In this report, a family of injectable hydrogels with the ability to
respond to both the pH and temperature were synthesized.
Hydrogel properties like the LCST, dynamic mechanical
properties, degradation rate, and water content were pH-
dependent. The hydrogels had good biocompatibility and were
able to drive the encapsulated CDCs to differentiate the cardiac
lineage.

4.1. Synthesis of Dual pH-Sensitive and Thermosensi-
tive Hydrogels. In the synthesized hydrogels, the PAA and
NIPAAm components were used to introduce the pH and
thermal sensitivity, respectively. PAA allowed the hydrogels to
have LCSTs higher than 37 °C at pH 8.0. Therefore, these
hydrogels were able to remain flowable and injectable at 37 °C.
PAA also allowed the hydrogels to have LCSTs lower than 37
°C at pH 6.5 so as to form solid gels at this pH (Table 3).
Because infarcted hearts typically exhibit pH values in the range
of 6−7,27,28 the synthesized hydrogels should be able to solidify
after injection into the infarcted area. PAA belongs to an
alkylacrylic acid group, which has been used as an active
compound to develop pH-sensitive polymers. The pKa values of
these acrylic acids typically increase when the length of the alkyl

Figure 8. dsDNA contents of CDCs in the hydrogels after culture for
1 and 7 days.

Figure 9. Live cell staining of CDCs cultured in hydrogels at days 1
and 7. The scale bars are 100 μm.

Figure 10. Quantification of the cardiac markers for CDCs cultured in hydrogels by real-time RT-PCR: *, p < 0.05; **, p < 0.01.
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side group increases. For PAA, the pKa is ∼6.3,
40 higher than

that of acrylic acid (∼3) and methacrylic acid (∼4). Thus, PAA
instead of acrylic acid and methacrylic acid was used as the pH-
sensitive component in this report.
In the hydrogels, hydrophobic HEMA-oTMC and hydro-

philic MA-PEG were used to provide additional adjustment for
the LCST. It is known that the gelation of PNIPAAm-based
hydrogels is the result of a balance between hydrophilic
interaction with water and hydrophobic interaction between
isopropyl groups.44 The dissociation/association of PAA
introduces the pH-dependent hydrophilic/hydrophobic inter-
actions to the hydrogels. The components HEMA-oTMC and

MA-PEG can be used to further tune the range of pH
sensitivity. At the same pH, the increase in the hydrophilic MA-
PEG content increased the LCST (comparing EG1 to EG2 in
Table 3). In contrast, an increase in the hydrophobic HEMA-
oTMC content enhanced the hydrophobic interaction between
polymer chains. As a result, the LCSTs of the hydrogels were
significantly decreased (comparing EG3 and EG2 in Table 3).
These results are consistent with the findings of Garben et al.42

4.2. pH Dependence of the Hydrogel Degradation,
Water Content, and Mechanical Properties. The hydrogel
degradation and water content were pH-dependent. All
hydrogels showed significantly higher weight remaining in an
acidic buffer (pH 6.5) than in a physiological buffer (pH 7.4)
(Figure 7). During degradation, EG2 and EG3 hydrogels had
higher water content at days 1, 7, and 14 in a pH 7.4 buffer than
in a pH 6.5 buffer (Figure 7). The hydrogel degradation rate
was dependent on the degree of protonation/deprotonation of
the carboxyl groups in the hydrogels and hydrolysis of the
carbonate side groups. Deprotonation of the carboxyl groups
may lead to hydrogel dissolution, thus increasing the
degradation rate. Because pH 7.4 is greater than the pKa
value of PAA, disassociation of PAA occurs at this pH. As a
result, faster degradation is observed at this pH than at pH 6.5.
In addition, deprotonation of the carboxyl groups increased the
hydrogel hydrophilicity, as evidenced by higher water contents
(Figure 7). This may accelerate the hydrolysis of oTMC side
chains.
The mechanical properties of the hydrogels were dependent

on the composition and pH. An increase in the MA-PEG ratio
significantly decreased the hydrogel complex shear modulus
(EG2 vs EG1, p < 0.01). This is possibly attributed to the PEG
chains affecting the chain packing during the gelation process
and decreasing the hydrophobic interactions. This result is
consistent with our previous reports in which a decrease in the
hydrophobic interaction significantly decreased the hydrogel
elastic modulus.19,43,45 The hydrogels also demonstrated pH-
responsive mechanical properties. Significantly higher complex
shear moduli were observed in acidic buffers than in a pH 7.4
buffer at an initial 1 Hz (Table 4). Similar trend was found for
EG2 and EG3 at 10% and 1 Hz except for EG1. It is possible
that the relatively higher water content of EG1 facilitated chain
alignment, leading to an increase of the complex shear modulus.
All hydrogels demonstrated a shear-thinning behavior. This is
in contrast to chemically cross-linked PEG hydrogels, which
show a nearly frequency-independent Hookean-like behav-
ior.46,47 The chemically cross-linked PEG hydrogels have
stronger chemical covalent bonding between chains and thus
may be more resistant to shear deformation than physically
cross-linked PNIPAAm-based hydrogels, which have lower
chain−chain interaction.

4.3. CDC Survival and Differentiation in Hydrogels.
The synthesized hydrogels exhibited good biocompatibility.
When CDCs were encapsulated, the cells were able to survive

Figure 11. Immunohistochemical stainings of CDCs in hydrogels after
7 days of culture: (a) cTnI; (b) CX43. The scale bars are 50 μm.

Table 4. Complex Shear Moduli of Hydrogels with Different Compositions under Different pH Valuesa

pH 6.5 pH 7.4

gel initial 1 Hz (Pa) initial 10 Hz (Pa) 10% 1 Hz (Pa) initial 1 Hz (Pa) initial 10 Hz (Pa) 10% 1 Hz (Pa)

EG1 1418.7 ± 39.8 1568.6 ± 287.3 43.7 ± 3.9 381.3 ± 26.1 1702.2 ± 115.1 251.2 ± 12.0
EG2 580.5 ± 14.4 788.7 ± 45.8 101.8 ± 4.4 24.8 ± 4.1 189.3 ± 37.7 21.4 ± 0.4
EG3 1396.2 ± 31.2 1242.0 ± 46.8 106.5 ± 4.1 41.3 ± 5.2 319.0 ± 78.0 31.4 ± 9.5

aThe hydrogels were formed at pH 6.5 and then incubated in pH 6.5 and 7.4 buffers for 24 h before the test.
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during the 7-day culture period (Figures 8 and 9). The
surviving cells also differentiated into cardiac lineage. At the
gene level, CDCs in EG1 and EG3 hydrogels showed
upregulated expressions of cTnT, MYH6, and CACNA1c
(Figure 10). The highest expressions of these three markers
were observed in the EG1 hydrogel. Immunofluorescent
staining results demonstrated that more CDCs in the EG1
hydrogel than in the EG2 and EG3 hydrogels expressed CX43
(Figure 11). CDC differentiation in the hydrogels may be
driven by the hydrogel mechanical and chemical properties. It is
well-known that matrix mechanical properties stimulate stem-
cell differentiation. For example, embryonic stem cells showed
the greatest degree of cardiac differentiation in soft PEG
hydrogels with a compressive modulus of 322 Pa.48 In this
report, the EG1 hydrogel had a similar modulus (381 Pa). This
modulus is much greater than that in our previous report,
where the optimal matrix modulus to trigger CDC differ-
entiation was ∼30 kPa (elastic modulus).14 It is possible that
the optimal matrix modulus for CDC cardiac differentiation is
in the range between 380 and 30 kPa, depending on the
different differentiation and maturation stages of the cells. This
is supported by the conclusions of Young et al., where a
dynamic stiffening hydrogel with the modulus gradually
increasing from 300 to 2 kPa is more optimal for maturation
of cardiomyocytes than a statically compliant hydrogel.49

5. CONCLUSIONS
In this work, a family of pH-sensitive and thermosensitive
poly(NIPAAm-co-PAA-co-MA-PEG-co-HEMA-oTMC) hydro-
gels were synthesized by free-radical copolymerization. The
hydrogels were injectable through catheters at 37 °C when the
solution pH was adjusted to 8.0 and were able to form solid
gels in an acidic (pH 6.5) environment similar to that of the
infarcted heart tissue. The hydrogels showed pH-dependent
properties. CDCs were able to survive and differentiate in the
hydrogels during a 7-day culture period. These results
demonstrated that the developed hydrogels can be attractive
cell carriers for cardiac cell therapy. Besides cardiac application,
the hydrogels may be used to deliver cells into other
inflammatory soft tissues whose pH is typically 6−7.
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