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Abstract: In this study, L-lactide was used to modify the tricalcium phosphate (B-TCP) and
tetracalcium phosphate (TTCP) surface which can form functionalized poly(l-lactic acid)
(PLLA)-grafted B-TCP (g-B-TCP) and PLLA-grafted TTCP (g-TTCP) particles. The g-3-TCP
and g-TTCP obtained were incorporated into a PEG-PCL-PEG (PECE) matrix to prepare inject-
able thermosensitive hydrogel composites. The morphology of the hydrogel composites showed
that the g-B-TCP and g-TTCP particles dispersed homogeneously into the polymer matrix,
and each hydrogel composite had a three-dimensional network structure. Rheologic analysis
showed that the composite had good thermosensitivity. Changes in calcium concentration and
pH in simulated body fluid solutions confirmed the feasibility of surface-functionalized calcium
phosphate for controlled release of calcium. All the results indicate that g-B-TCP/PECE and
g-TTCP/PECE hydrogels might be a promising protocol for tissue engineering.

Keywords: injectable, thermosensitivity, surface functionalization, calcium phosphate,
biocompatibility

Introduction

Hydrogels, ie, cross-linked hydrophilic polymer chains with three-dimensional struc-
tural networks, can be engineered to resemble the extracellular environment of body
tissues in ways that enable their use in medical implants, as biosensors, and as drug
delivery agents.'? Biodegradable stimuli-sensitive hydrogels can undergo volume or
phase transition in response to environmental stimuli, such as temperature, pH, ionic
strength, pressure, or electric field.>* Among these, thermosensitive hydrogels which
are free-flowing liquids at room temperature while forming a non-free-flowing gel
at body temperature, have been widely used in the biomedical field.** Their ability
to absorb large amounts of water and their sensitivity to environmental temperature
enable them to maintain certain shapes as well as achieve the goal of controlled drug
release, tissue repair, and prevention of postoperative adhesions, especially in the
physiologic body temperature range.”'° In bone tissue engineering, ideal scaffolds
should be equipped with surface properties that permit cell adhesion, differentiation,
and proliferation, maintain desirable mechanical integrity, lack cytotoxicity, and
have osteoconductivity.'' Thermosensitive hydrogels represent a promising modality
to avoid using traditional noxious substances as an initiator of phase transition.'*'?
In addition, many natural and synthetic hydrogels used in bone tissue engineering
have been intensively studied, such as chitosan-based hydrogels'*!* and polyester
copolymer hydrogels.'¢'8
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It is well known that both poly(ethylene glycol) (PEG)
and poly(e-caprolactone) (PCL) are biodegradable and
biocompatible materials approved by the US Food and
Drug Administration.'”'*** Moreover, PCL is a nontoxic
material with hydrophobic characteristics. The chemical
structure of the hydrophobic segments is an important
factor in defining the thermogelling behavior, degrada-
tion, and release properties of thermosensitive PEGylated
polyester copolymers.!® Thus, through combination of the
respective advantages of PEG and PCL, the PEG-PCL-
PEG copolymer might have great potential application in
the biomedical field.

Inorganic bioceramics such as hydroxyapatite
(Ca,(PO,),(OH),), tricalcium phosphate (3-TCP, Ca,(PO,),),
and tetracalcium phosphate (TTCP, Ca,(PO,),0), are com-
monly used as bone repair material, and provide a favorable
environment for osteoconduction, protein adhesion, and
osteoblast proliferation due to their excellent bioactivity
and biocompatibility.?' 2 TTCP (Ca/P: 2.0) is the only cal-
cium phosphate phase with a Ca/P ratio greater than that
of hydroxyapatite. B-TCP (Ca/P: 1.5) occurs in various
pathologic calcification and dental caries lesions.** However,
their application as implants is restricted by their brittleness
and difficulty in molding.? Adding calcium phosphate into
a polymer matrix for preparation of calcium phosphate/
polymer composites is a common approach to solving these
problems.? It is reported that these kinds of biodegradable
composite materials have improved mechanical properties
and bioactivity, and are able to induce cells to attach or
proliferate upon them.?”*® However, particle aggregates in
composite materials are thought to trigger decreased adhe-
sion between the two phases, resulting in an early failure at
the interface.

To address the abovementioned drawbacks, the surface
of calcium phosphate crystals has been successfully func-
tionalized by PLLA in our previous study, and the results
revealed that the surface grafted with TTCP particles had
better dispersibility.?>3* In this study, B-TCP and TTCP
particles were surface-modified by PLLA to obtain func-
tionalized g-B-TCP and g-TTCP. The g-B-TCP and g-TTCP
particles were then incorporated into PECE hydrogel to pre-
pare thermal-sensitive g-B-TCP/PECE and g-TTCP/PECE
hydrogel composites. '"H-NMR, Fourier transform infrared
(FT-IR), X-ray diffraction, differential scanning calorimetry
(DSC), and scanning electron microscopy were used to
investigate the properties of these PECE copolymer, g-3-
TCP/PECE, and g-TTCP/PECE composites. In vitro thermal
sensitivity, pH changes, controlled release of calcium, and

biocompatibility of the novel hydrogel composites were
also studied.

Materials and methods

Raw materials

PEG methyl ether (M =550), e-caprolactone, stannous octoate
(Sn(Oct),), isophorone di-isocyanate, 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT), and
Dulbecco’s modified Eagle’s medium, purchased from Sigma-
Aldrich (St Louis, MO, USA), were used without any further
purification. TTCP (Brunauer-Emmett-Teller surface area
5.2308 m?/g) and B—TCP (Brunauer-Emmett-Teller surface
area 2.8364 m*g) were purchased from Nanjing Emperor
Nano Materials Co, Ltd (Nanjing, People’s Republic of
China), and l-lactide was obtained from Guangshui National
Chemical Co (Guangshui, People’s Republic of China). All
other agents and solvents used in this work were of analytic
reagent grade and used directly without further purification.

Preparation of g-3-TCP/PECE

and g-TTCP/PECE hydrogel composites

Grafting polymerization of PLLA onto the hydroxyl groups
of g-B-TCP or g-TTCP was achieved via a ring-opening
polymerization reaction according to our previous study.’!
Briefly, the reaction vessel was placed in an oil bath at 140°C
under a nitrogen atmosphere for 13 hours. A Soxhlet extractor
was used to remove any non-grafted PLLA on the surface
of the B-TCP and TTCP particles using dichloromethane as
the solvent at 50°C for 24 hours. The purified g-B-TCP and
g-TTCP were dried to a constant weight at 40°C in a vacuum.
The triblock PECE copolymer was synthesized in two steps,
consistent with the literature.’! Briefly, a PEG methyl ether-
PCL diblock copolymer was synthesized from e-caprolactone
initiated by PEG methyl ether using Sn(Oct), as the catalyst
by ring-opening copolymerization. The obtained PEG methyl
ether-PCL was cross-linked using isophorone diisocyanate
as the linker. The obtained PECE copolymer was dialyzed
against deionized water for 3 days using cellulose dialysis
tubing (Spectra/Por®, Spectrum Laboratories Inc., Houston,
TX, USA) with a cutoff molecular weight of 2,000. The
aqueous PECE solution was then freeze-dried and kept in
an airtight bag until use.

To prepare the g-B-TCP/PECE and g-TTCP/PECE hydro-
gel composites, 2.4 g of freeze-dried PECE powder and 7 mL
of deionized water were added to a glass tube. After the PECE
was fully dissolved in water, the total volume of solution was
kept at 10 mL by adding water. The solution was incubated
in a water bath at 60°C for 2 minutes, and then placed in
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an ice-water bath for another 5 minutes. After the solution
became a transparent liquid, 0.6 g of g-B-TCP or g-TTCP
powder was slowly added to the PECE solution. The mixture
was then stirred and ultrasonicated for at least 30 minutes.
Pure PECE hydrogel was prepared using a method similar
to that described above.

Characterization of physicochemical
properties

Thermogravimetric analysis was done with a heating rate of
10°C per minute from room temperature to 600°C on a TGA
Q 500 series thermogravimetric analyzer (TA Instruments,
New Castle, DE, USA). FT-IR spectra were taken on a Nicolet
6700 FT-IR spectrometer (Thermo Scientific, Waltham, MA,
USA) in a range of 400-4,000 cm™, using the KBr disk
method. 'H-NMR spectroscopy was performed on a Varian
400 instrument (Varian Instruments, Palo Alto, CA, USA) at
400 mHz using CDCI, as the solvent and tetramethylsilane as
the internal reference standard. X-ray powder diffraction pat-
terns were recorded on an X’Pert Pro MPD DY 1291 (Philips,
Eindhoven, the Netherlands) diffractometer using graphite-
monochromatized Cu K radiation (A 0.1542 nm; 40 kV;
40 mA) at a scanning rate of 4° per minute. DSC was per-
formed using a differential scanning calorimeter (Netschz 204,
Netschz, Selb, Germany) at a heating rate of 10°C per minute.
The morphology of the hydrogel composites was examined
using a scanning electron microscope (JSM-5900LV, JEOL,
Tokyo, Japan) at 20 kV. All samples were gold-coated prior
to examination by scanning electron microscopy.

Characterization of rheologic
and sol-gel-sol phase transition

of hydrogel composites

Rheologic measurement of the hydrous hydrogel compos-
ites was carried out using a Gemini rtheometer (Malvern
Instruments, Malvern, UK). The samples were placed
between parallel 40 mm diameter plates with a gap of 1 mm.
The heating rate was set as 2°C per minute in the range of
10°C—-60°C. The storage modulus (G"), loss modulus (G7),
and complex viscosity (77*) were measured to characterize the
kinetics of hydrogel formation as a function of temperature.
A frequency of 1 Hz and a strain of 1% were applied in order
to maintain a linear viscoelastic region.

In this study, each sample of a given concentration
was prepared by dissolving a sample of known amount in
deionized water at a designated temperature. The volume
of the solution was kept at 1 mL in total, regardless of
the concentration. After being incubated in a water bath at

0°C for 15 minutes, the hydrated samples were slowly heated
at a rate of 0.5°C per minute from 0°C to the temperature at
which precipitation occurred. A sol-gel-sol phase transition
diagram of triblock copolymer hydrogels was recorded using
the test tube-inverting method with a 10 mL tightly screw-
capped vial with an inner diameter of 13 mm. The sol-gel-sol
transition was visually observed by inverting the vials, and
the conditions of sol and gel were defined as “flow liquid sol”
and “no flow solid gel” in one minute, respectively.

Release of calcium from hydrogels

and in vitro pH change

Simulated body fluid was buffered at pH 7.4 with
tris(hydroxymethyl) aminomethane ((CH,OH),CNH,) and
1 M hydrochloric acid (HCl) at 36.5°C. The composition of the
simulated body fluid is shown in Table 1. The in vitro calcium
concentrations and pH change were performed in simulated
body fluid on a stir plate at a constant temperature (37°C).
Briefly, the samples were placed in a dialysis bag (molecular
mass cutoff 800—1,000) and incubated in 20 mL of simulated
body fluid at 37°C with gentle shaking. At set time intervals,
the following characteristics were investigated: pH value
at the end of each incubation period, measured using a pH
meter (PHS-3C, Shanghai Lida Instrumentation Co, Shang-
hai, People’s Republic of China); calcium concentrations in
simulated body fluid solution, recorded on a SpectrAA 220FS
(Varian Instruments) as a function of soaking time.

Cytotoxicity assay of g-3-TCP/PECE
and g-TTCP/PECE hydrogel composites

Cytotoxicity was evaluated according to the 2009 Interna-
tional Organization for Standardization 10993-5 guideline.
Hydrous g-B-TCP/PECE and g-TTCP/PECE hydrogel
composites (6 cm*mL of culture medium) were extracted
using Dulbecco’s modified Eagle’s medium containing 10%
(v/v) fetal bovine serum for 72 hours at 37°C. The extracts
were then diluted with Dulbecco’s modified Eagle’s medium

Table | Composition of simulated body fluid solution

International Journal of Nanomedicine 2014:9

Reagent Amount/L
NaCl 8035¢g
NaHCO, 0355¢
KCl 0225¢
K,HPO,-3H,0 023l g
MgCl,-6H,0 03llg
HCI 39 mL
CaCl, 0292¢g
NaSO, 0.072¢g
Tris 6.118g
Abbreviation: Tris, tris(hydroxymethyl) aminomethane.
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(10% fetal bovine serum), and a series of the extract dilutions
[1%, 2%, 5%, 10%, 20%, 40%, 60%, 80%, 100% (v/v)] were
collected. The L929 cells were incubated with the leachates
of different concentrations (n=3) for 24 hours and 48 hours,
respectively. At predetermined time points, 20 uL of MTT
was added to each well and the cells were further incubated
for another 4 hours at 37°C. The supernatant was fully
removed and 150 pL of dimethyl sulfoxide was added to
each well, oscillating for 30 minutes. The absorbance of each
well was measured at 570 nm using an enzyme-linked immu-
nosorbent assay microplate reader (Bio-Rad, Hercules, CA,
USA). A mean value was obtained from four test runs.

Statistical analysis

The results of all data sets were analyzed using one-way
analysis of variance. The results are represented as the mean
value = standard deviation of triplicate samples unless oth-
erwise stated. Differences between datasets were considered
statistically significant for P-values less than 0.05.

Results

Synthesis and characterization
The scheme in Figure 1A shows the process used to prepare
the g-B-TCP/PECE and g-TTCP/PECE hydrogel composites.

By
N
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S

PECE opolymer \‘\I\fo

37 °C
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Sol-gel transition

Photographs of the aqueous hydrogel composites at room
temperature and body temperature revealed the temperature-
dependent sol-gel transition behavior of the PECE copolymer and
the g-B-TCP/PECE and g-TTCP/PECE composites (Figure 1B
and C). The hydrogels flowed freely at lower temperature, and
became nonflowing gels at body temperature. In Figure 1C,
there had obviously precipitate in TTCP/PECE (Figure 1C-d),
evidently revealed that pure TTCP (nanografted) particles tended
to aggregate, however, there had no precipitate in g-TTCP/PECE
and g-B-TCP/PECE hydrogels (Figure 1C-b and 1C-c), this sug-
gested that surface-grafted TTCP had better dispersibility.

The amount of surface-grafted PLLA was determined
as a weight loss percentage during heating (Figure 2). The
weight losses from the B-TCP, TTCP, g-B-TCP, and g-TTCP
at 600°C were 5.11%, 4.84%, 12.38%, and 27.62%, respec-
tively. According to the equation whereby the grafting amount
(%) = W(%) — W(%), where Wis the weight loss from g-3-TCP
or g-TTCP, and W is the weight loss from pure 3-TCP or TTCP,
it could be concluded that the PLLA grafting percentage for
g-B-TCP and g-TTCP was 7.27% and 22.78%, respectively.

As shown in the FT-IR spectra (Figure 3A), the new
bands of the g-B-TCP and the g-TTCP at about 2,994 cm™
and 1,759 cm™ were attributed to vibration of the —CH and
the C=0 bonds and the broad peak at 3,300-3,500 cm™" was

/o Functionalized calcium phosphate

r"’Lo

Figure | (A) Synthesis scheme for the hydrogel composites. (B) Thermosensitive hydrogel formation of pure PECE (a); g-TTCP/PECE (b); B-TCP/PECE (c) at 37°C; (C)
thermosensitive hydrogel formation of pure PECE (a); g-TTCP/PECE (b); B-TCP/PECE(c); and TTCP/PECE (d) at 10°C.
Abbreviations: B-TCP, tricalcium phosphate; TTCP, tetracalcium phosphate; PEG, poly(ethylene glycol); PCL, poly(e-caprolactone); PECE, PEG-PCL-PEG; g-B-TCP,

poly(l-lactic acid)-grafted B-TCP; g-TTCP, poly(l-lactic acid)-grafted TTCP.
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Figure 2 Thermogravimetric curves for pure TTCP, B-TCP, g-TTCP, and g-B-TCP.
Abbreviations: B-TCP, tricalcium phosphate; TTCP, tetracalcium phosphate; g-B-
TCP, poly(l-lactic acid)-grafted B-TCP; g-TTCP, poly(l-lactic acid)-grafted TTCP.

related to the OH— from the PLLA and the absorbed water.
Figure 3B shows the FT-IR spectra of bare PECE and the
g-B-TCP/PECE and g-TTCP/PECE hydrogel composites.
In the "H-NMR spectra (Figure 4), the two weak peaks at
4.20 ppm and 3.82 ppm belonged to methylene protons
of =O—CH,—CH,— in PEG in the PEG methyl ether end unit
which linked with PCL blocks. The M, value for the obtained
PECE copolymer was 3,150 according to the "H-NMR peaks
of 3.60 ppm and 4.06 ppm.

Peaks observed in the X-ray diffraction profiles at
20 =26.5°, 31.0°, and 34.3° were the characteristic dif-
fraction peaks of g-B-TCP. In the g-TTCP pattern, obvious
peaks were observed at 26 =29.2°,29.8°, 31.1°, and 32.4°.
Two strong peaks could be seen at 21.5° and 23.9° for the
crystalline peaks of the PECE copolymer matrix. Several
diffraction peaks were observed in the g-B-TCP/PECE and
g-TTCP/PECE hydrogel composites (¢ and d) in Figure 3C,
and they were at the same location as those of the g-B-TCP
powder, g-TTCP powder, and PECE hydrogels.

Thermal properties, such as the melting temperature (7))
and crystallization temperature (7), of pure PECE and the
composites were measured by DSC. Figure 5A indicates
that the crystallization temperature of the samples was in
the range of 18°C—22°C, and decreased slightly from 21.5°C
t0 20.5°C and 19.0°C when g-B-TCP and g-TTCP particles
were added, the reason for which might be that addition of
g-B-TCP and g-TTCP particles to the PECE matrix weakens
the crystallinity of the PECE chains.

The g-B-TCP and g-TTCP particle sizes were about 2—8
pm and 0.5-0.8 um, respectively (Figure 6). It can be seen that
the inner pores of the PECE hydrogel were interconnected,

A
T T T T T T T T T T T T T T
3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumber (cm™)
B
a
b
Cc
T T T T T T T T T T T T T T
3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumber (cm™)
C

Intensity (au)
o o
f

15 20 25 30 35 40 45
2Theta (degree)

Figure 3 (A) FT-IR spectra for pure TTCP (a); B-TCP (b); g-TTCP (c); and g-B-
TCP (d). (B) FT-IR spectrum for PECE (a); g-TTCP/PECE (b); and g-B-TCP/PECE
(¢). (C) X-ray diffraction patterns for g-3-TCP (a); g-TTCP (b); g-B-TCP/PECE (c);
g-TTCP/PECE (d); and PECE (e).

Abbreviations: B-TCP, tricalcium phosphate; FT-IR, Fourier transform infrared;
TTCP, tetracalcium phosphate; PEG, poly(ethylene glycol); PCL, poly(e-caprolactone);
PECE, PEG-PCL-PEG; g-B-TCP, poly(l-lactic acid)-grafted B-TCP; g-TTCP, poly(l-
lactic acid)-grafted TTCP.
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Figure 4 'H-NMR for PECE copolymer.

ppm

Abbreviations: PEG, poly(ethylene glycol); PCL, poly(e-caprolactone); PECE, PEG-PCL-PEG; ppm, parts per million; '"H-NMR, 'H nuclear magnetic resonance spectrum.

with irregular shapes and pore sizes ranging from 5 um to 20
um, as shown in Figure 6E. When the g-B-TCP and g-TTCP
particles were added to the PECE matrix, the morphologies of
the g-B-TCP/PECE and g-TTCP/PECE hydrogel composites
changed slightly, with the interconnected pores becoming
fewer and smaller and the pores changing in integrity.

Rheologic and temperature-
dependent sol-gel-sol transition

of hydrogel composites

The mechanical properties of the PECE copolymer solution
and aqueous g-B-TCP/PECE and g-TTCP/PECE hydrogel
composites were examined by oscillatory rheologic tests as
a function of temperature. Figure 7A—C shows changes in
the G’, G”, and n* for the hydrogels. G’ in the sol state was
less than 1 Pa and increased abruptly to greater than 100 Pa
due to the sol-gel transition with increasing temperature. The
dramatic decrease in G” at about 45°C demonstrates the gel-
sol transition of the aqueous copolymer solution. Moreover,
the sol-gel transition temperature of the resultant hydrogels
shifted to a higher value when g-B-TCP and g-TTCP were
added. The sol-gel-sol transition phase diagram of the hydro-
gels is shown in Figure 7D. All aqueous samples showed sol-
gel transition and gel-sol transition. The “sol-gel” transition
temperature of aqueous g-B-TCP/PECE and g-TTCP/PECE
hydrogel composites decreased as g-B-TCP and the g-TTCP
was added, and the “gel-sol” transition temperature shifted
to a higher value at the same time.

In vitro degradation and release study

The pH and calcium concentration values in simulated body
fluid solution as a function of soaking time are shown in
Figure 8. For g-B-TCP and g-TTCP, the pH of the solu-
tion increased steadily during degradation, and reached
7.93 and 8.05, respectively, after one day. Values for the
g-B-TCP/PECE and g-TTCP/PECE hydrogels increased
from 7.45 to 7.91 and 7.93, respectively, but decreased
slowly after one day (Figure 8A). As a whole, the curves
for different calcium concentration could be divided into
three stages during the whole immersion period: calcium
concentration presented a increase firstly; and decreased
secondly; then calcium concentration increased slowly.
(Figure 8B).

Cytotoxicity assay of composite hydrogel
The results of the MTT assay are shown in Figure 9. After
24 hours of incubation, L929 cells showed well viability
in all the leachates. Percent viability of the L929 cells
decreased slightly as the concentration of leachates
increased; however, the absorbance was not significantly
different from that of the negative control. Over the
test duration of 48 hours, the absorbance of all samples
increased further with no noticeable difference between the
groups. As observed in the MTT assay, the toxicity of the
g-B-TCP/PECE and g-TTCP/PECE hydrogel composites
to L929 cells was acceptably low based on cell viability
and proliferation.
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Figure 5 DSC profiles for PECE, g-B-TCP/PECE, and g-TTCP/PECE hydrogel
composites. (A) DSC thermograms recorded from the first cooling cycle. (B) DSC
thermograms recorded from the second heating cycle.

Abbreviations: DSC, differential scanning calorimetry; PEG, poly(ethylene glycol);
PCL, poly(e-caprolactone); PECE, PEG-PCL-PEG; g-B-TCP, poly(l-lactic acid)-grafted
tricalcium phosphate; g-TTCP, poly(l-lactic acid)-grafted tetracalcium phosphate.

Discussion

Over recent decades, researchers have paid a lot of attention
to in situ calcium phosphate/polymer injection hydrogels for
repair of bone defects.**3* Among these, thermal-sensitive
hydrogels are the mostly extensively studied because they
can be injected as a liquid with in situ gel formation at physi-
ologic temperature. In previous studies, Fan et al*! and Gong
et al** have reported the PECE thermosensitive hydrogels,
and they were proven to be injectable, biocompatible, and
bioabsorbable. However, their studies were mainly focused
on the use of hydrogels as a drug delivery system. In this
study, we combined thermosensitive PECE hydrogel with an
inorganic filler to prepare the injectable and thermosensitive

hydrogel composites, with the expectation that they would
be applied in the tissue engineering field.

It is well known that the interfacial strength between
calcium phosphate and a polymer is a key factor in the con-
struction of such a composite. Much effort has been made to
improve composite interfacial bonding based on the fact that
a layer of hydroxyl groups covers the outermost surface of
the calcium phosphate particles.’® Further, the affinity of the
particle surface for the polymer matrix could be improved to
some extent in certain ways. Thus, surface functionalization
of B-TCP and TTCP might play a significant role in produc-
ing well dispersed calcium phosphate/polymer hydrogel
composites. To the best of the authors’ knowledge, there
has not been any literature reported concerning the use of
B-TCP and TTCP in surface modification of PECE hydrogel
composite scaffolds. In this study, TTCP and B-TCP particles
were surface-functionalized by ring-opening polymerization
and novel g-B-TCP/PECE and g-TTCP/PECE hydrogel
composites were prepared.

The amount of PLLA grafted onto the surface of B-TCP
and g-TTCP at 13 hours was 7.27% and 22.78%, respec-
tively. The percentage grafting can be adjusted to control
the release of calcium to apply to different clinical patients
according to our studies. From the results of FT-IR analysis,
the characteristic band at 2,994 cm™ and 1,759 cm™ confirms
the formation of g-B-TCP and g-TTCP. The 'H-NMR result
is in agreement with that reported by Gong et al, indicating
that the PECE copolymer was prepared successfully.®

The pure PECE copolymer had two strong characteristic
peaks at 21.3° and 23.7°, indicating that this copolymer is
only partly crystalline (Figure 3C). Two peaks could be
observed for the g-B-TCP/PECE and g-TTCP/PECE hydro-
gel composites, but their intensity was markedly decreased.
It might be interactions between the g-B-TCP and g-TTCP
particles and the macromolecular chains in PECE that weaken
the crystallinity of PECE.

Two endothermic peaks at 39°C—43°C and 46°C—48°C on
the heating trace and one exothermic peak at 18°C-22°C on
the cooling trace were attributed to melting of the PCL seg-
ment followed by melting of the recrystallized PCL domain
during the heating process (Figure 5A); this was similar to
the two endothermic peaks of the PEG-PCL copolymer com-
posed of low molecular weight PEG and PCL.>” Moreover,
the two melting temperatures of the g-B-TCP/PECE and
g-TTCP/PECE hydrogel composites were higher than those
of pure PECE copolymer. It might be the interactions between
the g-B-TCP and g-TTCP particles and the PECE matrix that
blocked the thermal motion of the PECE chains. The decrease
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Figure 6 Scanning electron microscopic observations and particle size of g-3-TCP (A and B) and g-TTCP (C and D), cross-sectional morphologies of pure PECE (E),
g-TTCP/PECE (F), and g-B-TCP/PECE and hydrogel composites (G).

Abbreviations: PEG, poly(ethylene glycol); PCL, poly(e-caprolactone); PECE, PEG-PCL-PEG; g-B-TCP, poly(l-lactic acid)-grafted tricalcium phosphate; g-TTCP, poly(l-lactic
acid)-grafted tetracalcium phosphate.
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Figure 7 Rheologic results showing changes in storage modulus (G%, loss modulus (G”), and complex viscosity (17*) of samples upon heating. (A) PECE, (B) g-B-TCP/PECE,
and (C) g-TTCP/PECE. (D) Sol-gel-sol transition phase diagram of PECE hydrogel, and g-TTCP/PECE and g-B-TCP/PECE hydrogel composites.

Abbreviations: PEG, poly(ethylene glycol); PCL, poly(e-caprolactone); PECE, PEG-PCL-PEG; g-B-TCP, poly(l-lactic acid)-grafted tricalcium phosphate; g-TTCP, poly(l-lactic
acid)-grafted tetracalcium phosphate.
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in crystallization temperature might due to dispersion of the
g-B-TCP and g-TTCP particles in the PECE matrix, restrain-
ing crystallization of the PECE domains. The AH_ decreased
when g-B-TCP and g-TTCP were incorporated into PECE,
also suggesting decreased crystallinity that would result in

21 28 35 42
Time (days)

a function of soaking time.
PCL-PEG; g-B-TCP, poly(l-lactic acid)-grafted tricalcium phosphate; g-TTCP, poly(l-lactic

increased solubility of the composites. This might be the
reason why the temperature ranges in the gel state became
wider when g-B-TCP and g-TTCP particles were added.
The results shown in Figure 1B and Figure 1C suggest that
the g-B-TCP/PECE and g-TTCP/PECE hydrogel composites
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Figure 9 Rat L929 cytotoxicity evaluation in different concentration leachates from hydrogel composites cultured for 24 hours (A) and 48 hours (B). Error bars represent
the standard deviation; n=3. Data are expressed as the mean * standard deviation. Significant at the *P<<0.05 level when pure PECE was the control.
Abbreviations: PEG, poly(ethylene glycol); PCL, poly(e-caprolactone); PECE, PEG-PCL-PEG; g-B-TCP, poly(l-lactic acid)-grafted tricalcium phosphate; g-TTCP, poly(l-lactic

acid)-grafted tetracalcium phosphate.

had better dispersibility. The three-dimensional network
structure of all samples formed is attributable to hydropho-
bic interaction of the PCL segments in the PECE chains
(Figure 6). In addition, the interconnected porous structures
suggest that g-B-TCP/PECE and g-TTCP/PECE hydrogel
composites are potentially useful as an injectable scaffold
for cell growth and migration in a polymer matrix. We also
found that the pores became smaller when g-TTCP was added
because the TTCP particle sizes were smaller. The decrease
in cold crystallization temperature might be another reason
for the decreased volume of the interconnected pores.

Rheologic measurement confirmed the thermal sensitivity
of PECE and the g-B-TCP/PECE and g-TTCP/PECE hydro-
gel composites (Figure 7A—C). The gelation temperature of
the hydrogel composites was higher than that of pure PECE
hydrogel. A possible explanation is that the g-B-TCP and
g-TTCP particles could change the specific hydrophobic
interactions between the PCL block and the PEG block of the
PECE copolymer. The formation of hydrogen bonds between
the g-B-TCP and g-TTCP and PECE chains facilitated the
gelation process.

The results shown in the sol-gel-sol transition phase
diagram reveal that the temperature ranges over which the
samples remained in the gel state widened following addition
of g-B-TCP and g-TTCP particles (Figure 7D).? This explains
the interactions between the g-B-TCP and g-TTCP particles
and the PECE polymer matrix described above.

The change in pH was due to the release of OH™ after deg-
radation of g-B-TCP and g-TTCP neutralized the acid resulting

from degradation of PECE. It also indicates that incorporation
of g-B-TCP and g-TTCP could prevent degradation of PECE.
The surface-functionalized calcium phosphate, involving differ-
ent degrees of grafting of a poly(lactic acid) oligomer chain onto
the surface of the polygon-shaped B-TCP and TTCP particles,
resulted in controlled release of calcium. The change in calcium
concentration was because that SBF was supersaturated and
any ionic dissociation in the SBF would break this equilibrium.
First, the main reason for the increase in calcium concentration
during this phase was the dominance of dissolution of the com-
posite because of the dissolution behavior of phosphate. Second,
dissolution of the composite surface transformed into precipita-
tion and precipitation of phosphate became the main process
due to the decrease in calcium ions in simulated body fluid at
this time. Finally, the calcium concentration was increased due
to dissolution of bone-like apatite which could create many
nucleation sites on the surface of the composites.*

The cytotoxicity of the PECE copolymer was evaluated
by MTT assay in L929 cells, which depended on the dose
of leachates from the g-B-TCP/PECE and g-TTCP/PECE
composites. From the MTT data, we can see that all the
samples showed an upward trend, suggesting that osteoblasts
grew in the leachates of the g-B-TCP/PECE and g-TTCP/
PECE composites. As shown in Figure 9, osteoblast prolif-
eration was significant when the weight ratio of the leachates
of the g-B-TCP/PECE and g-TTCP/PECE composites was
lower than 20 wt%. Cell viability was higher than 59%, even
when the weight ratio of the leachates was 100%. The cell
proliferation behavior suggests that the g-3-TCP/PECE and
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g-TTCP/PECE composites have good biocompatibility and
could be one of the best potential bone candidates in bone
tissue engineering.

Conclusion

In this work, surface-functionalized g-TTCP and g-B-TCP
particles were successfully prepared. Triblock copolymer
PECE was combined with g-B-TCP and g-TTCP particles
in order to prepare thermosensitive hydrogel composites.
Rheologic measurements showed that the gelation points of
the g-B-TCP/PECE and g-TTCP/PECE hydrogel composites
were adequate for intracorporeal injection. The gelation tem-
perature could be adjusted by adding g-B-TCP and g-TTCP
particles into a PECE matrix. The three-dimensional struc-
tures of the g-B-TCP/PECE and g-TTCP/PECE hydrogel
composites show that they could be used as a scaffold mate-
rial for cell proliferation. Therefore, the g-B-TCP/PECE and
g-TTCP/PECE hydrogel composite system is a prospective
candidate as an injectable biomaterial for tissue engineering.
Although the concept of injectable and thermoresponsive
hydrogel nanocomposites has been introduced in this study,
more research is needed to validate the application of such
systems in bone regeneration, possibly by investigating them
with osteoblasts and in vivo animal tests in the future.
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