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The purpose of this study was to synthesize a dual release of an amino-carbon nanotubes-chitosan thermo-sensitive gel. The chitosan/f3-
glycerophosphate (CS/B-GP) thermo-sensitive gel loaded with multi-walled carbon nanotubes/polyether imide (MWCNTSs-PEI) was
prepared by the simple solution casting method. The product was characterized by scanning electron microscopy and a fourier transform
infrared spectrometer. Additionally, its toxic effect on PC12 cells was studied and the toxicity levels were evaluated. Nerve growth factor
(NGF) was loaded by the CS/B-GP/ MWCNTSs-PEI gel. Its release property and biological activity were investigated using PC12 cells in
culture media. The SEM and FTIR results showed that, after the MWCNTSs-PEI were added, the pore size of the gel significantly
decreased and its structure become more compact, which improved its sustained-release ability. The cumulative release of nerve growth

MTT experiments demonstrated that the relative growth rate of PC12 cells incubated with the thermo-sensitive gel ranged from 80.4-
112 %, which reaches the biological material security evaluation criteria. The prepared gels displayed low toxicity as well as good

INTRODUCTION

Since the year 2000, the chitosan thermo-sensitive gel has
been a novel injectable gel. Its three-dimensional network
structure provides a favourable micro-environment for cell
proliferation, migration and differentiation as well as for guiding
the ingrowth of host cells. Therefore, it attracts ever-growing
attention in tissue regeneration, cell delivery, cell therapy and
other fields'. Chenite er al.? successfully prepared the first natural
polymer chitosan/glycerophosphate gel, which can be used as
an injectable gel for local sustained-release drug delivery.
However, due to its large aperture and low intensity, a chitosan/
glycerophosphate gel serving as drug delivery carrier typically
suffers from burst release®, which does not meet the stable
release requirements of an implantable drug.

The hyperbranched polymer (HBP) has been popular since
the 1980s because of its high solubility, low viscosity, rich
terminal functional groups and an internal cavity structure®.
Therefore, the HBP is advantageous for various biomedical
applications; e.g., it increases drug release and solubility and
the terminal active groups of HBPs provide a new means for

factor decreased gradually as the added amount of MWCNTs-PEI increased and the cell differentiation rate reduced accordingly. The |
sustained release ability, indicating they can be used as sustained release drug carrier. :

Keywords: Chitosan/B-glycerophosphate thermo-sensitive gel, MWCNTs-PEL, NGF, PC12 cell.

functionalized carbon nanotubes’. The hyperbranched polymer
polyethylen imine (PEI) is a cationic polymer that is rich in
amino groups and due to its good biocompatibility, is widely
used in biomedicine. It not only be used as gene carrier to
adsorb and concentrate DNA, thus helping them enter into
cells, but it can also be used as the base material of neuronal
cells in order to promote cell growth. Hu ef al.*’ found that a
stent made from SWCNTSs-PEI can promote the increase of
nerve synapses and branching points. Matsumoto et al.® found
that MWCNTs covalently coated with nerve growth factor
(NGF) can promote the growth and differentiation of chick
dorsal root ganglion cells and PC12 cells, similar to the water-
soluble nerve growth factor.

This study aims to develop a system based upon the
MWCNTSs-PEI/CS/B-GP thermo-sensitive gel and loaded with
NGEF, in addition to characterizing and studying its structure
and in vitro release of NGF. Using the PC12 cells, the studies
investigated the effect of a MWCNTSs-PEI/CS/B-GP gel on
the relative growth rate (RGR) by using the MTT assay as
well as evaluated the cell toxicity grade and NGF’s biological
activity was measured by a PC12 cell culture.

tPresented at 2014 Global Conference on Polymer and Composite Materials (PCM2014) held on 27-29 May 2014, Ningbo, P.R. China
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EXPERIMENTAL

MWCNTs (OD about 20-40 nm, Length < 5 um) were
purchased from the Nanotech Port Co. Ltd Company, Shenzhen,
China. The chitosan was purchased from Sigma with 90 %
purity or greater degree of deacetylation. The ellagic acid and
disodium B-GP (glycerol 2-phosphate disodium salt hydrate)
were also obtained from Sigma Aldrich. The RPMI 1640,
phosphate buffers saline (PBS), horse serum and fetal bovine
serum (FBS) were obtained from Gibco, America. The PC12
cells were purchased from the Type Culture Collection of the
Chinese Academy of Sciences, Shanghai, China. Other reagents
were purchased from local companies and used without further
purification.

Synthesis of MWCNTs-PEI: To obtain MWCNTs-PEI,
dried MWCNTs-COOH (10 mg) was dispersed into 2 mL
SOCI, and 100 uL DMEF, then the solution was kept at 40 °C
for 24 h. The mixture was washed five times with DMF and
then dispersed into 800 uL DMF. The last step was the
solubilization of PEI (93.0 mg) in 400 pL of DMF, adding
200 uL triethylamine and then sonicating at 50 °C for 48 h.
The mixtures were dialyzed with water for 3 days and then
freeze-dried for 48 h. Finally, the MWCNTs-PEI nanocom-
posite membranes were ready for testing and characterizations.

Synthesis of MWCNTSs-NGF: 0.5, 3.0 and 5.0 mg of
MWCNTs-PEI complexes were dissolved into 1.0 mL of PBS
solution and then 100 pL NGF (20 pg/mL in PBS) was added
into the mixture. To obtain a MWCNTSs-NGF complex solution,
the mixture was magnetically stirred for 24 h at room tempe-
rature.

Synthesis of MWCNTs-NGF/CS/B-GP Thermo-
sensitive gel: A 2 % (w/v) chitosan solution was prepared by
stirring powdered chitosan in hydrochloric acid (0.1 mol/L)
and then the MWCNTs-NGF complex was added into solution.
400.0 mg of B-GP was dissolved into 1.0 mL of distilled water.
Then, the B-GP solution was added dropwise to the chitosan
solution under constant stirring and the resulting mixture was
stirred for an additional 10 min under aseptic conditions. The
final pH was adjusted to 7 by a saturated disodium hydrogen
phosphate solution. The previous methods were for the
MWCNTSs-NGF/CS/B-GP sol. The CS/B-GP/ NGF sol was
prepared by using equal amounts of NGF instead of MWCNTs-
NGE

Preparation of thermo-sensitive gel sample solution

Preparation of thermo-sensitive gel: Chitosan was auto-
claved at 121 °C for 20 min, allowed to cool to room tempe-
rature and then 5 mL hydrochloric acid (0.1 mol/L) was added.
Next, I mL 5 mg/mL of sterilized MWCNTs-PEI complex
solution was added. 400 mg of B-GP was dissolved into 1 mL
of sterilized water, mixed and then filter sterilized. The B-GP
solution was added dropwise to the mixed chitosan solution
and the pH was adjusted to 7 with a saturated disodium
hydrogen phosphate solution. These methods are for the CS/
B-GP sol loaded with MWCNTs-PEI; however, the CS/B-GP
sol can be prepared without the MWCNTs-PEI complexes.

Preparation of MWCNTs-PEI/CS/B-GP thermo-
sensitive gel extracts: The thermo-sensitive gel was based
upon the 0.02 g/mL standard. 20 mg of MWCNTs-PEI/CS/j3-

GP thermo-sensitive gel materials were added to different
volumes of cell culture medium so as to prepare four kinds of
thermo-sensitive gel extracts, corresponding to the standard
concentrations of 50, 10, 2 and 0.2 times. A positive control
group was prepared with pure lead materials, which was filter
sterilized.

Preparation of MWCNTs-NGF/CS/B-GP thermo-
sensitive gel sustained-release liquid: 3 mL of the MWCNTs-
NGF/CS/B-GP sol were added into a sterile centrifuge tube
and the gel formed at 37.0 £ 0.5 °C. Then, 1.0 mL PBS was
added at the same temperature. This gel was compared to one
produced without the addition of MWCNTs-NGF. Further-
more, only the same amount of NGF of CS/B-GP thermo-
sensitive gel was added.

Studies on thermo-sensitive gel release performance:
The NGF released from the thermo-sensitive gel was quantified
over time by an in vitro release assay. 3 mL of the CS/B-GP
sol loaded with MWCNTs-NGF were added to a sterile centri-
fuge tube and allowed to completely form into a gel at 37.0 +
0.5 °C. 1 mL aliquots of the release medium were sampled
and after the aliquots were taken, the same amount of fresh
PBS was added into the containers. The sample’s NGF was
measured by ELISA Kkits so as to calculate the NGF cumulative
release rates of the CS/B-GP thermo-sensitive gel.

in vitro Evaluation of thermo-sensitive hydrogel

Studies on PC12 cytotoxicity: To investigate the sample’s
toxic effect on cell culture, PC12 cells were seeded onto each
well of 96-well plates at a density of 2.5 x 10* cells/well in
1 mL of culture media and then were incubated for 24 h.
Different MWCNTSs-PEI/CS/B-GP thermo-sensitive gel
extracts were added to each well. We removed a culture plate
after it had incubated for 24, 48, 72 and 96 h. At the end of
each experiment, 20 uL. MTT (1 mg/mL) was added into each
well and incubated for 4 h. Then, the medium was discarded
and then 150 pL dimethyl sulfoxide was added and the plate
was incubated again for 10 min. The absorbance was then
measured at 490 nm using an enzyme-linked immunosorbent
assay (ELISA) plate reader. According to the following
formula-calculated relative growth rates, values were assigned
according to the evaluated cytotoxicity levels”'® (Table-1). That
is, cytotoxicty is O or 1 for eligibility; cytotoxicity is 2 for
comprehensive analysis and evaluation, which should be
combined with cell morphology and cytotoxicity is 3-5 for
failure.

OD experiment OD experiment Blank

RGR = x100 %

OD Control — OD Control BLANK

TABLE-1
RELATIONSHIP BETWEEN THE RELATIVE
GROWTH RATE (%) AND THE CELL’S TOXICITY

Relative growth rate (%) Toxicity levels

=100 0
75-99 1
50-74 2
25-49 3
1-24 4
0 5
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MWCNTSs-NGF/CS/B-GP thermo-sensitive gel’s effect
on PC12 cell activity: The fifth generation of PC12 cells was
seeded onto 24 well plates at a density of 2.5 x 10* cells/well.
After incubating for 24 h, the original cell broth was discarded,
release fluid was added and then the plate was cultured for 72
h. Each well was selected three horizons under an inverted
microscope randomly; finally, the PC12 cell differentiation
rate was calculated. Each experiment was repeated three times.

Statistical analysis: The correlation analysis was con-
ducted by SPSS 13.0; all data are presented as mean + standard
deviation. Significant differences in the release profile, degra-
dation rate and cell activity were analyzed by a one-way ANOVA
test. The differences in groups and experimental time points
at any time were considered significant if p < 0.05.

RESULTS AND DISCUSSION

Appearance and tactile observation: The CS/B-GP gel
is a clear, colourless transparent solution that is highly fluid at
room temperature, (Fig. 1A). After MWCNTSs-PEI are added
into the solution, the gel becomes a uniformly black solution
(Fig. 1B). At 37 °C, the chitosan hydrophobic interactions and
hydrogens between the chitosan chains were bonding in a
dominant position and the chitosan chain was a curved, cross-
linked structure. The mobility reduced, viscosity increased and
a semi-solid gel was formed. The CS/B-GP gel was a milky
semi-solid, but it could not flow (Fig. 1C). After loading the
MWCNTs-PEI, the gel became a black semi-solid of certain
flexibility; however, it could not flow (Fig. 1D).

23.5C

37.0°C

CS/B-GP

MWCNTs-PEI/CS/B-GP

Fig. 1. Sol-gel phase transition graphs of a thermo-sensitive chitosan gel.
(A. CS/B-GP sol, B. MWCNTs-PEI/CS/B-GP sol, C. CS/B-GP gel
and D. MWCNTSs-PEI/CS/B-GP gel)

Scanning electron microscopy: Fig. 2 shows an SEM
image of the CS/B-GP and MWCNTs-PEI/CS/B-GP gel. Dehy-
dration causes voids to form inside the gel because the hydrogen-
bonds between the gel polymer and the water molecules
gradually break during the heating process. Before the addition
of MWCNTSs-PEI, the CS/B-GP gel’s lamellar structure is rela-
tively loose and its network structure is apparent. Furthermore,
many large through-holes exist in the gel (Fig. 2A). However,
the gel pores become significantly smaller in the MWCNTs-
PEI/CS/B-GP gel (Fig. 2B) and the MWCNTSs-PEI are uniformly
dispersed in the lamellar structure.
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Fig. 2. SEM images of a thermo-sensitive gel. (A. CS/B-GP gel and B.
MWCNTSs-PEI/CS/B-GP gel)
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FTIR spectra: The FTIR spectra are shown in Fig. 3.
Compared to the CS/B-GP gel and MWCNTSs-PEI/CS/B-GP
gel (Fig. 3D, 3E), the characteristic peaks of chitosan changed
after becoming a gel. On the one hand, the interaction between
-NH; and the added inorganic particles and the formation of
coordination bonds lead to a migration of the atomic electron
cloud of amino nitrogen, which results in the peaks at 3442
cm’ ' that are due to the -OH and -NH, stretching vibration
shifting to 3363 and 3394 cm™'. On the other hand, the amino
bending vibration absorption peak disappears at 1601 cm
and a red shift occurs in the hydroxyl bending vibration absor-
ption peak at 1649 cm™', indicating that the two components
formed hydrogen bond complexes. The FTIR spectra of the
MWCNTs-PEI/CS/B-GP gel contains both the CS/B-GP gel
and MWCNTs-PEI complex characteristics’ absorption peaks,
which suggests that the amino compound and the added
MWCNTs-PEI complexes formed a coordination bond. It
infers that the MWCNTs-PEI complexes’ effect on the gel’s
original network structure results from the formation of
hydrogen bonds between them.
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Fig. 3. FTIR spectra of athermo-sensitive gel. (A. CS, B. B-GP, C.
MWCNTSs-PEL D. CS/B-GP gel and E. MWCNTs-PEI/CS/B-GP
gel)
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Release in vitro of thermo-sensitive gel: Fig. 4 exhibits
the release of NGF in PBS solution. In 15 days, the cumulative
release of NGF in the CS/B-GP gel reached 63.29 %, while
that in the gel loaded with MWCNTSs-NGF was less than 60 %.
As the amount of MWCNTSs-PEI increases, the cumulative
release rate of NGF decreases, suggesting that the sustaining
release of NGF in the MWCNTSs-CS/B-GP gel is a synergetic
function of the MWCNTs-PEI and CS gel. Nerve growth factor
primarily spread out through the gel’s pores and the gel struc-
ture became tighter with greater additions of MWCNTs-PEI,
which makes it more slow for the drug molecule to release
from the network structure and thus, results in a slow release
rate of NGF.

80 —a— CS/B-GP thernosensive gel
| —e—CS/B-GP thernmosensive gel loaded 0.5 mgMWCNTs-PEI
—&— CS/B-GP thernmosensive gel loaded 3.0 mgMWCNTs-PEI
. 704 —v— CS/B-GP thernmosensive gel loaded 5.0 mgMWCNTs-PEI
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9 604
3 >—1
© 504 -
)
=
T 404
g
S 304
3
<
20
104
1) ) ) J ) 1 )

-1 1 3' 5 7 9 11 13 15 17
Time (d)

Fig. 4. NGF release curve in vitro of thermo-sensitive gel (n = 3)

Effect of thermo-sensitive gel on the cytotoxicity of
PC12 cells: The effect of the CS/B-GP and MWCNTSs-PEI/
CS/B-GP extract on the growth rate of PC12 cells at different
time points was investigated by MTT (Figs. 5 and 6). Compared
to the negative control group, positive control group and each
concentration group, the cells’ relative growth rates for the various
concentrations of the CS/B-GP gel group were not statistically
significant (p > 0.05) after culturing for 24 h. The negative
control group’s survival rate was higher than that of the positive
control group (p < 0.05) after culturing for 48 h and the survival
rate of each concentrations was higher than that of the positive
control group (p < 0.01) after culturing for 72 h.

0.8

[77] Negative control BB The 2 times extract
0.7- EEE The 50 times extractBE The 0.2 times extract
I The 10 times extract [l Positive contrgl <«
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48 72
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Fig. 5. Effect of different concentrations extract of thermo-sensitive CS/
B-GP gel on the relative growth rate of PC12 cells at different time
points (n = 6)
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Fig. 6. Effect of different concentrations extract of thermo-sensitive
MWCNTSs-PEI/CS/B-GP gel on the relative growth rate of PC12
cells at different time points (n = 6)

Table-2 shows the relative growth rates and cell toxicity
grades for different time points. The toxic grade of the extract
at both high and low concentrations is either 0 or 1 for each
time point (24, 48, 72 and 96 h), illustrating that the prepared
agent reaches biological material safety evaluation criteria.

States of differentiated PC12 cells: PC12 cells have two
states i.e., an undifferentiated and differentiated state. Undiffe-
rentiated PC12 cells are tumor cells. They are mostly round
and show slow proliferation and poor adherence ability, have
no neurons and tend to be small clusters (Fig. 7). After an
addition of NGF, the PC12 cells start to differentiate and
synapses grow in the cells, suggesting that the PC12 cells have
neuronal characteristics. Furthermore, the cells have strong
adherence ability, stop dividing, grow protrusions similar to
sympathetic neurons and increase in size. The length and
amount of the projections increase and form a network. How-
ever, they have no proliferation.

24h 24h
48h 48h
72h 72h

Control group NGF-induced group
Fig. 7. Effect of NGF on PC12 cell morphology (x 200)
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TABLE-2
RELATIVE GROWTH RATE (RGR) AND CELL TOXICITY GRADES FOR DIFFERENT TIME POINTS
G 24 h 48 h 72h 96 h
Toup RGR (%)  Grade | RGR(%)  Grade | RGR(%)  Grade | RGR (%)  Grade
Negative control 102.6 0 1 47.3 3 354 3
CS/B-GP 50 times extract 97.3 1 108.9 0 111.0 0 103.8 0
P 10 times extract 97.2 1 103.0 0 109.6 0 100.5 0
2 times extract 102.1 0 102.1 0 111.7 0 94.0 1
0.2 times extract 106.8 0 104.2 0 106.2 0 102.1 0
50 times extract 93.3 1 1 80.9 1 80.4 1
l\lfgggg 10 times extract 90.2 1 1 86.8 1 90.8 1
GP ocl oel 2 times extract 94.5 1 1 101.9 0 95.0 1
gelg .
0.2 times extract 108.5 0 107.6 0 112.0 0 107.3 0

Cell activity of MWCNTs-NGF/CS/B-GP thermo-
sensitive gel: Nerve growth factor can inhibit proliferation
and induce cell differentiation. The emerged protrusions were
used to evaluate the NGF activity'"'* (Fig. 8). Compared to the
positive control group, the effect of the CS/B-GP gel and
MWCNTs-NGF/CS/B-GP gel on the PC12 cell activity is
significantly different (p < 0.05) at 1, 3, 5, 7 and 9 d. They
potentially promote the differentiation of PC12 cells. Subse-
quently, the NGF activity of the CS/B-GP gel group more
obviously increased. However, the NGF activity in the CS/f-
GP gel group and MWCNTs-NGF/CS/B-GP gel group showed
no significant difference (p > 0.05) at 11 d. The NGF activity
in the MWCNTSs-NGF/CS/B-GP gel group was lower than that
in the CS/B-GP gel group at the same time point and they
showed a significant difference (p < 0.05) between 3 and 5 d.

100

Positive control
901 RJ NGF/CS/B-GP thermosensitive gel
804 B MWCNTs-NGF/CS/B-GP thermosensitive gel

PC12 cell differentiation rate (%)

1 3 5 7 9 1
Time (d)
Fig. 8. Differentiation ratio of the PC12 cells (n = 6)

Conclusion

Research conducted on the thermo-sensitive gel as a novel
sustained-release drug delivery system is still in its preliminary
state and there are still some issues that need to be further
addressed. The thermo-sensitive gel typically has a large
aperture, high water content and low intensity, but one of the
most prominent problems is the “burst release” phenomenon
when drug-loaded liquid preparations enter into the body to
form gel®. This phenomenon is primarily due to the slow gel
formation and the remaining liquid preparations accelerate the
drug release rate. Another possible cause is related to the gel
shape in the administration site. Since the system is a liquid
delivery, different gel shapes result in various surface areas

being injected into the body, which leads to different drug
release rates.

A study found that the CS/GP gel drug delivery system
has a poor sustained release for small molecules, whereas drugs
of a relative molecular mass of 12,000 to 14,800 can slowly
release for up to a few days in this system'. This is perhaps
because the gel has a large pore network and large water content,
an environment in which small molecule drugs can easily
diffuse'. In this experiment, the study indicates that this
support has a low toxicity and slow release ability, which could
serve as a very promising new drug delivery system. Therefore,
the thermo-sensitive gel system provides a theoretical basis
for sustained release. This article only examines the application
of the obtained gel as a carrier for water-soluble macro-
molecular drugs, so we will further study its use as a carrier
for small molecule drugs and insoluble drugs.
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