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a b s t r a c t

Stem cell therapy is a promising approach to regenerate ischemic cardiovascular tissues yet experiences
low efficacy. One of the major causes is inferior cell retention in tissues. Injectable cell carriers that can
quickly solidify upon injection into tissues so as to immediately increase viscosity have potential to lar-
gely improve cell retention. A family of injectable, fast gelling, and thermosensitive hydrogels were devel-
oped for delivering stem cells into heart and skeletal muscle tissues. The hydrogels were also
photoluminescent with low photobleaching, allowing for non-invasively tracking hydrogel biodistribu-
tion and retention by fluorescent imaging. The hydrogels were polymerized by N-isopropylacrylamide
(NIPAAm), 2-hydroxyethyl methacrylate (HEMA), 1-vinyl-2-pyrrolidinone (VP), and acrylate-
oligolactide (AOLA), followed by conjugation with hypericin (HYP). The hydrogel solutions had thermal
transition temperatures around room temperature, and were readily injectable at 4 �C. The solutions
were able to quickly solidify within 7 s at 37 �C. The formed gels were highly flexible possessing similar
moduli as the heart and skeletal muscle tissues. In vitro, hydrogel fluorescence intensity decreased pro-
portionally to weight loss. After being injected into thigh muscles, the hydrogel can be detected by an
in vivo imaging system for 4 weeks. The hydrogels showed excellent biocompatibility in vitro and
in vivo, and can stimulate mesenchymal stem cell (MSC) proliferation and paracrine effects. The fast gel-
ling hydrogel remarkably increased MSC retention in thigh muscles compared to slow gelling collagen,
and non-gelling PBS. These hydrogels have potential to efficiently deliver stem cells into tissues.
Hydrogel degradation can be non-invasively and real-time tracked.

Statement of Significance

Low cell retention in tissues represents one of the major causes for limited therapeutic efficacy in stem
cell therapy. A family of injectable, fast gelling, and thermosensitive hydrogels that can quickly solidify
upon injection into tissues were developed to improve cell retention. The hydrogels were also photolu-
minescent, allowing for non-invasively and real-time tracking hydrogel biodistribution and retention by
fluorescent imaging.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ischemic cardiovascular diseases such as myocardial infarction
(MI) and critical limb ischemia (CLI) affect millions of people in
the world [1,2]. The ischemic cardiac tissue and limbs are charac-
terized by extensive cell death, poor blood perfusion, and ischemic
environment. Restoration of blood perfusion to relieve ischemia,
and promotion of cardiac muscle and skeletal muscle regeneration
are key therapeutic goals for MI and CLI [3–8]. Stem cell therapy
represents a promising approach to achieve these goals [3–11].
Various animal studies have demonstrated that stem cell therapy
could, to some extent, improve blood perfusion in the ischemic
hearts and limbs, and even stimulate muscle repair in these tissues
[3–11]. However, clinical trials have shown only a transient thera-
peutic benefit [3–12]. In general, current stem cell therapy exhibits
a relatively low efficacy. One of the key causes is inferior cell reten-
tion in ischemic tissues [3,5,12,13]. A common approach used to
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deliver stem cells is to suspend cells in saline followed by injection.
While this minimally invasive approach is attractive for clinical
application, a large percentage of injected saline/cells is leaked
out during and after the injection [3,5,12,13]. Several studies have
demonstrated that only �20% of cells remained in the ischemic
limbs 24 h after transplantation [13–16]. This is mainly attributed
to the low viscosity of saline solution [3,5,12,13]. The intact and
elastic muscle tissues can readily squeeze the saline and stem cells
out. To increase cell retention, higher viscosity polymeric inject-
able hydrogels may be used as cell carriers as they can be more
easily immobilized in the tissues. Different hydrogels have been
employed for stem cell delivery into infarcted hearts and
limbs, such as fibrin [17–19], alginate [20–23], collagen [24,25],
Matrigel [26], hyaluronic acid [27,28], chitosan [29], decellularized
extracellular matrix [30–32], and PEG-PCL-PEG [33]. While these
hydrogels have been shown to increase cell retention for an extent,
the efficiency remains low due to their relatively slow gelation
rate. These hydrogels cannot quickly increase viscosity upon
injection so as to be efficiently retained in the tissues. Therefore,
fast gelling hydrogels are critical for largely increasing cell
retention [21].

Efficacy of the stem cell therapy is also determined by the dis-
tribution of cells and hydrogels in the ischemic tissues, and num-
ber of cells engrafted with the host tissues [3–12]. Uniform
distribution of stem cells and hydrogels may facilitate tissue regen-
eration [3–12]. To monitor stem cell and hydrogel distribution,
non-invasive fluorescence imaging is clinically appealing as it is
more convenient than other non-invasive imaging techniques such
as magnetic resonance imaging and X-ray computed tomography
that require complicated instruments [34]. In addition, radiopaque
contrast agents are required for magnetic resonance imaging and
X-ray computed tomography. These agents may not be able to
readily penetrate into the hydrogels if they are injected into body
before imaging. They may gradually release from the hydrogels if
the agents are encapsulated in the hydrogels, thus not allowing
for real-time monitoring for extended period. Following fluores-
cence imaging, cell and hydrogel distribution can be quickly
informed. Imaging of stem cells may be achieved by using cells that
are pre-labelled with fluorescent dyes. To image injected hydro-
gels, photoluminescent hydrogels are necessary. Yet there lacks
fast gelling hydrogels that are also photoluminescent.

Current injectable hydrogels with photoluminescence are syn-
thesized by mixing or conjugating hydrogels with semiconducting
quantum dots [35,36], carbon dots [34], rare-earth upconversion
nanoparticles [37–39], or organic dyes [40–43]. Compared to
organic dye conjugated hydrogels, those incorporated with semi-
conducting quantum dots, carbon dots, and rare-earth upconver-
sion nanoparticles may have toxicity concern [44]. For those
organic dye conjugated hydrogels, quick decrease of fluorescent
intensity due to photobeleaching is a major obstacle for long term
monitoring of hydrogels in vivo [34,44]. Development of hydrogels
with low photobeleaching remains a significant challenge.

The objective of this work was to develop injectable, fast gel-
ling, and photoluminescent hydrogels with low photobeleaching.
The hydrogels were also thermosensitive. One of the advantages
of using thermosensitive hydrogels for stem cell delivery is that
gelation process is simply initiated by temperature without using
chemical crosslinkers that may raise cytotoxic concerns [45–49].
The hydrogels were synthesized by copolymerization of NIPAAm,
HEMA, AOLA, and VP. Conjugation of relatively photostable HYP
with PVP component resulted in hydrogels with low photobleach-
ing. Hydrogel injectability, gelation rate, thermal property,
mechanical property, degradation, photoluminescence change dur-
ing degradation, and biocompatibility were evaluated. MSC prolif-
eration and paracrine effects in vitro, and MSC retention in muscle
tissue were investigated.
2. Materials and methods

2.1. Materials

NIPAAm and HEMA were purchased from VWR. NIPAAm was
recrystallized for 3 times using ethyl acetate and hexane. VP was
obtained from Sigma-Aldrich. HEMA and VP were used before
passing through a column packed with inhibitor remover. Benzoyl
peroxide (Fisher Scientific) and HYP (VWR) were used as received.
All solvents were purchased from VWF and used as received.

2.2. Synthesis of hydrogels

The hydrogel polymers were synthesized by free radical poly-
merization of NIPAAm, HEMA, AOLA, and VP (Scheme 1). AOLA
was synthesized by acylation of oligolactide HO-PLA-OCH3 with
acryloyl chloride [45,46]. To synthesize HO-PLA-OCH3, D,L-lactide
and NaOCH3 were dissolved in CH2Cl2 and methanol, respectively.
The two solutions were then mixed and stirred for 2 h at 0 �C, fol-
lowed by rinsing with 0.1 M HCl and deionized water [46]. The four
components NIPAAm, HEMA, AOLA, and VP were dissolved in 1,4-
dioxane in a 250 mL three-necked flask with gas inlet and outlet.
Two different molar ratios of NIPAAm/HEMA/AOLA/VP were used,
i.e., 72/10/8/10 and 67/10/8/15. Benzoyl peroxide (0.2% of the total
molar number of monomers) was added into the solution after
15 min of N2 purging [48,50–53]. The flask was then placed in a
preheated oil bath at 65 �C for 24 h. The polymer solution was pre-
cipitated in cold hexane. The polymer was purified with THF/ethyl
ether twice, and vacuum dried before use. The two polymers are
abbreviated as PNHAV10 and PNHAV15 where 10 and 15 represent
VP content in the polymers.

2.3. Conjugation of HYP to the hydrogels

The synthesized polymers were dissolved in Dulbecco’s modi-
fied phosphate-buffered saline (DPBS) to form 10 wt% hydrogel
solutions. HYP was then added to the solution at a molar ratio of
6/5 (HYP/polymer). The mixture was stirred overnight at 4 �C for
conjugation. Upon gelation at 37 �C, the remaining HYP was
removed by dialysis in deionized water for 3 days and the water
was changed every 12 h. The two HYP conjugated polymers are
abbreviated as PNHAV10HYP and PNHAV15HYP where 10 and 15
represent hydrogels with 10% and 15% of VP, respectively. To con-
firm the conjugation (Scheme 1), UV–Vis absorption spectra were
acquired using a UV–Vis spectrophotometer (Thermo Scientific).
The HYP solution and HYP conjugated hydrogel solution in DMSO
were placed in a plastic cuvette with an optical path of 1 cm. The
spectra were measured in the range of 500 nm and 700 nm [54–
56]. Fluorescence spectra were also recorded. The polymer was dis-
solved in a solution of 5% DMSO in DPBS and emission bands were
measured by SpectraMax iD3 spectrometer (Molecular Devices).
Excitation wavelength of 480 nm was used.

2.4. Characterization of synthesized photoluminescent hydrogels

Chemical structure of the synthesized polymers was confirmed
by 1H NMR spectrum. The composition was calculated based on the
spectrum. Injectability of the 10 wt% hydrogel solution was tested
by injecting the pre-cooled solution (4 �C) through a 26G needle,
which is commonly used for injection surgeries [57]. Thermal tran-
sition temperature of the solution was measured using Differential
Scanning Calorimetry (DSC) in the temperature range of 0 �C and
90 �C at a heating rate of 10 �C/min. The temperature at the maxi-
mum endothermal peak was considered as thermal transition tem-
perature. Gelation time of the hydrogel solution was evaluated at



Scheme 1. Synthesis of hydrogel by free radical polymerization, conjugation of hydrogel with hypericin (HYP), and degradation of HYP-conjugated hydrogel.
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37 �C using an Olympus microscope (IX71) equipped with a tem-
perature controllable system (Weather Station, Precisioncontrol.
Inc.). It is defined as the time for the solution to become completely
opaque [47,48,58]. Hydrogel water content as growth factor and
cell t was measured after the solid gels were immersed in PBS at
37 �C for 24 h. The gels were then taken out and weighted. Water
content was defined as:

Water content %ð Þ ¼ w2 �w1ð Þ=w1 � 100%

where w1 and w2 are mass of the hydrogel at dry and weight states,
respectively.

To test mechanical properties, the hydrogel solutions were first
solidified at 37 �C overnight. The solid gels were then cut into spec-
imens with sizes of 5 mm � 5 mm � 25 mm. Mechanical proper-
ties were tested using an Instron tensile tester equipped with a
44.5 N load cell and a 37 �C water bath. Cross-head speed was
50 mm/min. Young’s moduli of the hydrogels were calculated from
the stress-strain curves using a Matlab program [50–52].

2.5. Hydrogel degradation and cytotoxicity of the degradation
products

To test hydrogel degradation, 200 ml of 10 wt% hydrogel solu-
tion was placed in a 1.5 mL microcentrifuge tube, and incubated
at 37 �C for 5 h. The supernatant was then taken out, and 200 ml
of DPBS was added to the tube. The degradation was conducted
at 37 �C for 8 weeks. Four samples for each hydrogel type were col-
lected at each time point. The samples were freeze-dried and
weighed.

To evaluate cytotoxicity of the degradation product, the final
degradation product shown in Scheme 1 was synthesized using
the same method as for the hydrogels, and conjugated with HYP.
The ratio of NIPAAm/HEMA/AAc/VP was 72/10/8/10. Rat cardiac
fibroblasts were seeded in a 96-well tissue culture plate at a den-
sity of 2 � 105 cells/mL, and cultured in a medium containing Dul-
becco’s modified Eagle’s medium (DMEM) and 10% FBS. After 24 h,
50 ml of degradation product solution was added to the medium.
The control group was cells cultured with the medium without
degradation product. After 48 h, cell viability was examined by
MTT assay.

2.6. Monitoring of hydrogel fluorescent signal change in vitro

To image hydrogels and detect fluorescent intensity change
during hydrogel degradation, 200 ml of 4 �C hydrogel solution was
placed on a glass slide. After gelation in a 37 �C incubator to form
a film, the glass slide was placed in 37 �C DPBS. The DPBS was
not replaced at each time point. After 1, 7, 14, 21, and 28 days,
the glass slide was taken out to detect fluorescent intensity using
a fluorescent plate reader. Four slides for each hydrogel were con-
tinuously measured at each time point. In addition, two slides for
each hydrogel were continuously imaged at each time point by
confocal microscope.

2.7. MSC proliferation and paracrine effects in the hydrogels

Rat bone marrow-derived MSCs were cultured in alpha modi-
fied minimum essential medium (a-MEM) with 10% FBS and 1%
antibiotics. Cells used for encapsulation were at passages 10–12.
Our previous reports showed that MSCs at these passages
remained multipotency [59,60]. Before encapsulation, cells were
labeled with live cell tracker CMFDA following the protocol pro-
vided by the vendor. To encapsulate MSCs into the hydrogels, cell
suspension was placed on ice and mixed with 10 wt% hydrogel
solution. The final cell density was 8 million/mL. 200 ml of mixture
was transferred into each microcentrifugation tube, followed by
gelation in a 37 �C incubator for 30 min. After removing the super-
natant, 200 ml of culture medium was added into each microcen-
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trifuge tube. The tubes were cultured under normal conditions
(21% O2, 5% CO2, 37 �C) for 2 weeks.

MSC proliferation in the hydrogels was determined by double
stranded DNA (dsDNA for live cells) content after 1, 7 and 14 days
of culture (n = 4 for each condition at each time point). The sam-
ples were washed with DPBS for 3 times and then digested with
papain solution at 60 �C for 24 h. The dsDNA content was mea-
sured by PicoGreen dsDNA Assay [61]. To image live cells, Olympus
Filter FV1000 confocal microscope was used. Z-stack images were
collected. To characterize MSC paracrine effects real-time RT-PCR
was used to determine gene expressions of growth factors like
PDGFB and IGF-1. RNA was first isolated from the hydrogels by TRI-
zol (SigmaAldrich). The concentration of RNA was evaluated using
a Nanodrop system. 1 lg of RNA was utilized for cDNA synthesis
using a high-capacity cDNA reverse transcription kit (Applied
Biosystem). The primers used were listed in Table 1 [48,52,53].
Real-time RT-PCR was performed with Maxima SYBR Green/Fluo-
rescein master mix on an Applied Biosystem 7900 system. b-
Actin was used as a housekeeping gene. A standard 44Ct method
was used to calculate the fold differences.

2.8. Subcutaneous implantation of hydrogels

All animal experiments were conducted in accordance with the
National Institutes of Health Guide for handling laboratory animals
and the protocol was approved by the Institutional Animal Care
and Use Committee of the Ohio State University. C57BL/6 mice
aged 8–10 weeks were used. The 10 wt% hydrogel solutions were
sterilized under UV light for 30 min. Before injection, the solutions
were precooled to 4 �C. Injections were made into the back of each
mouse (200 ml/injection and 2 injections/mouse). Two mice were
used for each hydrogel type. The mice without injection were
served as control. After 4 weeks of injection, tissues were collected
and fixed in 4% paraformaldehyde for 48 h. The tissues were then
dehydrated, embedded in paraffin, and sectioned into 4 mm thick
slices. The sections were then stained with H&E. For immunohisto-
logical study, the tissue sections were blocked by 3% BSA, perme-
ated with 0.2% Triton X-100, and incubated with primary
antibody of F4/80 overnight under 4 �C. After rinsing with PBS,
the Alexa fluor 488 secondary antibody was added and incubated
for 1 h. Finally, Hoechst was used to counterstain nucleus.
Immunofluorescence images were recorded by Olympus Filter
FV1000 confocal microscope. The ratio of F4/80 positive cells was
quantified from the images.

2.9. Injection of hydrogel and MSCs into thigh muscles

To determine MSC retention in the tissue, CMDil labeled MSCs
were first mixed with PBS, collagen (3.5 mg/ml), and hydrogel
solutions (10 wt%), respectively. The final cell density was 2 mil-
lion/ml. The mixtures were then injected into thigh muscles of
C57BL/6 mice aged 8–10 weeks (2 injections/hindlimb, 25 ml/injec-
tion, and 6 hindlimbs for each group). After 24 h, the tissues were
harvested, fixed with 4% paraformaldehyde, and frozen sectioned.
Table 1
Sequences of primers used for real-time RT-PCR.

Gene Primer Sequences

b-Actin Forward: AAGATCAAGATCATTGCTCCTC
Reverse: GGACTCATCGTACTCCTG

PDGFB Forward: GATGCCTTGGAGACAAACCTGACA
Reverse: ATACTTCTCTTCCTCCTGCGAATGGGC

IGF-1 Forward: TGACATGCCCAAGACTCAGAAGGA
Reverse: GGTTGCTCAAGCAGCAAAGGATCT
MSCs retained in the tissues were imaged using Olympus Filter
FV1000 confocal microscope. The cell density was quantified as
#/mm2.

To determine hydrogel fluorescent intensity change and MSC
survival after implantation, hydrogel solutions (10 wt%) were
mixed with CMDil labeled MSCs (6 million/ml), and injected into
thigh muscles of NCr nude mice aged 9 weeks (2 injections/hin-
dlimb, 25 ml/injection, 4 hindlimbs were used). After 0, 7, 14, and
28 days, the animals were imaged by In Vivo Imaging System (IVIS)
Lumina II with emission filter wavelengths ranging from 575 nm to
650 nm. The tissues were harvested after 28 days, fixed with 4%
paraformaldehyde, and frozen sectioned. MSCs in the tissues were
imaged using Olympus Filter FV1000 confocal microscope.
2.10. Statistical analysis

Data analysis was performed using ANOVA with post hoc
Neuman-Keuls testing. Statistical significance was defined as
p < 0.05.
3. Results

3.1. Synthesis of hydrogels and conjugation with HYP

Structure of the synthesized hydrogels was characterized by 1H
NMR spectra. Fig. 1 shows that characteristic peaks for each com-
ponent were appeared in the spectrum. The ratios of NIPAAm/
HEMA/AOLA/VP in the polymers were quantified from 1H NMR
spectra. Table 2 demonstrates that composition of each polymer
was consistent with the corresponding feed ratio.

To impart hydrogels with imageability, HYP was conjugated to
each hydrogel by forming a complex with VP unit in the polymers.
The conjugation was verified by UV–Vis spectra (Fig. 2A). Before
conjugation, HYP exhibited two major absorption peaks at 560
and 605 nm, respectively. After conjugation, the two peaks were
shifted to 550 nm and 595 nm respectively, likely due to molecular
environment change to the HYP. In the fluorescence spectrum, HYP
showed two emission bands at 621 nm and 662 nm, respectively
(Fig. 2B). The emission band at 621 nm was shifted to 607 nm after
HYP was conjugated to the hydrogel. Meanwhile, the band at
662 nm became unpronounced (Fig. 2B).
3.2. Hydrogel solution flowability, injectability, thermal transition
temperature, and gelation time

The two HYP conjugated copolymers PNHAV10HYP and
PNHAV15HYP were able to dissolve in DPBS to form hydrogel solu-
tions at 4 �C. Both solutions were flowable (Fig. 2C), and can be
readily injected through a 26G needle (Fig. 2D). Thermal transition
temperatures of the hydrogel solutions were measured by DSC and
are listed in Table 3. The hydrogel PNHAV10HYP with VP content of
10% exhibited a thermal transition temperature of 21.4 �C. The
increase in VP content to 15% (for PNHAV15HYP) augmented the
thermal transition temperature to 26.4 �C. The 4 �C hydrogel solu-
tions solidified within 7 s at 37 �C to form opaque gels (Fig. 2E). The
gels were stretchable at 37 �C (Fig. 2F and G).
3.3. Hydrogel water content and mechanical properties

Hydrogel water content was determined after the formed gels
were incubated in a 37 �C DPBS for 24 h. Table 3 demonstrates that
water content was dependent on the VP content in the hydrogels.
An increase in VP content from 10% to 15% significantly increased
water content from 40% to 69% (p < 0.01).



Fig. 1. 1H NMR spectrum of hydrogel with 10% of VP content (PNHAV10HYP). CDCl3 was used as solvent.

Table 2
Hydrogel copolymer feed ratio and composition.

Hydrogela Feed ratiob Compositionb

PNHAV10 72/10/8/10 73/10/7/10
PNHAV15 67/10/8/15 65/11/9/15

a PNHAV10 and PNHAV15 represent hydrogels PNHAV with VP content of 10%
and 15%, respectively.

b Molar ratio of NIPAAm/HEMA/AOLA/VP.
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Hydrogel tensile properties were characterized in a 37 �C water
bath. Both hydrogels were highly flexible with breaking strains
greater than 500%. Typical stress–strain curves for the first 80%
of strain are shown in Fig. 3 in order to demonstrate the difference
of two hydrogels at the initial stretching stage. The two hydrogels
had different tensile behaviors in the first 35% of strain where
hydrogel PNHAV10HYP appeared to be softer than hydrogel
PNHAV15HYP (Fig. 3). Hydrogel tensile strength and Young’s mod-
ulus were dependent on the VP content (Table 3). The increase of
VP content from 10% to 15% substantially decreased tensile
strength from 12.5 kPa to 9.0 kPa (p > 0.05), and significantly
reduced Young’s modulus from 34.9 kPa to 19.6 kPa (p < 0.01).

3.4. In vitro hydrogel degradation, and fluorescent intensity change

Both hydrogels showed gradual weight loss when incubated in
the 37 �C DPBS (Fig. 4A). After 8 weeks of degradation, the hydro-
gels PNHAV10HYP and PNHAV15HYP remained 83.2% and 76.7%
of initial weight, respectively. The weight remaining of PNHAV10-
HYP was significantly greater than that of PNHAV15HYP (p < 0.05),
suggesting that the hydrogel with higher VP content degraded
faster.
Fluorescent signal change during the degradation was moni-
tored for 4 weeks. The fluorescent intensity continuously
decreased during the degradation (Fig. 4B). After 4 weeks, the
hydrogels PNHAV10HYP and PNHAV15HYP retained 83.7% and
80.1% of the initial fluorescent intensity respectively, and there
was no significant difference between the two hydrogels
(p > 0.05). The remaining fluorescent intensity for both hydrogels
was comparable with their weight remaining. Fluorescent images
of the hydrogel PNHAV15HYP at different degradation time con-
firmed that fluorescent signal became weaker during the degrada-
tion (Fig. 4C). The above results demonstrate that hydrogel
fluorescent intensity decrease was resulted from hydrogel degra-
dation, and the hydrogels had low photobleaching.

3.5. Cytotoxicity of degradation products

To evaluate cytotoxicity of the final degradation product,
fibroblasts were cultured with the supplement of 0, 1, 5, 10, and
15 mg/ml of degradation product, respectively. MTT assay was
then performed after 48 h of culture to measure cell viability. All
of the groups supplemented with degradation product had similar
cell viability as that without degradation product (p > 0.05, Fig. 5),
demonstrating that the final degradation product was nontoxic
even at a relatively high concentration, 15 mg/ml.

3.6. MSC growth and paracrine effects in the hydrogels

Hydrogels were encapsulated with MSCs to investigate their
ability to promote MSC growth and paracrine effects. Live cell
number was quantified by dsDNA content. Fig. 6A shows that
dsDNA content was increased for both hydrogels during the 14-
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Table 3
Thermal transition temperatures, water content, tensile strengths, and Young’s moduli of HYP-conjugated PNHAV hydrogels.

Hydrogela Thermal transition temperature (�C) Water content (%) Tensile strength (kPa) Young’s modulus (kPa)

PNHAV10HYP 21.4 40 ± 3 12.5 ± 2.4 34.9 ± 4.4
PNHAV15HYP 26.4 69 ± 3 9.0 ± 1.1 19.6 ± 3.6

a PNHAV10HYP and PNHAV15HYP represent HYP-conjugated hydrogels PNHAV with VP content of 10% and 15%, respectively.
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day culture period, indicating that MSCs were able to proliferate in
the hydrogels. At days 7 and 14, the hydrogel PNHAV10HYP exhib-
ited substantially greater dsDNA content than the hydrogel
PNHAV15HYP (p > 0.05). The dsDNA results were consistent with
live cell images, where the cell density was found to increase at
days 7 and 14 (Fig. 6B).
MSCs are known to secrete growth factors such as PDGF and
IGF-1. These growth factors may promote angiogenesis and cell
survival. The effect of the hydrogels on MSC paracrine effects
was characterized at the gene level by real time RT-PCR. Fig. 6C
shows that the PDGFBB and IGF-1 expressions were significantly
increased during the 14-day culture period (p < 0.05 day 14 vs.
day 7, day 7 vs. day 1 for each hydrogel). Interestingly at day
14, the IGF-1 expression in the hydrogel PNHAV15HYP was more
than 6 times greater than in the hydrogel PNHAV10HYP. These
results demonstrate that the developed hydrogels were able to
modulate MSC paracrine effects. In future studies we will investi-
gate how the hydrogels affect MSC paracrine effects at the protein
level

3.7. Hydrogel in vivo biocompatibility

Hydrogel in vivo biocompatibility was determined after subcu-
taneous implantation for 28 days. In H&E staining images (Fig. 7A),
no obvious inflammation was found for both hydrogel implanta-
tion groups compared to the control group without hydrogel
implantation. F4/80 staining was performed to determine macro-
phage content in the control and hydrogel implantation groups
(Fig. 7B). Macrophages were appeared in all 3 groups. Further
quantification demonstrates that the 3 groups had similar macro-
phage ratio (Fig. 7C). No significant difference was found among
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the groups (p > 0.05). These results indicate that the hydrogels had
excellent biocompatibility.

3.8. Cell retention in thigh muscles when using hydrogel as cell carrier

To determine cell retention in tissue when using fast gelling
hydrogel, CMDil labeled MSCs were encapsulated in the solution
of hydrogel PNHAV15HYP, and injected into thigh muscles of mice.
Cell retention was quantified after 24 h of injection. PBS and colla-
gen solution mixed with MSCs were used as controls. PBS cannot
solidify while collagen solution solidified slowly (�21 min) at
37 �C. Fig. 8A and B demonstrates that the hydrogel significantly
increased MSC retention in the muscles compared to collagen
and PBS. The cell density in the hydrogel group was �6.0 times
and �16.9 times of collagen and PBS groups, respectively
(p < 0.01, hydrogel vs. collagen, and hydrogel vs. PBS).

3.9. Detection of hydrogel fluorescent signal change and MSC survival
in vivo

To monitor fluorescent signal change in vivo, the hydrogel
PNHAV15HYP encapsulated with CMDil-labeled MSCs was injected
into thigh muscles of nude mice. Fluorescent images were then
taken at different time points using IVIS system (Fig. 8C).

To image the hydrogel, IVIS emission filter with wavelengths
ranging from 575 nm to 650 nm was used. The fluorescent signal
of the hydrogel gradually weakened during the 28-day study per-
iod. The signal intensity at the edge of the hydrogel decreased
more quickly than that in the center, demonstrating that hydrogel
degradation was faster on the surface. After 28 days, the hydrogel
remained relatively intact with strong intensity remained at the
center. This is consistent with in vitro results in Fig. 4B and C. To
determine MSC survival in the hydrogel after 28 days of implanta-
tion, muscle tissues were imaged. A relatively high density of MSCs
was found to survive in the hydrogel (Fig. 8D). This result further
demonstrates that the developed hydrogel had good biocompati-
bility for stem cell delivery into muscles tissues.
4. Discussion

In this work, a family of hydrogels suitable for delivery of stem
cells into soft tissues such as infarcted heart and skeletal muscle
using a minimally invasive injection approach were developed.
The hydrogels were thermosensitive, fast gelling, highly flexible,
degradable, and photoluminescent. The thermosensitive and fast
gelling hydrogels allow to increase cell retention in the soft tissues
as the hydrogels can quickly solidify at 37 �C to prevent leakage of
injected hydrogels and encapsulated cells. The hydrogels were
highly flexible with mechanical properties similar to those of heart
tissue and skeletal muscle. The degradability allows the degrada-
tion products to be soluble in body fluid and be removed from
the body by urinary system. The photoluminescent property
enables to track hydrogel degradation using non-invasive imaging
approaches. After the stem cells are delivered into soft tissues, the
cells encapsulated in the hydrogels will be gradually released out
during hydrogel degradation. Imaging of the hydrogels will inform
whether the delivered stem cells are totally released out.

The hydrogels were based on NIPAAm, HEMA, AOLA, and VP.
NIPAAm and HEMA were used to introduce hydrogels with ther-
mosensitivity, and to improve water solubility, respectively. AOLA
imparted hydrogels with degradability. After hydrolysis of ester
bonds, the AOLA unit became acrylic acid unit, which increased
not only hydrogel hydrophilicity but also thermal transition tem-
perature above 37 �C so that the degradation products can dissolve
in body fluid. VP was responsible for conjugating with HYP by com-
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plexation. Previous studies have demonstrated that PVP and HYP
complex is stable [56,62]. After conjugating with HYP, the hydro-
gels became fluorescent with a major emission peak at 607 nm
(Fig. 2B). Besides its photoluminescent property, HYP has antide-
pressant, antiviral, and antineoplastic properties [63,64].

The hydrogel solutions were readily injectable at 4 �C using a
26G needle. This type of needle can be used for heart muscle and
skeletal muscle injection [46,64,65]. The hydrogel solutions had
thermal transition temperatures around room temperature
(Table 3). These solutions can thus solidify at 37 �C. The increase
of VP content from 10% to 15% elevated the thermal transition tem-
perature from 21.4 �C to 26.4 �C. This increase is likely the contri-
bution of VP as PVP is highly hydrophilic. Previous studies have
demonstrated that copolymerization of NIPAAm with hydrophilic
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components like HEMA, acrylic acid, propylacrylic acid, and
methacrylic acid can increase thermal transition temperatures of
PNIPAAm [47,49,50,66].

The hydrogel solutions were able to solidify within 7 s at 37 �C
(Fig. 2E). The gelation time was measured by the turbidity change
of hydrogel solution during sol-gel transition in a 37 �C environ-
ment. This approach has been established in our previous reports
[47,52,53,67,68]. There are other methods can be used to deter-
mine gelation time, for example, measurement of rheological prop-
erties of polymer solution [69–71], monitoring of polymer solution
light transmittance when gradually elevating its temperature [72–
74], tilting a solution at a certain temperature until it finishes gel-
ling [75,76], and pipetting solution up and down at a certain tem-
perature until it cannot pass through a pipette tip [77–
79,75,80,81,82]. Among these methods, rheological property mea-
surement has advantage of obtaining additional properties such as
storage and loss moduli of the solid gel. When the fast gelling
hydrogels are injected into tissues, they quickly solidify, thus
increasing the gel and cell retention in the tissues. Injection of stem
cells into soft tissues usually experiences leakage due to low vis-
cosity of the delivery medium such as saline and slow gelling
hydrogels [3,5,12,13]. This is especially true for heart injection as
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the beating heart muscle squeezes out the injected delivery med-
ium. Quick increase of viscosity of the delivery medium upon injec-
tion by fast gelation represents one of the strategies to increase cell
retention [46,50,66]. Fig. 8B demonstrates that the developed
hydrogel significantly increased MSC retention in the muscles
compared to slow gelling collagen, and non-gelling PBS. The cell
density in the hydrogel group was �6.0 times and �16.9 times of
collagen and PBS groups, respectively. One of the concerns in using
fast gelling hydrogels is that the formed bolus may disrupt electri-
cal conductivity in the heart tissue [83]. However, the hydrogels
will be injected into the infarcted region where electrical conduc-
tivity is very low. In addition, it is unclear how much disruption of
electrical conductivity will cause heart tissue arrhythmias
[46,50,66]. Previous studies using hydrogels with relatively fast
gelation rate did not experience obvious arrhythmias. Fast gelling
hydrogels will also unlikely block vessels after injecting into
ischemic tissues as the injection is typically made in the infarcted
region that has extremely low blood flow.

The hydrogels were highly flexible and soft at 37 �C (Figs. 2G, 3
and Table 3). The breaking strains were greater than 500%. The
Young’s moduli were in the range of 19.6 and 34.9 kPa. These mod-
uli are similar to those of the heart muscle and skeletal muscle
[84–86]. Therefore, the hydrogels are suitable for stem cell delivery
as they provide native tissue-like mechanical environment for the
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delivered cells. After being injected into infarcted hearts, the
hydrogels also provide mechanical support to the heart tissue. Fol-
lowing MI, the left ventricular wall stress is gradually increased
leading to the decrease of cardiac function [87]. Therefore, the
injection of hydrogel with similar modulus as that of the heart tis-
sue may efficiently decrease elevated wall stress to increase car-
diac function. Hydrogel Young’s modulus was dependent on the
VP content. The increase of VP content from 10% to 15% signifi-
cantly decreased Young’s modulus. This is possibly resulted from
increased hydrophilicity. The VP units in the hydrogel may
decrease the hydrophobic interaction and increase hydrophilic
interaction, thus decreasing the chain packing density. This result
is consistent with hydrogel water contents (Table 3). It is also in
agreement with our previous studies where an increase in hydro-
philic interaction decreased the hydrogel Young’s modulus
[47,67,88].

The developed hydrogels were able to degrade in PBS (Fig. 4A).
After 8 weeks of degradation, the weight loss was in the range of
16.8% and 23.3%. The hydrogel with higher VP content exhibited
faster degradation rate. This can be attributed to the VP units in
the hydrogels as they increased hydrogel water content (Table 3).
The degradation is resulted from hydrolysis of oligolactide side
chain in the hydrogels. After hydrolysis, the hydrophobic AOLA
units become hydrophilic acrylic acid units. This can not only
increase hydrophilicity of the final degradation product, but also
elevate its thermal transition temperature. We found that the final
degradation product for the hydrogel PNHAV10HYP possessed a
thermal transition temperature of 38.5 �C. Since this temperature
is greater than 37 �C, the degradation product cannot solidify but
is soluble at 37 �C. In vivo, it will dissolve in body fluid. The final
degradation product was non-toxic (Fig. 5). The fibroblast viability
did not change even when adding 15 mg/ml of degradation pro-
duct in the culture medium. In the degradation study, PBS was
not changed in the entire study period. Its pH may decrease during
the degradation, leading to accelerated hydrolysis.

Hydrogel photoluminescence emission intensity change during
degradation was investigated in vitro and in vivo. When the hydro-
gels were incubated in PBS for 4 weeks, the major emission peak
remained at 607 nm. The photoluminescence emission intensity
was decreased to 83.7% and 80.1% for hydrogels PNHAV10HYP
and PNHAV15HYP, respectively (Fig. 4B). This decrease is solely
due to hydrogel degradation instead of photobleaching since the
remaining photoluminescence emission intensity was similar or
slightly greater than the weight remaining. These results demon-
strate that the developed hydrogels had similar photoluminescent
property as those degradable polymers with inherent photolumi-
nescence where photoluminescence emission intensity propor-
tionally decreases with polymer weight loss [44]. These results
also demonstrate that complexation with the hydrogels allowed
HYP to have low photobleaching.

In vivo fluorescent signal change was evaluated after injecting
into thigh muscles. The fluorescent intensity progressively
decreased during the 4-week study period (Fig. 8C). The in vivo flu-
orescent intensity decrease was faster than in vitro. This is likely
resulted from faster degradation in vivo as proteases may also par-
ticipate in hydrogel degradation besides water in body fluid. Since
the hydrogel retained a relatively strong fluorescent signal at week
4, it is expected that the hydrogel can be detected by imaging for
more than 4 weeks. The results will then enable to determine
whether the time period for cells to totally release from the hydro-
gels has effect on the therapeutic efficacy.

To determine in vivo biocompatibility, the hydrogels were
implanted subcutaneously for 4 weeks. H&E staining images
showed that the hydrogels did not substantially provoke foreign
body response compared to the control group without implanta-
tion (Fig. 7A). F4/80 staining images demonstrate that the hydrogel
implantation did not induce severe inflammation as the macro-
phage ratios for the groups with or without hydrogel implantation
were similar (Fig. 7B and C). These results suggest that the devel-
oped hydrogels had excellent biocompatibility.

To test the effect of hydrogels on stem cell proliferation and
paracrine effects, MSCs were encapsulated into both hydrogels
and cultured in vitro for 14 days. dsDNA content and live cell imag-
ing demonstrate that MSCs were able to proliferate inside the
hydrogels (Fig. 6A and B). These results confirm that the developed
hydrogels are suitable for stem cell delivery. MSCs have been used
for myocardial infarction therapy and ischemic limb treatment
[1,89–92]. Studies have shown that MSCs can improve cardiac
function, and promote vascularization in ischemic limbs [1,89–
92]. The major contribution of MSCs lies in their paracrine effects
which provide multiple growth factors necessary for cell survival
and angiogenesis. These growth factors include but are not limited
to IGF-1, HGF, bFGF, VEGF, and PDGF [1,89–92]. Approaches that
stimulate MSC paracrine effects are attractive as they may increase
therapeutic efficacy. In this work, hydrogels PNHAV10HYP and
PNHAV15HYP showed different impact on MSC paracrine effects
(Fig. 6C). This is likely resulted from difference in hydrogel stiffness
as matrix stiffness has been shown to influence MSC paracrine
effects [93]. In future studies, we will deliver MSCs and these
hydrogels into disease models such as myocardial infarction and
limb ischemia to determine MSC survival and proliferation under
ischemic conditions, and the effect of MSC paracrine effects on
myocardial and skeletal muscle repair and regeneration. The MSCs
used in this study represent a model cell type, the hydrogels may
also be used to deliver other stem cells. To the best of our knowl-
edge, the hydrogels that not only are photoluminescent, ther-
mosensitive, fast gelling, highly flexible and degradable, but also
support stem cell proliferation and paracrine effects, have not been
reported previously. One of the limitations of these hydrogels is
that the hydrogel shrinkage after gelation may not allow to match
the dimension and shape of a particular tissue cavity. Yet the
hydrogels can be injected into intact soft tissues together with
stem cells for regeneration.
5. Conclusion

In this work, a family of injectable, photoluminescent, ther-
mosensitive, fast gelling, highly flexible and degradable hydrogels
were developed for delivery of stem cells into infarcted heart and
skeletal muscle tissues. The hydrogels exhibited similar modulus
as both tissues. They can be non-invasively monitored by fluores-
cent imaging, and the signal intensity decreased along with hydro-
gel degradation. The hydrogels showed good biocompatibility
in vitro and in vivo. Interestingly, the hydrogels promoted MSC
proliferation and paracrine effects. In addition, the fast gelling
hydrogel remarkably increased cell retention in muscle tissues.
These hydrogels have potential to not only efficiently deliver stem
cells into infarcted heart and skeletal muscle tissues, but also non-
invasively track hydrogel degradation and stem cell release from
the hydrogel.
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