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Abstract

Injectable reverse thermal gels have great potentials as biomaterials for tissue engineering and
drug delivery. However, most existing gels lack functional groups that can be modified with
biomolecules that can guide cell/material interactions. We created an amine-functionalized ABA
block copolymer, poly(ethylene glycol)-poly(serinol hexamethylene urethane), or ESHU. This
reverse thermal gel consists of a hydrophobic block (B): poly(serinol hexamethylene urethane) and
a hydrophilic block (A): poly(ethylene glycol). The polymer was characterized by GPC, FTIR
and IH FTNMR. Rheological study demonstrated that ESHU solution in phosphate-buffered
saline initiated phase transition at 32°C and reached maximum elastic modulus at 37°C. The in
vitro degradation tests performed in PBS and cholesterol esterase solutions revealed that the
polymer was hydrolyzable and the presence of cholesterol esterase greatly accelerated the
hydrolysis. The in vitro cytotoxicity tests carried out using baboon smooth muscle cells
demonstrated that ESHU had good cytocompatibility with cell viability indistinguishable from
tissue culture treated polystyrene. Subcutaneous implantation in rats revealed well tolerated
accurate inflammatory response with moderate ED-1 positive macrophages in the early stages,
which largely resolved 4 weeks post-implantation. We functionalized ESHU with a hexapeptide,
Ile-Lys-Val-Ala-Val-Ser (IKVAVS), which gelled rapidly at body temperature. We expect this
new platform of functionalizable reverse thermal gels to provide versatile biomaterials in tissue
engineering and regenerative medicine.
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1. Introduction

Reverse thermal gels dissolve in water and undergo spontaneous phase transition with
increasing temperature and form physical gels at elevated temperatures. They have many
uses in biomedicine and biotechnology when their gelling temperature is close to body
temperature. The advantage of reverse thermal gel is that they are simple to use and do not
require cross-linkers or UV irradiation that are necessary to trigger the gelling of typical
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hydrogels [1-16]. They retain the advantages of injectable hydrogels in that they can be
injected via a thin needle and gel in situ to conform to an irregular shape of the treatment
site. Reverse thermal gels only need temperature change to trigger the gelation and shifting
the hydrophobicity/hydrophilicity balance can control the gelation temperature [17-21].
However, most existing reverse thermal gels lack functional groups that allow bio-
functionalization, which is a powerful way to control cell-biomaterials interaction.

To this end, we designed a reverse thermal gel that has one free primary amine group on
every repeating unit. We focused on three factors in the design process. First, what
functionality? We chose amine because of its well established conjugation chemistry with
biomolecules such as peptides and carbohydrates. Second, which hydrophobic and
hydrophilic block? We chose polyurethane as the hydrophobic block because it is widely
used in biomedicine and has good biocompatibility [22-27]. We chose PEG as the
hydrophilic block because it is non-immunogenic and non-toxic. Third, what the
polyurethane monomers should be? Typical polyurethanes are made from a diol and a
diisocyanate. We chose serinol as the diol because this serine derivative has two —OH
groups and one —-NH, group. The —OH groups can react with the diisocyanate and the -NH
group can be protected for further biofunctioanlization. Equally important is the
biocompatibility of serinol [28,29]. We chose hexamethylene diisocyanate (HDI) because it
has been used in many polyurethanes [30-33]. In addition, HDI requires no catalyst, which
leads to a cleaner product. Rheological and histological examination demonstrates that
ESHU gels rapidly at 37°C and shows good biocompatibility. A bio-functionalized ESHU
with IKVAVS peptide also shows quick thermal gelling property.

2. Experimental section

2.1. Materials

N-BOC-serinol and bovine pancreatic cholesterol esterase (CE) (EC 3.1.1.13) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). PEG, N,N’-dicyclohexylcarbodiimide
(DCC), and 4-(Dimethyl amino) pyridine (DMAP) were purchased from Alfa Aesar (Ward
Hill, MA, USA). Hexamethylene diisocyanate (HDI) was purchased from TCI America
(Wellesley Hills, MA, USA). Anhydrous diethyl ether was purchased from Fisher Scientific
(Pittsburgh, PA, USA). Anhydrous chloroform, anhydrous dichloromethane, anhydrous
N,N-dimethylformamide (DMF), and trifluoroacetic acid (TFA) were purchased from EMD
(Gibbstown, NJ, USA). LIVE/DEAD viability/cytotoxicity kit was purchased from
Molecular Probes (Carlsbad, CA, USA). Monoclonal antibody (host/isotype: 1gG1 kappa)
for ED-1 staining was purchased from Millipore (Temecula, CA, USA). The Spectra/Por
dialysis membrane (MWCO: 3,500-5,000) was purchased from Spectrum Laboratories
(Rancho Domingues, CA, USA). The hex-peptide, I(N-BOC)K(N-BOC)VAVS(tBu)-OH,
was synthesized by the peptide synthesis facility at University of Pittsburgh (Pittsburgh, PA,
USA).

2.2. Equipment

Fourier transformed infrared (FTIR) spectra were recorded on a Thermo Nicolet iS10
spectrometer equipped with a diamond Smart iTR. IH FTNMR spectra were recorded on a
Bruker Avance 600 NMR. The molecular weight was determined via gel permeation
chromatography (GPC) on a Viscotek GPCmax VE2001 system equipped with a Viscotek I-
MBMMW-3078 column and a Viscotek 270 dual detector (differential refractive index and
right angle light scattering) using THF as the eluent. Polyethylene glycol (American
Polymer Standard) was used for calibration. Rheological measurements were performed on
a thermostatted oscillating rheometer (PHYSICA MCR301, Anton Paar) equipped with a 5
cm steel cone (1 degree). 1.0 ml of the polymer solution was used for the measurements.
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The data was collected at an angular frequency of 1 rad/s with 0.5% strain. All in vitro cell
morphologies were examined on a Nikon ECLIPSE TE 200 equipped with digital camera
(RT Color, 1x HRD 100-NIK, Diagnostic Instruments). All histological examinations
including image acquisition were performed on a Nikon ECLIPSE Ti equipped with a
Qimaging RETIGA-SRV digital camera. The LIVE/DEAD assay was recorded on a
Microplate Reader using Gen5 software (SYNERGY Mx, BioTek).

2.3. Synthesis of ESHU

2.3.1. Synthesis of polyurethane block (Step 1)—N-BOC-serinol (0.5 g, 2.62 mmol)
was placed in a 25 ml round bottom flask and melted at 90°C under a nitrogen atmosphere.
HDI (0.44 g, 2.62 mmol) was added slowly and the polymerization was performed for 150
min to form the urethane bonds (Fig. 1). More HDI (0.88 g, 5.24 mmol) was added and the
reaction mixture was stirred for 6 h to synthesize the polyurethane middle block
(intermediate I). After cooling down to ambient temperature, the mixture was dissolved in
2 ml anhydrous chloroform and poured into excess anhydrous diethyl ether to precipitate out
the polymer. The purification process was carried out twice and the precipitates were
washed in 100 ml of anhydrous diethyl ether overnight to remove unreacted HDI.
Intermediate | was obtained after drying at 45°C under vacuum (yield: 97%).

2.3.2. Coupling of polyurethane block and PEG (Step 2)—As synthesized
intermediate 1 (1 g) and PEG (3 g, M,,: 550) were placed in a 25 ml round bottom flask and
the reaction was performed at 90°C for 6 h under a nitrogen atmosphere. After cooling
down, the mixture was dissolved in 2 ml of anhydrous chloroform, precipitated into excess
anhydrous diethyl ether twice, and washed in 100 ml of anhydrous diethyl ether. A
transparent ESHU was obtained after drying at 45°C overnight under vacuum (yield: 95%,
My: 3,955, My,/Mp,: 1.66).

Additionally we synthesized large molecular weight of ESHU. We followed the same
procedure as described above with a little modification. N-BOC-serinol (0.5 g, 2.62 mmol)
was dissolved in 1 ml anhydrous DMF in a 25 ml round bottom flask at 90°C under a
nitrogen atmosphere. HDI (0.44 g, 2.62 mmol) was added slowly and the polymerization
was performed. After 48 h, HDI (22 mg, 0.131 mmol) was added to facilitate the reaction.
The polymerization was performed for 7 days. More HDI (0.88 g, 5.24 mmol) was added
and the reaction mixture was stirred for 12 h. After cooling down to ambient temperature,
the mixture was precipitated in excess anhydrous diethyl ether. The polymer was dissolved
again in 2 ml anhydrous chloroform and poured into excess anhydrous diethyl ether to
precipitate out the polymer. The purification process was carried out twice and the
precipitates were washed in 100 ml of anhydrous diethyl ether overnight to remove
unreacted HDI. The intermediate was obtained after drying at 45°C under vacuum (yield:
98%). As synthesized intermediate (1 g) and PEG (3 g, My,: 550) were dissolved in 2 mi
anhydrous DMF in a 25 ml round bottom flask and the reaction was performed at 90°C for
12 h under a nitrogen atmosphere. After cooling down, the mixture was precipitated into
excess anhydrous diethyl ether. After drying, the polymer was further purified with dialysis
membrane in water at room temperature for 3 days. The dialyzed solution was freeze-dried
and a transparent ESHU was obtained (yield: 97%, M,,: 17,600, M,/M;: 2.1).

2.4. In vitro degradation

The degradation of ESHU was performed in pure PBS and CE solution as previously
described [33,34]. For enzymatic degradation, ESHU was dissolved in 5 ml PBS to form a 5
wt % solution and incubated with 400 units/ml CE at 37°C on a stirrer at 60 rpm. One unit
of CE was defined as the concentration of enzyme required to produce 1.0 nmol of
cholesterol from cholesteryl oleate per minute. A 0.2 ml of fresh CE solution (2000 units/
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ml) was added to the polymer solutions every three days to maintain CE activity. At each
time point, 1 ml sample was taken from each solution, lyophilized, dissolved in THF, and
filtered (0.2 um) for GPC analysis. The degradation in PBS was studied in the same way as
in CE except no enzyme was used.

2.5. Cytotoxicity tests on ESHU

Non-immortalized baboon smooth muscle cells (P14) were isolated from a 4-year-old male
Papio cyncephalus and used for in vitro cytotoxicity tests. Cells were cultured in MCDB
131 medium with 10% fetal bovine serum (FBS), 1% L-glutamine and 20 ug/ml
gentamycin. The cells were incubated in a humidified atmosphere with 5% CO, at 37°C.
The medium was refreshed every three days until the cells reached 95% confluence. The
cells were harvested from the petri dish by incubation in 1 ml of trypsin solution (0.25%) for
20 min, neutralizing with 5 ml of serum-supplemented medium, centrifugation and removal
of supernatant. The cell pellets were resuspended in serum-supplemented medium at a
concentration of 4x10° cells/ml and used immediately for cytotoxicity test.

The cytotoxicity was evaluated according to 1SO 10993-5 guideline [35]. Briefly, 400 mg of
the polymer was extracted using 1 ml of serum-supplemented MCDB 131 culture medium
for 24 h at 37°C. After incubation for 24 h, 0.5 ml of each extract and 100 pl of baboon
smooth muscle cell suspension (4x104 cells) were placed in 24-well plates. Fresh serum-
supplemented medium was used as control. After 24 h of incubation, the cell morphology
was examined on a fluorescent microscope. The cell viability was determined by LIVE/
DEAD viability/cytotoxicity kit containing calcein AM and ethidium homodimer-1
(EthD-1). After 24 h of incubation, the cell culture medium was removed and cells were
rinsed with sterile PBS solution. A 100 pl of LIVE/DEAD assay reagent that consists of 2
pumol calcein AM and 4 pmol EthD-1 was added and incubated for 30 min at room
temperature. After staining, the cells were examined on a fluorescence microscope to
determine viability. The cell viability was further quantified using a Microplate Reader. The
excitation/emission wavelengths were 485/515nm and 525/590nm for calcein AM and
EthD-1, respectively.

2.6. In vivo biocompatibility

Male Sprague-Dawley rats weighing 225-275 g were used in a preliminary investigation of
the in vivo biocompatibility of ESHU. All animal experiments were performed under a
protocol approved by the Institutional Animal Care and Use Committees (IACUC) at the
University of Pittsburgh. The solution of 60% (wt/v) ESHU was chosen for in vivo injection
because it was the highest concentration in water which represents the largest dose of the
polymer and would represent the most severe host response. Prior to and during polymer
injection, the rats were anesthetized by isoflurane (2—-3%) inhalation. Under sterile
conditions, 0.5 ml of ESHU solution was injected subcutaneously at the lower right and
lower left back of each rat. The solutions gelled quickly and round humps can be palpated
under the skin. The animals were sacrificed and injection site explanted after 3, 14, 28 days.
The tissues were fixed in 10% formalin for histological analysis, or frozen in OCT for ED1
immunohistochemical analysis. For haematoxylin and eosin (H&E) staining and Masson’s
trichrome staining (MTS), fixed specimens were serially dehydrated in a graded series of
ethanol washes and embedded in paraffin. Eight micron thick sections were cut along the
longitudinal axis of each implant and stained according to standard protocols for H&E and
MTS staining. An immunohistochemical procedure was used to stain ED1, a marker of
newly recruited macrophages. The frozen specimens were cut into 8-um thick sections, fixed
in acetone for 10 min, and then air dried. Nonspecific binding was blocked by a 30-min
incubation in normal goat serum (5% v/v, 0.1% Triton X100, 0.1M PBS, pH 7.4). The slide
was then incubated in mouse anti-rat ED1 primary antibody (1:100, 0.1% Triton 100X,
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0.1M PBS) (Abcam, Cambridge, MA) for 40 mins at 37°C. After three PBS washes, the
slides were again blocked in normal horse serum and exposed to goat anti-mouse Cy3
secondary antibody (1:400, 0.1% Triton 100X, 0.1M PBS) (Abcam, Cambridge, MA) for 30
min at room temperature, and followed by three PBS washes. ED1 stained sections were
analyzed for the density of newly recruited macrophages. Nine 200x magnification images
were obtained for each specimen. The number of ED1+ cells in a given area was quantified
using Nikon NIS-Elements software.

2.7. Functionalization of ESHU with IKVAVS

2.7.1. De-protection of ESHU (NH»-ESHU)—As synthesized ESHU (100 mg) was
dissolved in 10 ml chloroform in a 50 ml round bottom flask. TFA (10 ml) was added and
BOC de-protection was performed for 1 h at room temperature. After removing TFA and
chloroform by rotary evaporation, the polymer was purified using dialysis in water at room
temperature for 2 days. The dialyzed solution was freeze-dried and a pale yellowish solid
(NH»-ESHU) was obtained (yield: 96%).

2.7.2. Synthesis of IKVAVS conjugated ESHU (IKVAVS-ESHU)—
I(BOC)K(BOC)VAVS(tBu)-OH (83 mg, 0.095 mmol) was dissolved in 23 ml anhydrous
DMF in a 50 ml round bottom flask. DCC (21.6 mg, 0.105 mmol) solution in 1 ml
anhydrous DMF was added slowly at 0°C. NH»-ESHU (50 mg, 0.19 mmol NH,) solution in
1 ml anhydrous DMF was added with a catalytic amount of DMAP, which was stirred for 24
h at room temperature under a nitrogen atmosphere. The cyclohexylurea was filtered off.
After removing 90% DMF using rotary evaporator, it was poured into excess diethyl ether to
precipitate out (BOC)K(BOC)VAVS(tBu)-ESHU. After drying, BOC was removed in 20
ml chloroform/TFA (50/50, v/v) mixture for 1 h at room temperature. After removing TFA
and chloroform using rotary evaporator, the polymer was purified by dialysis in water at
room temperature for 2 days. The dialyzed solution was freeze-dried and a pale yellowish
solid, IKVAVS-ESHU, was obtained (yield: 86.3%).

3. Results and Discussion

3.1. Structural Characterization

We monitored the progress of the polymerization reaction using FTIR. The most prominent
changes were observed on isocyanate groups and ether linkage. The isocyanate groups of
intermediate | (Fig. 2A) at 2250 cm™ disappeared after PEGylation, whereas the ether
linkage of PEG block in ESHU (Fig. 2B) appeared at 1100 cm™~! indicating PEGylation
occurred to both isocyanate end groups of intermediate 1. The strong peak at 1680 cm™1
was assigned to carbonyl groups of amide bonds. Moreover, other characteristic peaks such
as amide N-H and urethane C-O-C were observed at 1520 and 1250 cm™2, respectively.

To further examine the chemical structures of ESHU, we performed IH FTNMR analysis
(Fig. 3). The methylene protons in PEG (a) and N-BOC-serinol (d) were confirmed at 3.65
and 4.0-4.2 ppm, respectively. The methylene protons adjacent to nitrogen in HDI unit (e)
were observed at 3.17 ppm. The protons bound to nitrogen in HDI and N-BOC-serinol (b,c)
were confirmed at 4.85-5.25 ppm. The signal at 1.42 ppm was assigned to methyl protons in
the BOC groups.

The hydrophobic:hydrophilic ratio of reverse thermal gels is an important factor to
determine thermal behaviors such as gelling rate and phase transition temperature. To
estimate the hydrophobic:hydrophilic ratio, we measured molecular weights (M,,) of ESHU.
The M, of ESHU was 3,955 with relatively narrow PDI (1.66). We designated the value,
calculated by the M,, of PEG subtracted from M,, of ESHU, as the M,, of hydrophobic
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block. The ratio was calculated by the comparison of M, of PEG and hydrophobic block.
Thus, the ratio of hydrophobic:hydrophilic was 2.6 which was in the range (1.2 — 6) as
reported previously [21,36-38].

3.2. Sol-gel phase transition

Reverse thermal gels undergo sol-gel phase transitions caused by rapid changes in solubility
upon heating or cooling. They are fluidic at low temperatures and gel at elevated
temperatures. Further heating beyond the gelation temperature can result in phase
separation. To use reverse thermal gels as injectable biomaterials, it should gel at body
temperature. We investigated the phase transition phenomenon of ESHU rheologically by
measuring elastic modulus upon temperature sweep and time sweep (Fig. 4). No significant
changes in elastic modulus were observed below 30°C indicating it remained fluidic (Fig.
4A). A sharp increase in elastic modulus was observed between 30-39°C corresponding to
the sol to gel phase transition. Further heating over 39°C led to a decrease in elastic modulus
corresponding to phase separation. Although the gelling and phase separation temperature
depended on the polymer concentrations, all the polymer solutions remained gel at body
temperature (see supplementary data Fig. S1). To estimate how fast ESHU can gel in the
human body, we measured the elastic modulus at 37°C (Fig. 4B). Regardless of
concentration, the rapid increase in elastic modulus completed within 3 min suggesting that
ESHU solution can form a gel quickly upon injection. These observations indicate that
ESHU possesses appropriate thermal properties for biomedical applications.

3.3. In vitro degradation

Degradation rate is an important parameter of biomaterials, especially those intended for
applications in tissue engineering and drug delivery. To determine the degradability of
ESHU, we measured the changes of My, in PBS and CE solution at 37°C. The degradation
rate was expressed as the ratio of the M, upon degradation and that of the new polymer
(Fig. 5). No significant changes of M,, were observed in 14 days in PBS and approximately
1.9% decrease was observed at day 45. The presence of CE greatly accelerated the
degradation, which reached 6.6, 12.0 and 20.2% in 7, 14 and 45 days respectively. There are
many evidences of in vitro degradation of polyurethanes by enzymes such as chymotrypsin
[39,40] and CE [34,41,42]. Polyurethanes can also be degraded by oxidation. An in vivo
oxidative environment can be formed by immune system via macrophages and foreign body
giant cells. Several researches have revealed that polyurethanes were degraded by oxidation
mimicking an in vivo biodegradation mechanism of immune system [40,43-46]. Thus the
biodegradation rate of ESHU is expected to be faster in vivo.

3.4. In vitro cytotoxicity

The in vitro cytotoxicity of ESHU was examined according to ISO 10993-5 guideline on
extraction methods to evaluate the toxicity of biomaterials. The morphologies of cells
exposed to the extracts (Fig. 6B) resembled that on the control (Fig. 6A) and most cells are
viable after exposure to the extracts as indicated by green fluorescence micrographs
captured in the live/dead assay (Fig. 6D). These images are consistent with the high
percentage of live cells observed in live/dead assay (Fig. 6E). All numbers were calculated
by comparing the fluorescence of live and dead cells collected by the microplate reader. The
percentage of live cells was statistically the same as the control based on a two-tailed
Student’s t-test. We did not perform viability test with diluted solutions because the original
extracts showed good cytocompatibility.

Biomaterials. Author manuscript; available in PMC 2012 January 1.
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3.5. In vivo biocompatibility

In order to investigate host response of ESHU, in vivo biocompatibility test was performed.
We examined the highest possible concentration of ESHU to test the most severe host
response. All the animals survived throughout the study with no malignant infection and
abscess at the injection sites. Tissues adjacent to the polymer showed native histological
structure with regular muscle alignment and cell morphology at 3 days (Fig. 7A, D and G).
H&E staining revealed the presence of significant inflammatory infiltrates around the
polymer. MTS staining showed a loose collagen layer (blue) surrounding the polymer and
appeared to be newly formed and immature. Two weeks post-injection (Fig. 7B, E and H),
the tissues surrounding polymer showed regular cell morphology and alignment. The
amount of inflammatory infiltrate decreased significantly and MTS staining showed
collagen depositions around the polymer appeared to be more mature. Generally, the tissues
surrounding the polymer showed characters of fibrous tissues, and host cells infiltrated into
the polymer and began to remodel the gel. Four weeks after injection (Fig. 7C, F and 1), the
inflammation was largely resolved with tissue architecture surrounding the polymer mostly
returned to normal. The polymers and the host tissue appeared to be well integrated. Cellular
remodeling occurred in most part of the gel. Tissues within the gel contained smaller amount
of collagen and had less organized structures than the surrounding tissues.

ED1 staining was used to estimate macrophage activities triggered by the injection of the
gel. At 3 days (Fig. 8A), a large number of newly recruited (ED1-positive) macrophages
aggregated around the polymers and presented red-stained band around the implant, which
indicated an acute inflammatory reaction. We attributed this to a non-specific inflammatory
reaction because it was widely observed in many implanted biomaterials [47]. Two weeks
post-injetion (Fig. 8B), the density of ED1-positive cells decreased slightly. However, there
was no difference statistically. Four weeks after injection (Fig. 8C), the density of ED1-
positive cells significantly decreased and the band of newly-recruited macrophages
disappeared indicating the infiltration of macrophages into the gel and the cellular
remodeling of the material accompanied by mild inflammatory reactions. To quantify ED1+
macrophages, 5 images were chosen randomly around tissue-ESHU interface and quantified
using Nikon NIS-Elements software. The sequential and significant decrease in the number
of macrophages per square millimeter from 1589 at 3 days to 1329 at 14 days and 194 at 28
days indicating a mild inflammation that was mostly resolved by 4 weeks (Fig. 8D). Thus,
ESHU showed biocompatibility in SC implantation even at the highest dose.

3.6. Functionalization of ESHU with IKVAVS

Typical components of injectable reverse thermal gels are poly(L-lactic acid) [48,49],
poly[(lactic acid)-co-(glycolic acid)] [18,50], poly(e-caprolactone) [51,52] and poly(N-
isopropylacrylamide) [53,54]. These polymers show good biocompatibility and sol-gel
phase transitions around body temperature. There is a significant emphasis on functionalized
injectable gels for biomedical applications. Recent reports include tertiary amines [55-57], a
RGD conjugated poly(organophosphazene) [58], and a dopamine conjugated hyaluronic
acid [59]. We created a serine-based reverse thermal gel by simple chemistry without
catalyst. The polymer is easy to purify and contains a primary amine group in each repeating
unit that leads to versatile bio-functionalization. To verify the ability of bio-functionalization
using the ESHU platform, we investigated a reaction between ESHU and IKVAVS. IKVAV
is a laminin epitope that is known as a promotor of cell adhesion and neurite outgrowth [60—
63]. To reserve the bioactivity of IKVAV, we needed a spacer amino acid that directly reacts
with the primary amine of NH,-ESHU. We chose Ser because IKVAVS is the natural
sequence in laminin. To our knowledge, this is the first report of an IKVAVS-containing
thermal gel.

Biomaterials. Author manuscript; available in PMC 2012 January 1.
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We monitored the incorporation of IKVAVS using FTIR. The most prominent change was
observed on carbonyl peaks between 1600-1700 cm™L. The NH,-ESHU showed one
carbonyl peak from amide bonds of ESHU backbone at 1680 cm™1 (Fig. 9A). However,
IKVAVS-ESHU showed two carbonyl groups at 1680 and 1630 cm™1. The peak at 1680
cm~1 was same as the one in NH,-ESHU. The peak at 1630 cm™1 was assigned to carbonyl
groups from peptide bonds in IKVAVS-ESHU which was a strong evidence that IKVAVS
was incorporated well (Fig. 9B). Other characteristic peaks such as ether linkage of PEG
block, amide N-H, and urethane C-O-C were observed at 1100, 1520, and 1250 cm™,
respectively.

We further examined the chemical structure of IKVAVS-ESHU using 'H FTNMR analysis
(Fig. 10). The inset displaying the spectrum of NH,-ESHU showed no BOC groups at 1.42
ppm indicating a clean de-protection. The most prominent difference between NH,-ESHU
and IKVAVS-ESHU was observed in the range of 0.8-2.2 ppm (dotted area). The methyl
protons in lle (a), Ala (c), Val (e) were observed at 0.93, 1.62, and 1.17 ppm, respectively.
The methylene protons in Lys (b) were observed at 1.75 and 1.87 ppm. The hydroxyl proton
in Ser (d) appeared at 2.04 ppm. The degree of substitution of IKVAVS was 41.3% as
calculated by the ratio of the methylene proton in Lys and the methylene protons “f” in the
polymer backbone (same designation as in Fig 3).

In order to investigate the potential as an injectable biomaterial, the elastic modulus of
IKVAVS-ESHU was studied rheologically as described previously. In our previous works
(data not shown), the solution of IKVAVS-ESHUs synthesized from low M,, of ESHU
exhibited no thermal gelling properties regardless of concentrations. We deduced that the
IKVAVS-ESHUs from low My, were too hydrophilic to gel. Indeed an increase in the Myy
of the hydrophobic block of ESHU led to successful thermal gelation of IKVAVS-ESHU.
The elastic modulus of this polymer solution increased with increasing temperature and
formed gel at body temperature (Fig. 11). A dramatic increase in elastic modulus was
observed between 28-36°C. The polymer completely gelled at 37°C (Fig. 11A) with no
significant changes in elastic modulus until phase separation at 43°C. The measurement of
the change of elastic modulus at 37°C mimicked the injection into a human body, which
showed the polymer solution gelled completely in less than a minute (Fig. 11B). These
demonstrated that the IKVAVS-functionalized ESHU was an injectable thermal gel.

We successfully functionalized ESHU with IKVAVS through the primary amine groups on
the polymer. The conjugation of IKVAVS led to changes of physicochemical properties. We
monitored the structural changes by FTIR. The overall spectra of ESHU (Fig. 2B), NH»-
ESHU (Fig. 9A), and IKVAVS-ESHU (Fig. 9B) were the same except the appearance of
two carbonyl peaks in the IKVAVS-ESHU spectrum. We observed single carbonyl peak in
both ESHU and NH,-ESHU at 1680 cm™1 originated from the urethane bonds. In contrast,
IKVAVS-ESHU exhibited an additional carbonyl stretch at 1630 cm™1 corresponding to
amide groups of the peptide bonds in IKVAVS. We further monitored structural changes

by 1H FTNMR. The general proton signals of ESHU (Fig. 3) and NH,-ESHU (Fig. 10 inset)
were the same except that the methyl protons in ESHU at 1.42 ppm disappeared in the
spectra of NH»-ESHU indicating the removal of BOC protective groups. On the other hand,
IKVAVS-ESHU displayed a vastly different 1H FTNMR spectrum (Fig. 10) at 0.8-2.2 ppm:
New proton signals appeared at a, b, ¢, d, and e that corresponded to lle, Lys, Ala, Ser, and
Val respectively. The appearance of an additional strong amide stretch in IR and the
correlated additional proton signals in NMR are indicative of functionalization with
IKVAVS. The functionalization also led to the change of elastic property upon heating. The
dramatic increase in elastic modulus of ESHU was observed at 30-39°C, and it decreased
right after reaching maximum elastic modulus (Fig. 4A). Whereas the dramatic increase in
elastic modulus of IKVAVS-ESHU was observed at 28-36°C and maintained its gel state
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until 43°C (Fig. 11A), much longer than ESHU gel. The rate of sol to gel phase transition at
body temperature was also changed. IKVAVS-ESHU formed a complete gel in 40 sec (Fig.
11B) which was much faster than ESHU (3 min, Fig. 4B). These observations correlated
well with the hydrophobic nature of IKVAVS, and the functionalization resulted in faster
phase transition and a more stable gel.

4. Conclusions

We designed and characterized an amine-functionalized biodegradable reverse thermal gel
based on serinol. The amine functional group was further functionalized with IKVAVS, and
resultant IKVAVS-ESHU showed good thermal gelling property. We are currently
investigating the effect of IKVAVS-ESHU on the regeneration of central nerve system. We
believe this platform of functionalizable reverse thermal gels could lead to significant
innovations in tissue engineering and regenerative medicine.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Synthesis of ESHU. Step 1: synthesis of polyurethane intermediate 1. Step 2: PEGylation of
intermediate | to obtain ESHU. BOC: tert-Butyl carbamate protecting group; HDI:
hexamethylene diisocyanate.
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Fig. 2.

FTIR spectra of (A) intermediate | and (B) ESHU. The reactive isocyanate groups of
intermediate 1 at 2250 cm™1 (*) completely disappeared while ether linkage corresponding
to PEG in ESHU at 1100cm ™1 (#) appeared after the PEGylation.
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Fig. 3.
1H FTNMR spectra of ESHU in CDCl3. The presence of a, e and g protons indicate the
presence of PEG, polyurethane and BOC-protected amine groups in ESHU.
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Fig. 4.

The elastic modulus of ESHU. (A) Temperature sweep was recorded in the temperature
range of 25-45°C (0.5°C/min) at concentrations of 20 and 30% (wt). (B) Time sweep was
recorded at 37°C at concentrations of 20 and 30% (wt) for 15 min. The rapid change of
elastic modulus upon heating indicated a sol to gel phase transition. The decrease in elastic
modulus caused by further heating beyond gelation indicated phase separation. The polymer
solution formed a gel in 3 min at 37°C.
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In vitro degradation of ESHU in PBS and CE solution. The degradation of ESHU was much
faster in the presence of CE. Data are presented as means + S.D (n=3).
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Fig. 6.

In vitro cytotoxicity of ESHU toward baboon smooth muscle cells by MCDB extracts for 24
h at 37°C. Phase contrast of cell morphologies of control (A) and extract (B). No differences
were observed between control and extract. Fluorescence images of cells of (C) control and
(D) extract which stained with LIVE/DEAD assay reagent. All images produced mostly
green fluorescence with a few red one. All images were taken with 200x magnification. (E)
The percentage of live cells by LIVE/DEAD assay. Data are presented as meantS.D (n=3).
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Fig. 7.

Photomicrographs of H&E and MTS stained sections of the tissues adjacent to ESHU
injection site (marked by ***). The tissues were harvested after: 3 days (A, D, and G), 14
days (B, E, and H), and 28 days (C, F, and I). (A-C) Low magnification of images (40x,
scale bar = 500 um) of H&E stained tissue, rectangle frames indicated the field chosen for
capture at higher magnifications. (D-F) H&E staining of the injection sites indicated a rapid
decrease in inflammatory infiltrates over time. (200x, scale bar = 100 um); (G-I) MTS
staining of the injection site indicated collagen deposition (200x, scale bar = 100 pum).
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Fig. 8.

Representative photomicrographs (200x, scale bar = 60 um) of injection sites
immunohistochemically stained for ED1+ macrophages. Tissues were harvested after: (A) 3
days; (B) 14 days, and (C) 28 days. (D) The number of ED1+ macrophages decreased with
time indicating a reduction in inflammatory response. Images from 5 random areas around
the injection sites were used for quantification at each time point. Data represent mean+SD
(n=5). ** p<0.01.

Biomaterials. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Park et al. Page 21

NH, *
5 O Ly o OH
HoN N N NJWN N NH-ESHU
H o H © H o
* * *
B
A
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Fig. 9.

FTIR spectra of (A) NH»-ESHU and (B) IKVAVS-ESHU. The carbonyl groups of the
peptide bonds in IKVAVS-ESHU was observed at 1630 cm™1 (*) after IKVAVS
incorporation.
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Fig. 10.

IH FTNMR spectra of IKVAVS-ESHU in D,0. The incorporation of IKVAVS was
confirmed by appearance of new peaks between 0.8-2.2 ppm. The presence of a, b, ¢, d, and
e protons indicates the presence of lle, Lys, Ala, Ser, and Val, respectively. The methylene
protons of ESHU backbone was marked as “f” (same as proton “f” in Fig 3).
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Fig. 11.

The elastic modulus of IKVAVS-ESHU. (A) Temperature sweep was recorded in the
temperature range of 25-45°C (0.5°C/min) at concentrations of 15% (wt). The polymer
solution showed rapid change of elastic modulus upon heating and gelled completely at
37°C. (B) Time sweep was recorded at 37°C at concentrations of 15% (wt) for 3min. The
polymer solution became a gel in less than a minute.
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