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Injectable hydrogels are attractive for cell and drug delivery. In this work, we synthesized a family of injectable,
biodegradable, fast gelling and thermosensitive hydrogels based on N-isopropylacrylamide (NIPAAm), acrylic
acid (AAc), dimethyl-γ-butyrolactone acrylate (DBA), and 2-hydroxyethyl methacrylate-poly(trimethylene
carbontate) (HEMAPTMC) macromer. Type I collagen was composited with the hydrogels to improve their
biocompatibility. The hydrogel copolymer solutions were readily injectable at 4 °C. The solutions exhibited thermal
transition temperatures ranging from 23.6 to 24.5 °C and were capable of gelation within 7 s at 37 °C to form
highly flexible and soft hydrogels with moduli from 39 to 119 KPa and breaking strains >1000%, depending on
the copolymer composition and collagen addition. After 2 weeks incubation in PBS, the hydrogels demonstrated
weight losses ranging from 10-20%. The completely degraded hydrogels had thermal transition temperatures
>40 °C and were soluble at body temperature. Superoxide dismutase (SOD) was encapsulated in the hydrogels
for the purpose of capturing superoxide within the inflammatory tissue after being delivered in vivo. The hydrogels
demonstrated a sustained release profile during a 21-day release period. The release kinetics was dependent on
the SOD loading, collagen addition, hydrogel degradation and water content. The released SOD remained bioactive
during the entire release period. To test in vitro if the loaded SOD could protect cells encapsulated within the
hydrogel from attack by superoxide, human mesenchymal stem cells (MSC) were encapsulated in SOD-loaded
hydrogels and cultured in medium containing superoxide generated by activated macrophages. It was found that
SOD loading largely suppressed superoxide penetration into the hydrogel and cell membrane. Under normal
culture conditions, SOD loading stimulated MSC growth. The SOD-loaded hydrogel exhibited significantly higher
cell numbers than the non-SOD loaded hydrogel during a 7-day culture period. These results demonstrated that
the developed hydrogels could be used as delivery vehicles for stem cell therapy and drug delivery.

1. Introduction

Injectable hydrogels are widely used in drug delivery and
tissue engineering fields because of their injectability, good
permeability, high water content, and tissue-like mechanical
properties.1 Various polymers, including natural polymers, like
collagen,2 gelatin,3 chitosan,4 and hyaluronic acid,5 and synthetic
polymers, such as poly(ethylene glycol), poly(vinyl alcohol),6-8

and polylactide-co-poly(ethylene glycol)-co-polylactide (PLA-
PEG-PLA),9 have been used as injectable hydrogels. Of these,
thermosensitive hydrogels are of particular interest as they are
capable of gelation by a simple altering of temperature. There
is no need for chemical/photo-cross-linking that may raise a
cytotoxicity issue. In addition, thermosensitive hydrogels may
be easily delivered in vivo using procedures such as minimum
invasive surgery. Thermosensitive polymers based on PLA-
PEG-PLA or poly(N-isopropylacylamide) (PNIPAAm) have
been widely used.10-13

The major disadvantage of PNIPAAm hydrogels is their
nondegradability, which greatly limits their application in tissue
engineering. Various efforts have been undertaken to make
biodegradable PNIPAAm hydrogels. These include copolym-
erization of PNIPAAm with degradable polymers14 and cross-
linking PNIPAAm copolymers with enzyme-sensitive pep-

tides.15 However, these methods usually yield cross-linked
hydrogels that have limited injectability. Therefore, they can
not be delivered using a convenient injection technique. To
overcome this limitation, we previously generated a family of
linear PNIPAAm-based copolymers that possess thermal transi-
tion temperatures lower than 37 °C before degradation and
higher than 37 °C after degradation. This allows them to be
injectable at temperatures lower than the transition temperature
before degradation, and to be soluble at 37 °C after degrada-
tion.10 The copolymers were synthesized from NIPAAm, acrylic
acid, N-acryloxysuccinicimide, and hydroxyethyl methacylate-
polylactide. Interestingly, the formed hydrogels were highly
flexible at body temperature with a breaking strain >1000%.
The disadvantage of these hydrogels is their relatively high
degradation rate (weight loss >80% over 2 weeks) resulting from
fast degrading polylactide segments. One of the purposes in this
work was to develop hydrogels that have a slower degradation
rate while retaining good mechanical properties.

One of the applications of these flexible and injectable
hydrogels may be soft tissue cell therapy, as the cells can be
easily mixed with the injectable hydrogel polymer solution. In
addition, the highly flexible nature of the hydrogels enables them
to respond to soft tissue motion. The mesenchymal stem cell
(MSC), a multipotent stem cell, has been widely used for soft
tissue cell therapy as it can differentiate into multiple cell
lineages.16-20 In addition, the MSC has been demonstrated to
improve angiogenesis in vivo.17 However, direct injection of
MSC often yields an extremely low cell engraftment a few
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weeks after transplantation. This is due to the lack of a protective
environment for cells to avoid direct attack from immune
response, and the lack of a matrix for cells to attach to, leading
to apoptosis.19,20 It is hypothesized that encapsulation of MSCs
within the hydrogel would largely improve cell engraftment,
because the hydrogel would not only protect the cell but also
provide a matrix for cells to attach. However, hydrogels are
inefficient at inhibiting low molecular weight cytotoxic species
such as reactive oxygen species (ROS) from penetrating into
hydrogels and damaging the encapsulated cells. ROS is believed
to play an important role in cell death after tissue injury.21-23

Superoxide dismutase, a nonscavenger enzyme capable of
catalyzing the dismutation of superoxide into the less toxic
hydrogen peroxide and molecular oxygen, has been widely used
as an antioxidant for decreasing ROS content in injured
tissues.24-26 Superoxide dismutase (SOD) delivery often needs
repeated administration to reach therapeutic effect due to its
short half-life. Efforts have been made to encapsulate SOD into
microspheres, scaffolds, and hydrogels.27,28 The major disad-
vantages of current encapsulation systems lie in their low SOD
encapsulation efficiency and loss of bioactivity in a short
time.26,29-34 To address these issues, SOD mimetics have been
encapsulated in scaffolds and hydrogels. However, their release
rates are high due to a relatively low molecular weight. Thus,
they are unable to provide long-term therapeutic effect.35

The objectives of this work were (1) to synthesize slow
degrading, highly flexible, and injectable hydrogels, and (2) to
explore the feasibility of synthesized hydrogels for sustained
(>1 week) delivery of bioactive SOD so as to protect encap-
sulated cells from attack by superoxide, leading to improve cell
survival after implantation. To reach these goals, we developed
a new family of hydrogels that have slow degradation rates.
These hydrogels were shown to be capable of releasing bioactive
SOD during the 3-week release period. In addition, SOD
encapsulation protected MSCs from attack by ROS and stimu-
lated MSC growth.

2. Materials and Methods

2.1. Materials. All materials and reagents were purchased from
Sigma unless otherwise stated. N-Isopropylacrylamide (NIPAAm) was
purified by recrystallization with ethyl acetate and hexane. 2-Hydroxy-
ethyl methacylate (HEMA) and acrylic acid (AAc) were purified by
removing the inhibitor through the inhibitor removal column. Trim-
ethylene carbonate (TMC, Boehringer Ingelheim) was vacuum-dried
before use. Acryloyl chloride, pantolactone, stannous octate, tetrahy-
drofuran, dioxane, ethyl acetate, and hexane were purchased from Acros
and used as received. SOD from bovine erythrocyte was purchased
from Sigma-Aldrich.

2.2. Synthesis of Hydrogel Copolymers. The macromer HE-
MAPTMC was synthesized by reacting HEMA with TMC (molar ratio
1:2) under 110 °C for 1 h using stannous octate as a catalyst. After
reaction, the mixture was dissolved in THF and precipitated in cold
deionized water. The precipitate was redissolved in ethyl acetate and
dried by magnesium sulfate. The ethyl acetate was then removed at
reduced pressure. The resulting macromer had a HEMA/TMC ratio of
1:2.1, as calculated from the 1H NMR (CDCl3) integral area of the
protons from HEMA unit (CH2, 6.02 and 5.68 ppm, respectively; CH3-,
1.95 ppm; -OCH2CH2O-, 4.33 ppm) and TMC unit
(-OCH2CH2CH2O-, 4.11 ppm; -OCH2CH2CH2O-, 1.91 ppm).

Dimethyl-γ-butyrolactone acrylate (DBA) was synthesized by acy-
lation of pantolactone. Briefly, acryloyl chloride (0.231 mol) was added
dropwise into a single-necked 1000 mL flask containing dimethyl-γ-
butryolactone (0.231 mol), methylene chloride, and triethylamine at
0 °C. The reaction was conducted for 3 h. The mixture was then filtered.

The solution was washed with DI water three times and dried with
magnesium sulfate. The solvent was evaporated under reduced pressure.
The structure of the DBA was confirmed by 1H NMR (CDCl3): 6.25
and 6.00 (CH2), 6.53 (dCH-), 5.45 and 5.29 (-CH-), 4.05
(-COOCH2-), 1.15, 1.25 ppm (-CH3).

The hydrogel copolymers were synthesized from NIPAAm, AAc,
dimethyl-γ-butyrolactone acrylate (DBA), and hydroxyethyl methacry-
late-poly(trimethylene carbonate) (HEMAPTMC, Figure 1) by free
radical polymerization using benzoyl peroxide as an initiator.10,36

Stoichiometrical amounts of NIPAAm, AAc, DBA, and HEMAPTMC
dissolved in dioxane were added into a 500 mL three-necked flask
equipped with a nitrogen inlet and outlet. The solution was bubbled
with nitrogen for 15 min before the flask was immersed into a 70 °C
oil bath. The degassed benzoyl peroxide was then injected into the
flask. After 24 h of reaction, the solution was cooled to room
temperature. The polymer was precipitated with hexane and purified
twice by dissolving it in THF and precipitating it from ethyl ether.
The polymers were abbreviated according to the feed ratio of NIPAAm,
DBA, AAc, and HEMAPTMC (Table 1).

2.3. Preparation of Hydrogel and Collagen Biocomposites. The
hydrogel and collagen biocomposites were prepared by mixing a
hydrogel copolymer solution with type I collagen. The copolymer with
feed ratio of 90/4/2/4 was dissolved in phosphate buffered saline (PBS,
pH ) 7.4) at 4 °C to form a 20 wt % solution. The defined amount of
type I collagen (Kensey Nash Inc.) in PBS solution (6 wt %) was added
into the copolymer solution. After a thorough mixing, the mixture was
set at 4 °C overnight.

2.4. Polymer Characterization. Structure of the hydrogel copoly-
mers was characterized by 1H NMR and FT-IR. 1H NMR spectra were
recorded by a 400 MHz spectrometer (Bruker) using CDCl3 (Sigma)
as a solvent. FT-IR spectra were conducted in a FT-IR spectrometer
(Thermo Fisher, Nicolet 8700). For molecular weight characterization,
200 µL of copolymer in THF (0.1 wt %) was injected into a gel
permeation chromatography (GPC, Waters). Number average, weight
average molecular weights, and polydispersity (PDI) were obtained.
Polystyrene was used as a standard.

Glass transition temperatures (Tgs) of the hydrogel copolymers were
measured by differentiated scanning calorimetry (DSC, TA Instrument)
over the temperature range of -100 to 200 °C with a heating rate of
20 °C/min. The Tg of hydrogel/collagen biocomposite was measured
after lyophilization of the aqueous mixture. To determine thermal
transition temperatures of the hydrogel copolymer and copolymer/
collagen solutions, a temperature range of 0 to 90 °C, and a heating
rate of 10 °C/min were used. The temperature at the position of the
maximum endothermal peak in the DSC curve was considered as the
thermal transition temperature. This transition is a result of conformation
change of the PNIPAAM macromolecules (coil to globule). The thermal
transition temperature of the completely degraded hydrogel copolymer
solution was also measured. To obtain the completely degraded hydrogel
copolymer, the copolymer (90/4/2/4) was immersed into 1 M sodium
hydroxide solution for hydrolysis at 60 °C. The pH of the solution
was maintained at 14. The solution was then cooled to room temperature
and neutralized with 1 M hydrochloride solution. The formed clear
solution was then extracted with methylene chloride and followed by
evaporation under reduced pressure. The completely degraded copoly-
mer was then dissolved in PBS for the thermal transition temperature
measurement. Molecular weight of the completely degraded copolymer
was determined by GPC using THF as a solvent.

Gelation time of the hydrogel copolymer solutions was measured
in a microscope (IX71, Olympus) equipped with a temperature control
system (Weather Station, Precisioncontrol Inc.) and a video recorder
(DP70, Olympus). The system was prewarmed to 37 °C before testing.
A total of 20 µL of the hydrogel copolymer solution was dropped on
a prewarmed glass slide. The turbidity was recorded. The light intensity
was processed by NIH Image J software. Linear fit was used to
interpolate the intensity drop region and then extrapolated to the initial
and final intensity plateau. The time interval between the two
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intersections was considered as the gelation time. Injectability of the
hydrogel copolymer solutions was tested by their ability to be injected
through a 26 gauge needle. This was based on the consideration that
animal injections usually employ needles as small as 26 gauge. The
hydrogel copolymer solution (4 °C) was filled into a 1 mL syringe

equipped with a 26 gauge needle. The syringe was then cooled in a
4 °C refrigerator before being manually injected.

To test hydrogel water content, hydrogel copolymer solution (20 wt
%) was injected into a 96-well plate (200 µL/well). The covered plate
was placed into a 37 °C water bath for 5 h. The hydrogel pellets were

Figure 1. Synthesis scheme of macromer and hydrogel (a) and the mechanism of hydrolysis (b).
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taken out and gently wiped with tissue paper to remove surface water.
The wet weight of hydrogel was measured (w1). The hydrogel was then
lyophilized for 2 days and the dry weight was taken (w2). The water
content was calculated as

water content ) (w1 - w2)/w1 × 100%

2.5. Hydrogel Mechanical Properties. Tensile mechanical proper-
ties of the hydrogels were characterized at 37 °C using the method
described previously.10 Before testing, 2 µL of 20 wt % hydrogel
copolymer or copolymer/collagen composite solution in a 20 mL vial
were placed in a 37 °C water bath to form a hydrogel. The hydrogel
was maintained in the water bath for 5 h before being removed from
the vial and cut into a rectangular shape with a width of 3 mm and a
length of 25 mm. To ensure that the sample loading process did not
cause sample defects due to thermosensitive nature of the hydrogel,
the grips were preheated at 37 °C before the samples were loaded.
The testing was conducted in a 37 °C water bath using an Instron load
frame (model 1322). A cross-head speed of 50 mm/min was used. At
least five samples were evaluated for each condition.

2.6. Hydrogel Degradation. Hydrogel degradation at 37 °C in PBS
(pH ) 7.4) was measured over a 2 week period. The fixed volume
(∼250 µL) of 20 wt % hydrogel copolymer solution was added into a
2 mL microcentrifuge tube. The tube was placed in a 37 °C water bath
for gelation and the formed gel was maintained in the water bath for
5 h. The supernatant was then taken out and an equal volume of
prewarmed PBS was added. The degradation was conducted at 37 °C.
The samples were taken at defined intervals, gently wiped with tissue
paper, and weighed (w2). The hydrogel was then vacuum-dried at
60 °C for 2 days before being weighed (w3). The water content of the
degrading hydrogel was calculated as described above. The weight
remaining was calculated as

weight remaining(%) ) w3/w1 × 100%

where w1 is the sample weight before degradation. This is equal to the
calculated weight from the defined volume and concentration minus
dry mass of the supernatant. At least five samples were evaluated for
each hydrogel type.

2.7. SOD Encapsulation and Release. To load SOD in the
hydrogel, 1 mL of hydrogel copolymer solution (20 wt %) was
thoroughly mixed with 100 µL of SOD solution (in PBS, concentration
2 or 4 mg/mL) at 4 °C overnight. A total of 200 µL of the mixed
solution was then transferred into a 2 mL Eppendorf tube. The tube
was kept in a 37 °C water bath for 30 min for gelation. The supernatant
was removed. A total of 200 µL of PBS was then added into the tube.
The release was conducted at 37 °C in a water bath. At predefined
time points (4 and 8 h, and 1, 3, 7, 10, 14, and 21 d), the supernatant
was collected and replaced with an equal volume of PBS. The collected
SOD solution was placed in a Biomat3 UV/vis spectrometer (Thermo
Scientific) to measure UV absorbance at 250 nm. SOD content was
calculated according to a SOD standard curve. Bioactivity of the
released SOD was measured spectrophotometrically by a SOD Assay
Kit-WST (Fluka) in accordance with the manufacturer’s instructions.

2.8. Mesenchymal Stem Cell Encapsulation. Human bone marrow
derived mesenchymal stem cells (MSCs, Lonza) were plated in
Dulbecco’s modified Eagle’s minimum essential medium (DMEM) and
supplemented with 10 wt % fetal bovine serum (Atlanta Biologics),
2% L-glutamine (Gibco), and 1% penicillin/streptomycin (Lonza). The
cells between passage 12 and 14 were used. These cells have been
shown to be multipotent as confirmed by RT-PCR data (see Supporting
Information) and in previous reports.37

Hydrogel and hydrogel/collagen biocomposite encapsulated with or
without 4 mg/mL SOD were prepared as described above. MSCs labeled
with live cell marker CellTracker Green CMFDA (5-chloromethylfluo-
rescein diacetate, concentration 10 µM) were suspended in PBS to
obtain a cell suspension with a density of 40 million/mL. A total of
0.25 mL of cell suspension was added into 1 mL of the hydrogel
copolymer or copolymer/collagen solution. The mixture was thoroughly
mixed at 4 °C before being transferred into 37 °C water bath for
gelation. The supernatant was then removed and replaced with culture
medium (PBS supplemented with 10% FBS, 2% L-glutamine, and 1%
penicillin/streptomycin). The medium was changed every 3 days. After
1 and 7 days of culture, samples were taken out and digested with
papain solution (0.125 mg/mL papain in 100 mM sodium phosphate,
10 mM EDTA buffer, 100 mM L-cystein, pH ) 6.5) at 60 °C until all
the hydrogel was dissolved. The DNA content was quantified with
PicoGreen dsDNA assay (Invitrogen). To image the cells in the
hydrogel, samples were cut into 100 µm thick sections and observed
directly under fluorescent microscopy (Olympus IX-71, equipped with
a DP70CCD camera).

2.9. Mesenchymal Stem Cell Culture in the Presence of
Superoxide. To test if SOD loading would inhibit superoxide penetra-
tion into the hydrogel and improve survival of encapsulated cells, the
MSC-encapsulated hydrogel/collagen biocomposite was cultured in the
presence of superoxide. Before encapsulation, MSCs were labeled with
a cell-permeant indicator for reactive oxygen species, H2DCFDA (2′,7′-
dichlorofluorescin diacetate, Invitrogen), which is nonfluorescent until
the acetate groups are removed by intracellular esterases and oxidation
occurs within the cell. The labeled MSCs (40 million/mL) were
encapsulated into the hydrogel biocomposite to obtain a final density
of 10 million/mL. After gelation in the 37 °C water bath, the formed
hydrogel was punched into 6 mm diameter disks, which were then
placed into a 6-well plate. A total of 1 mL of culture medium was
added to each well. Superoxide was generated by adding 200 ng/mL
phorbol-12-myristate 13-acetate (PMA) into the macrophage-populated
(1 × 106 per well) transwell (pore size 0.4 µm) that contained 1 mL of
macrophage culture medium (RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin). The hydrogel samples
were taken out after 4 and 20 h of incubation, and the fluorescent
intensity was recorded by a fluorescent microplate reader (Tecan Genios
Pro, Tecan). The hydrogels that did not load with SOD but seeded
with H2DCFDA stained MSC and cultured in the presence of activated
macrophage, and that loaded with SOD and seeded with H2DCFDA
stained MSC but cultured without macrophage, were used as controls.

2.10. Statistical Analysis..38 Each experiment was conducted at least
in triplicate (ng 3). One-way ANOVA was used for all the experiments
unless otherwise stated. Two-way ANOVA was performed for cell
growth within the hydrogels. p < 0.05 was considered to be significantly
different.

3. Results

3.1. Hydrogel Copolymer Structure Characterization.
Structures of the synthesized copolymers were confirmed by
FT-IR and 1H NMR (Figures 2 and 3). FT-IR spectrum (Figure
2) shows that the copolymer had characteristic absorptions of
the isopropyl group (1460, 1380, and 1360 cm-1), amide group
(1530 and 1640 cm-1), carboxylic group (1 713 cm-1), and
carbonyl group of HEMAPTMC units (1750 cm-1) and DBA
units (1780 cm-1), respectively. In 1H NMR spectrum (Figure

Table 1. Copolymer Composition and Molecular Weight Characterization

copolymer feed ratio compositiona Mn PDI Mn after degradation

90/2/4/4 90/2/4/4 90/1.5/4.3/4.2 15600 2.5
90/4/2/4 90/4/2/4 90/3.9/1.9/4.2 13700 2.1 10100

a Calculated by 1H NMR.
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3), the hydrogel copolymers demonstrated characteristic proton
peaks of HEMAPTMC units (b, d, f, and g), DBA units (a, c,
e, and g), AAc units (e and g), and NIPAAm units (c, e, and
g). Composition of the hydrogel copolymer was calculated from
the integration area ratio of the characteristic proton peaks from
each monomer unit. It was found that all of the hydrogels had
composition consistent with the feed ratio. GPC results showed
that number-average molecular weights were greater than 13700
Da (Table 1).

3.2. Hydrogel Copolymer Thermal Properties. Hydrogel
copolymer thermal properties in dry and wet states were

characterized by DSC (Table 2). The dry copolymers exhibited
glass transition temperatures (Tgs) between 126.3-132.1 °C,
depending on the AAc content and collagen addition. The
hydrogel copolymer with higher AAc content demonstrated a
higher Tg. Incorporation of collagen increased Tg from 129.7 to
132.1 °C.

Thermal transition temperatures of the hydrogel copolymer
solutions before and after degradation are presented in Table 2.
Before degradation, all of the copolymer solutions possessed
thermal transition temperatures ranging from 23.6 to 24.8 °C,
depending on the AAc content and collagen addition. Higher

Figure 2. FT-IR spectrum of synthesized hydrogel.

Figure 3. 1H NMR spectrum of synthesized hydrogel.
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AAc content showed a higher transition temperature, while
collagen addition increased the thermal transition temperature.
To measure the thermal transition temperature of the completely
degraded copolymer solution, the hydrogels were immersed in
a NaOH solution to completely hydrolyze the DBA side group
and PTMC side chain. The resulting copolymer theoretically
exhibits the same structure as those completely degraded in PBS
(Figure 1). The hydrolyzed copolymer possessed a thermal
transition temperature greater than 44.2 °C, demonstrating that
the completely degraded copolymer was soluble at body
temperature.

3.3. Hydrogel Copolymer Solution Injectability,
Gelation Time, and Water Content. The hydrogel copolymer
solutions were flowable at temperatures below thermal transition
temperatures (Figure 4a). Injectability of the copolymer solution
was tested by injecting a 20 wt %, 4 °C solution through a 26
gauge needle (Figure 4c). It was found that all the hydrogel
copolymer solutions could be readily injected through the needle,
indicating that these hydrogel copolymers may be used for soft
tissue injection where needles as small as 26 gauge are often

used. Once placed at 37 °C, all the hydrogel copolymer solutions
were able to quickly form solid hydrogels (Figure 4b). The time
needed for a 20 µL, 4 °C hydrogel solution to form a solid
hydrogel at 37 °C was defined as the gelation time. Table 2
demonstrates that the hydrogel copolymer solutions had gelation
times of less than 7 s.

All the hydrogels displayed water content higher than 49%
(Table 2). This was dependent on the AAc content and collagen
addition. In general, hydrogels with higher amounts of AAc
showed higher water content. Adding collagen into the hydrogel
greatly increased the water content.

3.4. Hydrogel Mechanical Properties. Figure 4d and e show
that the formed hydrogel was stretchable at 37 °C. Table 3
presents the hydrogel mechanical properties tested in a water
bath at 37 °C. The hydrogels were highly extensible and soft
with breaking strains greater than 1000% (exceeding the strain
range of the mechanical tester), initial moduli from 39-119
KPa, and tensile stresses from 14.7-29.0 KPa. The tensile stress
and modulus were related to the AAc content and collagen
addition. An increase in AAc content was found to substantially

Figure 4. Macroscopic images of hydrogel. The copolymer solution is flowable at 4 °C (a) and forms gel after gelation at 37 °C (b). The copolymer
solution can be injected through a 26 gauge needle (c). At 37 °C, the formed gel is flexible and can be stretched: (d) before stretching; (e) after
stretching.

Table 2. Thermal Properties, Gelation Time, Injectability, and Water Content of the Hydrogels

hydrogel Tg (°C)

thermal transition
temperature before

degradation (°C)

thermal transition
temperature after
degradation (°C) gelation time (s) injectability water content (%)

90/2/4/4 126.3 23.6 44.2 7 + 49 ( 4
90/4/2/4 129.7 24.8 47.4 6 + 83 ( 8
90/4/2/4 + collagen 132.1 26.4 5 + 124 ( 18

Table 3. Hydrogel Mechanical Properties

hydrogel breaking strain (%) tensile stress (KPa) initial modulus (KPa)

90/2/4/4 >1000 14.7 ( 1.6 43.3 ( 18.6
90/4/2/4 >1000 19.3 ( 2.7 55.9 ( 9.1
90/4/2/4 + collagen >1000 29.0 ( 5.1 119.3 ( 14.2
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increase tensile stress and modulus. However, collagen addition
significantly increased the tensile stress from 19.3-29.0 KPa
(p < 0.05) and the modulus from 56.0-119.3 KPa (p < 0.01).

3.5. Hydrogel Degradation. Hydrogel degradation was
conducted in PBS at 37 °C. All the hydrogels demonstrated
progressive degradation during the 2 week period (Figure 5).
By day 14, the hydrogels retained over 85% of their initial
weight. When comparing the remaining weight of hydrogels
90/2/4/4 and 90/4/2/4, which had different AAc/DBA ratios, it
was found that a change of AAc/DBA ratio from 1/2 to 2/1 did
not alter the degradation rate. However, collagen incorporation
significantly decreased the hydrogel degradation rate. Degrad-
ability of the hydrogel was further confirmed by GPC, where
the number-average molecular weight of the completely de-
graded hydrogel (90/4/2/4) decreased from 13700 to 10100 Da.

Figure 6 shows the hydrogel water content change during
degradation. Both hydrogel (90/2/4/4) and hydrogel biocom-
posite (90/2/4/4 + collagen) demonstrated a slight (p > 0.05)
water content increase during the first 3 days, followed by a
significant decrease at day 7 (p < 0.01 for both hydrogel and
hydrogel biocomposite). However, extension of degradation time
to day 14 did not significantly alter water content (p > 0.05 for
both hydrogel and hydrogel composite).

3.6. SOD Release Kinetics and Bioactivity of Released
SOD. Hydrogel copolymer 90/4/2/4 was selected for study of
SOD delivery. SOD release was conducted in PBS at 37 °C for
3 weeks. The effect of collagen addition and SOD loading on
release kinetics were investigated (Figure 7). Hydrogel/collagen
biocomposite had a significantly slower release rate compared
to hydrogel without collagen at each time point (p < 0.05),
regardless of SOD loading. The hydrogel with lower SOD
loading (2 mg/mL) demonstrated a two-stage release profile, a
fast release during the first days, followed by a slow release
from days 1-21. In contrast, the hydrogel with higher SOD
loading (4 mg/mL) exhibited a more sustained release profile
during the 3-week period. At each time point, the hydrogel with
the higher SOD loading released a significantly higher amount
of SOD than the hydrogel with the lower SOD loading (Table
4, p < 0.05).

Figure 8 shows that bioactivity of the released SOD is
dependent on the SOD loading and collagen addition. For the
hydrogel with the lower SOD loading (2 mg/mL), the released
SOD preserved higher than 60% bioactivity for the first 2 weeks.
This decreased to only above 40% in the third week. For the
hydrogel with the higher SOD loading (4 mg/mL), the bioac-
tivity of released SOD was consistently higher than 75% during
the entire release period. SOD released from the hydrogel with
or without collagen had similar bioactivity. As the mechanism
for bioactivity assay used in this work was to quantitatively
measure SOD bioactivity by its ability to inhibit superoxide
generated by oxidation of xanthine in the presence of xanthine
oxidase, these results indicated that SOD had a half-life of more
than 2 weeks when encapsulated in the hydrogels.

3.7. MSC Culture in SOD-Loaded Hydrogel. To test the
effect of SOD loading on cell proliferation, MSCs at a density
of 10 million/mL were encapsulated within the hydrogels and
hydrogel/collagen biocomposites with or without SOD. Cell
growth was quantified by DNA content. Figure 9 shows that

Figure 5. Degradation of hydrogels at 37 °C in PBS for 2 weeks.
Hydrogel composition is listed in Table 1.

Figure 6. Water contents of hydrogels with and without collagen
during the degradation.

Table 4. Superoxide Dismutase Encapsulation Efficiency

SOD
concentration

collagen
incorporation

encapsulation
efficiency (%)

2 mg/mL + 93
- 89

4 mg/mL + 95
- 91

Figure 7. Release kinetics of SOD encapsulated in the hydrogels
with or without collagen. SOD loading was 4 mg/mL (a) and 2 mg/
mL (b), respectively.
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MSCs were capable of growing in all of the hydrogels with or
without SOD loading during the 7 day culture period. At day
7, the SOD-loaded hydrogel and hydrogel/collagen biocomposite
displayed significantly higher DNA content than those without
SOD (p < 0.05), indicating that SOD loading reduced MSC
apoptosis. For SOD-loaded hydrogels, collagen addition affected
cell growth. The hydrogel/collagen biocomposite demonstrated
a significantly greater DNA content than the hydrogel without
collagen (p < 0.05).

Live cell staining in Figure 10 shows that MSCs in hydrogels
remained alive during the 7 day culture period. For each
hydrogel, the cell density was seen to increase during the culture.
At day 7, the SOD-loaded hydrogel and hydrogel/collagen
biocomposite had obviously higher cell density compared with
their nonloaded counterparts.

3.8. Protection Effect of SOD on MSCs in the Presence
of Superoxide. To investigate if SOD loading would protect
MSCs from attack by superoxide, MSCs were labeled with a
cell-permeant indicator (H2DCFDA) that is nonfluorescent until
the acetate groups are removed by intracellular esterases, and
oxidation occurs within the cell. They were then encapsulated
into the hydrogels. The cell encapsulated hydrogels were
incubated in the medium containing superoxide generated by
activated macrophages. After 4 and 20 h of incubation, the
fluorescence intensities of SOD containing hydrogel with

superoxide incubation, non-SOD containing hydrogel with
superoxide incubation, and non-SOD containing hydrogel
without superoxide incubation were measured and normalized
to the hydrogel weight. The results showed that SOD containing
hydrogel had a significantly lower fluorescence intensity than
the non-SOD containing hydrogel at both 4 and 20 h (Figure
11). This demonstrates that SOD suppressed superoxide pen-
etration into the hydrogel and thus the attack on MSCs as well.

4. Discussion

The main objective of this work was to develop injectable
hydrogels that could be used as both stem cell and antioxidant
carriers. Such a delivery system would not only be able to
deliver stem cells but also create a protective microenvironment
for stem cells from attack by reactive oxygen species (ROS)
such as superoxide. In addition, the hydrogel provides a matrix
for cell attachment to reduce apoptosis.39 The hydrogels were
synthesized by copolymerization of NIPAAm, AAc, DBA, and
HEMAPTMC. The role of NIPAAm was to provide thermosen-
sitivity. The AAC was used to increase solubility of the
hydrogel. DBA was able to hydrolyze into AAc, which allowed
the completely degraded polymer to have 6% of AAc and a
thermal transition temperature >37 °C. Our previous work
demonstrated that when AAc content was 6%, the degraded
polymer would have a thermal transition temperature higher than
37 °C.10 However, we found that if the hydrogel before
degradation had 6% AAc, it had a fast dissolution rate in the
buffer. Therefore, current hydrogels were designed with reduced
initial AAc content. After hydrolysis of DBA, the formed AAc
would allow the degraded polymers to have a total AAc content
of 6%, allowing the polymer to be soluble at body temperature.
HEMAPTMC was utilized to increase hydrophobicity of the
hydrogel and decrease its thermal transition temperature to well
below body temperature, so that gelation could occur at 37 °C
before degradation. Table 2 and Figure 4 demonstrate that the
hydrogels possessed thermal transition temperatures of around
room temperature and were able to gel at 37 °C before
degradation. After degradation, the hydrogel was soluble at
37 °C, as their thermal transition temperatures were well above
37 °C (Table 2).

Thermal transition temperatures of the hydrogels were
dependent on AAc content (Table 2) and collagen addition. The
hydrogel with higher AAc content demonstrated higher thermal
transition temperatures. This is the result of an increase in
hydrogel hydrophilicity, as the carboxylic acid group in the AAc
unit is hydrophilic. The higher hydrophilicity would have greater
inhibiting effect on the dehydration of the hydrogel polymer
chain during the gelation process and, thus, result in higher
thermal transition temperatures.10 Likewise, adding hydrophilic
collagen into the hydrogel increased the thermal transition
temperature. Similarly, the water content was also affected by
the hydrogel hydrophilicity, as hydrogel with higher AAc
content or collagen addition demonstrated higher water content.

All hydrogel copolymer solutions were injectable at temper-
atures below thermal transition temperature (for example 4 °C)
through a 26 gauge needle. This property is attractive as it would
enable the hydrogels be easily delivered into tissues without
causing substantial damage to the tissues.40 In cell injection
therapy, cells are usually delivered using needles as small as
26 gauge. This property also provides opportunities to deliver
the hydrogels by minimally invasive surgery. The hydrogel
copolymer solutions could form hydrogels at 37 °C within 7 s.
This high gelation rate is expected to be beneficial for tissue

Figure 8. Bioactivity of released SOD from hydrogels with or without
collagen and loaded with 4 or 2 mg/mL SOD.

Figure 9. DNA content of MSCs encapsulated in the hydrogels with
or without collagen and SOD (4 mg/mL) after 1 and 7 days of culture.
DNA content was normalized with the weight of the hydrogel.
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injection, as the injected hydrogel could quickly solidify and
localize within the tissue, thereby minimizing the possibility of
the injected hydrogel leaking out. Furthermore, these fast gelling
hydrogels could even be delivered into wounded tissues where
a high density of capillaries and vasculatures are present, as it
would decrease the possibility of the injected hydrogel blocking
the blood flow and causing tissue necrosis. Indeed, this could
occur for those slow gelling hydrogels.

All the hydrogels were highly flexible and soft with a breaking
strain >1000% and with moduli ranging from 39 to 119 KPa
(Table 3). The moduli of hydrogels were dependent on AAc
content and collagen addition. Hydrogels with higher AAc
content tended to have higher modulus. Collagen addition
remarkably elevated the modulus from 56 to 119 KPa. This is
possibly the result of an increased hydrogen bond interaction
between carboxylic groups and amide bonds when AAc content
increases and collagen is added. Hydrogel moduli were similar
to those of rat and human myocardium (1-140 kPa for rat
myocardium, and 20-500 kPa for human myocardium),41 thus
enabling them to be potentially used for myocardial cell therapy.
The breaking strains and moduli are greater than those of
collagen gel,42 chitosan,43 alginate,44 and poly(ethylene glycol)
(PEG)45 hydrogels. These flexible hydrogels could be used for
engineering mechano-active soft tissues possessing low moduli,
as they would respond in concert with tissue motion and thus
allow effective mechanical stimulus transfer from the tissue
environment to the cells in the hydrogels during tissue regenera-
tion. When placing stem cells and hydrogel into a tissue with
similar modulus, the hydrogel may provide a native-like
mechanical microenvironment for the stem cell to differentiate
into appropriate cell types for enhanced tissue regeneration.46

The importance of scaffold stiffness on stem cell growth and
differentiation has been increasingly appreciated in recent years.
It has been demonstrated that materials with different stiffness
could direct stem cell to differentiate into different lineages.44,47

The hydrogels experienced progressive degradation during a
2 week period (Figure 5). At day 14, all the hydrogels retained
over 85% of their initial weight. The change in AAc/DBA ratio
from 1/2 to 2/1 did not significantly alter the degradation rate.
However, collagen incorporation significantly decreased the
degradation rate. It is possible that the electrostatic and hydrogen
bond interactions between the collagen and carboxylic groups
in the AAc unit delayed degraded water-soluble hydrogel from
dissolving in the water. Interestingly, the hydrogel water content

Figure 10. Fluorescence images of MSCs encapsulated in hydrogels with or without collagen and SOD (4 mg/mL) after 1 and 7 days of culture.
The cells were stained with live cell stain CMFDA before encapsulation. Scale bar ) 100 µm.

Figure 11. Fluorescence intensity of MSCs encapsulated hydrogels
after culture in the medium with or without superoxide (generated by
activated macrophage) for 4 h (a) and 20 h (b). MSCs were labeled
with ROS sensitive dye H2DCFDA before being encapsulated into
the hydrogel. SOD loading significantly inhibited superoxide penetra-
tion into the cell membrane. *p < 0.05.
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decreased after 3 days of degradation. In the hydrogel, the longer
polymer chains (higher molecular weight chains) aggregated
to form a dense core, which was surrounded by a loose periphery
region that consists of short polymer chains (lower molecular
weight chains).47 Water penetration into the loose periphery
region is thus easier than into the dense core, leading to a higher
water content and a faster degradation rate in the periphery
region. Upon degradation of the periphery shorter polymer
chains, the remaining dense core exhibits lower water content.

Current methods for SOD encapsulation are mainly focused
on the use of microparticles and hydrogels. Microparticle
delivery system consistently shows relatively low encapsulation
efficiency (70-80%) and an inability to preserve long-term
bioactivity (>1 week).29-34 Studies using hydrogels as delivery
vehicles displayed either a relatively short release time (<1
week) or low bioactivity of the released SOD.52,53 Our hydrogel
delivery system demonstrated much improved encapsulation
efficiency (>89%) as well as the ability to preserve longer-term
(3 weeks) bioactivity. SOD bioactivity is also much higher than
that of the PEG-modified SOD, which only exhibited a half-
life of 80 h.29 SOD release kinetics and bioactivity were related
to hydrogel degradation, water content, collagen addition, and
SOD loading. During the first 3 days, degradation of smaller
molecular weight macromolecules and relatively high water
content enabled fast SOD release. This is evidenced by Figure
7, where all the hydrogels demonstrated burst release during
the first 3 days. After 3 days, as both water content and
degradation rate were decreased, all the hydrogels demonstrated
slower release kinetics, indicating that SOD release may be
dominated by both diffusion and hydrogel degradation. Incor-
poration of collagen did not significantly change bioactivity of
the released SOD, though it slowed down the SOD release
(Figure 7). This is due to the collagen addition decreased
hydrogel degradation (Figure 5), which delayed SOD diffusion
out of the hydrogel. The hydrogel with lower SOD loading
demonstrated slower release kinetics compared with the hydrogel
with higher SOD loading. This is possibly related to the
interactions between SOD and hydrogel/collagen. At lower SOD
loading (2 mg/mL), the SOD formed strong interactions with
hydrogel/collagen, which restrained SOD release. At a higher
SOD loading (4 mg/mL), not all of the SOD formed strong
interactions with hydrogel/collagen. SOD that had weak interac-
tions with hydrogel/collagen may have been released first.

MSCs were able to proliferate within the hydrogels during
the 7 day culture period (Figures 9 and 10). Interestingly, SOD
incorporation significantly stimulated MSC growth. It has been
shown that ROS exists under the normal culture condition (37
°C, 20% O2, and 5% CO2), even in a medium containing
antioxidant sodium pyruvate.48,49 SOD loaded in the hydrogel
may protect the cells from attack by ROS in the medium. This
is consistent with recent studies that SOD could reduce apoptosis
of MSCs transplanted in vivo.24,30,50 Furthermore, we found
that SOD in the hydrogel can efficiently protect encapsulated
MSCs from attack by ROS when cultured in a medium
containing superoxide generated by activated macrophages
(Figure 11). After 4 and 20 h exposure to the superoxide, MSCs
in the hydrogel containing SOD had significantly lower oxidative
stress than those in the hydrogel without SOD, indicating that
SOD significantly suppressed superoxide penetration into the
hydrogel and cell membrane.

5. Conclusions

We synthesized novel injectable and thermosensitive copoly-
mers based on N-isopropylacrylamide, acrylic acid, dimethyl-

γ-butyrolactone acrylate, and macromer hydroxyethyl meth-
acrylate-poly(trimethylene carbonate). The hydrogel copolymer
solutions exhibited thermal transition temperatures of around
room temperature with gelation able to occur within 7 s to form
highly flexible and soft hydrogels. The degraded hydrogels were
water-soluble at 37 °C. SOD was encapsulated in the hydrogels
and demonstrated sustained release kinetics. The released SOD
remained bioactive during the 3 week release period. The SOD-
loaded hydrogels stimulated MSC growth and were confirmed
to be capable of inhibiting superoxide attack on the cells. These
hydrogels may have potential to be used as cell and drug carriers
for cardiovascular applications.
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