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ABSTRACT: In virtue of the potential biomedical appli-
cation of carbon nanotube (CNT), the CNT was hybridized
into a supramolecular hydrogel based on the selective
inclusion of o-cyclodextrin (a-CD) onto poly(ethylene ox-
ide) (PEO) segments of a triblock copolymer, ie., PEO-
block-poly(propylene oxide)-block-PEO. Different from the
previous report, the content of 4-CD, in contrast to that of
ethylene oxide unit, was decreased to decrease the net-
work density in hydrogel and hence improve the diffusion
of encapsulated substances. As a result, the modulus of
the hydrogels climbed slightly after introducing CNT. Fur-
thermore, as the essential properties for wound dressing,
the antimicrobial activity, the skin-adhesion, and water-

retention of such supramolecular hybrid hydrogels were
also verified. On the other hand, the supramolecular
hybrid hydrogels inherited the shear-thinning property
and are suitable as an injectable biomaterial. The cell via-
bility assay confirmed the equivalent cytotoxicity of the
supramolecular hybrid hydrogels to that of the native
hydrogels without CNT. Consequently, such CNT-hybri-
dized supramolecular hydrogel shows a great potential in
the biomedical application. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 1894-1901, 2010
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INTRODUCTION

As is well known, cyclodextrin (CD) can thread the
polymer chains to produce a rod-like supramolecu-
lar polymer named as polyrotaxane (PR)." The
spontaneous aggregation of PRs plays a role of phys-
ical crosslinking for inducing the formation of supra-
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molecular hydrogel,* " which is one of the most

promising biomaterials based on the CD/polymer
inclusion. Such physical hydrogels possessed a re-
versible sol-gel transition functioned as tempera-
ture*™ and shearing,''? due to the dynamic charac-
ters of the host-guest recognition and noncovalent
aggregation. As a result, the unique stimulus-
response property of this supramolecular hydrogel
has sparked great interest as an injectable biomate-
rial, such as the sustained-release system of
1012714 "and  the scaffold of tissue engineer-
ing, '~ owing to their biocompatible components. In
this case, the higher molecular weight poly(ethylene
oxide) (PEO) could be included by a-CD to produce
a hydrogel, instead of traditional crystalline precipi-
tate, on account of the presence of uncovered hydro-
philic PEO segment.'” Furthermore, block copoly-
mers were also used to fabricate the hydrogels
induced by the CD inclusion.”*!""'* Except that the
aggregation of CD-based PRs played a physical-
crosslinked point, the uncovered hydrophobic seg-
ments also tended to aggregate, and hence facilitated
the formation of hydrogel and enhanced the strength
of the hydrogel.7 In addition, the uncovered ionic
segment contributed to the pH-dependence of the
hydrogel formation and the pH-sensitivity of gel-sol
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TABLE I
BRR and Diameters of Inhibition Zone of Hydrogels in Escherichia coli and Staphylococcus aureus, Respectively

Escherichia coli

Staphylococcus aureus

Sample code dy (mm) Dy (mm) BRR (%) dp (mm) Dy (mm) BRR (%)
EPE/CD 0.9 1.2 444 0.9 1.2 33.3
EPE/CD/CNT 0.7 1.2 714 0.7 1.0 429

transition.*'" Born out of growing interest in the
predominant properties attributed to nanoparticles
in nanocomposites, some work concerning supramo-
lecular hybrid and nanocomposite hydrogels based
on the CD/polymer inclusion have been devel-
oped.”?*** The incorporated nanoparticles not only
accelerated the formation of hydrogel® but also
regulated the mechanical properties of the hydro-
gel.?! Especially, the function of the nanoparticles
might be in favor of extending the application of
supramolecular hydrogels.”** 2>

With a rapid development of carbon nanotube
(CNT) in the field of nanocomposite materials, the
nanosecurity and biomedical application of CNT
have also attracted much attention.”® Based on vari-
ous covalent and noncovalent modification method-
ologies for improving function and solubility of
CNTs, many bioapplication opportunities have been
created, such as biosensors,** drug and other deliv-
ery systems,” % and bioimaging.”® In addition,
except for the attractive structural reinforcement of
CNT, ! the CNTs could impart novel properties
into bioscaffolds, such as electrical conductivity. As
reported, the electrical conductivity could aid to
directing cell growth.**** However, the biocompati-
bility and bioavailability of CNTs are still discussed
and verified because it is essential for the currently
pursued bioapplications,**  which certainly will
meet the challenge of nanosecurity.

In previous report,” the supramolecular hydrogels
based on the selectively inclusion of CD onto PEO-
block-poly(propylene oxide)-block-PEO have been
hybridized with single-walled CNT (SWCNT). This
kind of hybridized hydrogel inherited shear-thinning
property, and hence showed a promising application
as an injectable biomaterial. Especially, the shear-
thinning property of such supramolecular hydrogel
could contributed to the flowability in the sol form
for the injection methodology, and then rapid
become gelation in situ in body. In this work, except
for the basic structural characterization, we further
investigated the bioapplication potential of such
CNT- hybridized supramolecular hydrogels and
some interesting properties used for wound dressing
and injectable biomaterial. By the way, the content
of a-CD, in contrast to that of EO unit, was design-
edly decreased to decrease network density, which

might be in favor of improving diffusion of encapsu-
lated drug or other substances.

EXPERIMENTAL
Materials

PE0137-b-PPO44—b—PE0137 (EPE) Containing 82.5 wt %
PEO, with a number-average molecular weight (M,,)
of 14,600, was purchased from Aldrich. «-CD was
also purchased from Aldrich. CNT, with a diameter
of about 10-15 nm and a purity of 90%, was kindly
provided by Shenzhen Bill Tech (Shenzhen, China).
RPMI 1640 cell culture medium was purchased from
Gibco BRL (Paris, France). 3-[4,5-Dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and
dimethyl sulfoxide (DMSO) were purchased from
Sigma (St. Louis, MO).

Cell line and culture

Mouse fibroblast cell line L-929 was supplied from
Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). Cells were
thawed and cultured in RPMI 1640, supplemented
with 10% fetal bovine serum (HyClone, Logan,
Utah), streptomycin at 100 pg mL ™', and penicillin
at 100 U mL™". All cells were incubated at 37°C in
humidified 5% CO, atmosphere. Cells were splited
by wusing trypsin/EDTA solution when almost
confluent.

Preparation of the CNT/EPE suspensions

Four hundred milligrams of EPE and forty milli-
grams of CNT were placed into 20 mL of deionized
water under an ultrasonic treatment, and produced
a stable suspension depending upon the physical
interaction between EPE and CNT. Then, the aggre-
gated CNT agglomerates and impurities were
removed by supercentrifuging at 8000 rpm for 30
min. The upper aqueous suspension was collected
for the preparation of hydrogel. Meanwhile, to esti-
mate the exact concentration of CNT and EPE in the
upper aqueous susapension, we weighed the vac-
uum-dried precipitate, and chose a small amount of
upper aqueous suspension followed by vacuum-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Visualization (A and B) and TEM images (C and D) of CNT in aqueous solutions without EPE (A and C) and

in the EPE aqueous solution (B and D).

dried and measured by thermogravimetric analysis
(TGA). The results showed that the weight percent-
age of CNT in the solid components of upper aque-
ous suspension, i.e., EPE and CNT, was 11.1 wt %
whereas the content of CNT in the upper solution
was 29.9 mg.

As reported,®®” the triblock copolymer of PEO-b-
PPO-b-PEO could reduce the aggregation of the exfoli-
ation of the SWCNT and form a uniform dispersion
of SWCNT in aqueous solution with the assistance of
ultrasonic. In this work, the presence of EPE also
resulted in a stable suspension with the uniformly dis-
persed CNTs [seen in Fig. 1(B)], in contrast with the
aggregated CNT agglomerates in aqueous solution
[Fig. 1(A)]. Meanwhile, the TEM image of Figure 1(C)
shows an evident aggregation of CNT. On the con-
trary, the exfoliated individual CNTs can be clearly
observed from the TEM image [Fig. 1(D)] due to the
presence of EPE. Thus, the results of TEM image fur-
ther validated that EPE could effectively improve the
dispersion of CNT in aqueous solution.

Preparation of hybrid and native hydrogels

The general protocol of fabricating native EPE/CD
hydrogel and hybrid EPE/CD/CNT hydrogel was
described as follows: the quantitative a-CD was dis-
solved in water to form a transparent solution, and
then mixed with the homogeneous aqueous suspen-
sion containing CNT and EPE mentioned above by a
given volume ratio for a-CD solution and EPE/CNT
suspension. In this mixture, the concentrations of a-
CD and EPE were respectively 82.6 mg mL™' and
10.0 mg mL™", and the molar ratio of EO unit to o-
CD was 2.2, which is designedly regulated as higher
than a theoretical molar ratio of a-CD/PEO inclusion
as 2.0 used in previous report.” Ultimately, the
hybrid hydrogel containing about 0.1 wt % CNTs
was prepared. In this hybrid hydrogel, the decreased
content of a-CD resulted in the relatively less a-CD-
based PR as the precursor of physical crosslinking,
and hence gave lower network density. At the same
time, the native EPE/CD hydrogel was also pre-
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pared according to the earlier process when the
EPE/CNT suspension was replaced by neat EPE
solution.

Characterization

TGA was measured on an STA 449 C thermogravi-
metric analyzer (Netzsch, Germany) at a heating rate
of 20°C min~' under a nitrogen atmosphere.

X-ray diffraction (XRD) measurement of the
freeze-dried hydrogel powder was performed on a
D/max-250 X-ray diffractometer (Rigaku Denki,
Japan) equipped with a Cu Ko radiation source (A =
0.154 nm). The diffraction data were collected in a
range of 20 = 5-60° using a fixed time mode with a
step interval of 0.02°.

The hydrogels were directly freeze-dried onto the
silicon wafer for observing the morphologies by
scanning electronic microscopy (SEM). SEM observa-
tion was carried out on an S-3000N scanning elec-
tron microscope (Hitachi, Japan) with an acceleration
voltage of 5.0 kV after the tested samples were
coated with gold.

TEM observations of the CNT aqueous suspen-
sions with and without EPE were conducted on an
H-7000FA transmission electron microscope (Hitachi,
Japan) at an acceleration voltage of 75 kV. The CNT
aqueous suspensions with and without EPE were
spread onto Cu grids coated with carbon films fol-
lowed by evaporation, respectively.

According to the reported method,*® the rheologi-
cal behaviors of the hydrogels were measured on an
ARES-RFS III rheometer (TA Instruments) with par-
allel plate geometry with a diameter of 50 mm. The
gap distance between two plates was fixed at 1 mm.
A frequency sweep test was conducted on each sam-
ple to determine the values of storage modulus (G')
and loss modulus (G”) over the frequency () range
from 0.1 to 100 rad s at 25°C. The steady flow
behaviors were performed at a shear rate range from
0.01 to 50 s '. Dynamic strain sweep measurements
were carried out at 1 rad s~ to determine the linear
viscoelastic regime with a strain range from 0.1% to
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100%. Temperature control was established by a
Julabo FS 18 cooling/heating bath kept within
+0.5°C over an extended time.

Water-retention performance

The good adhesion performance of such hydrogels
on scarfskin shows a potential as wound dressing.
As a result, the other important property, i.e., water-
retention, must be under consideration. The hydro-
gels as wound dressing should exhibit a low water-
loss performance. In the water-retention measure-
ment, the hydrogels with a given weight (W,) were
set in an obturator at under an ambient temperature.
After the given interval, the hydrogels were weighed
as W,, and the water-loss in hydrogels against time,
which is equal to the decrease of weight, was calcu-
lated according to the following equation®”:

Wo — W,

Water loss (%) = W

x 100% (1)

Cell viability assay

Cytoxicity was evaluated by MTT method. L929 cells
were seeded in 96-well plates at an initial density of 1
x 10* cells/well in 100 pL. RPMI 1640 growth medium
and incubated for 18-20 h to reach 80% confluency at
the time of treatment. Growth medium was replaced
with 100 pL fresh media containing various amounts
of EPE/CD or the hybird EPE/CD/CNT hydrogel.
Cells were incubated, and the incubation time was
fixed as 24 h. And then, 10 pL of MTT solution (0.5
mg mL™') was added to the culture medium. After
further incubation for 4 h in incubator, 100 pL of
DMSO was added to each well to replace the culture
medium and dissolve the formazan crystals. The opti-
cal density (OD) was measured at 570 nm using an
automatic BIO-TEK microplate reader (Powerwave XS),
and the cell viability was calculated from following
equation:

ODsample

cell viability (%) = oD
control

x 100% )

where ODgampie Tepresents an OD value from a well
treated with samples and ODconyor from a well
treated with phosphate buffered saline (PBS) buffer
only. Each experiment was carried out in triplicate.
Means and corresponding standard deviations
(mean * SD) were shown as results.

Antimicrobial activity test

The antimicrobial activities of native EPE/CD
hydrogel and hybrid EPE/CD/CNT hydrogel

against Escherichia coli and Staphylococcus aureus were
examined by the inhibition zone method. We
adopted broth medium supplemented with 0.5%
beef extract, 1% peptone, 1% NaCl, 2% agar, and 20
mL of deionized water as anaerobe medium. Steri-
lized medium was poured into culture dish and
kept still for certain time to form a plate. Simultane-
ously, we prepared bacterial suspension through
adding Escherichia coli (or Staphylococcus aureus) into
PBS and the concentration of Escherichia coli (or
Staphylococcus aureus) was fixed to be of 15-30 cfu
mL ", Subsequently, we poured bacterial suspension
into culture dish and placed hydrogel sample in the
center of plate, which was incubated at 37°C for 24
h. After incubation, we calculated the inhibitory rate
(BRR) by measuring the inside and outside diameter
of inhibition zone. The BRR was calculated as fol-
lows:

Dy —d
BRR (%) = % x 100% 3)
0

where Dy and d, are diameters of inhibition zone
and hydrogels, respectively. An average value of
three replicates for each sample was taken.

RESULTS AND DISCUSSION
Formation and adhesion of hydrogels

The process of gelation is visualized in Figure 2. It
was interesting to note that the CNT might acceler-
ate the formation of supramolecular hydrogels,
namely the CNT-hybridized system failed to fluidity
at about 30 min whereas the native hydrogel formed
until 55 min. The decrease of gelation time could be
in favor of the injectable implantation.

In addition, both hybrid and native hydrogels
showed a good adhesion performance on the scarf-
skin of human being, which is the essential property
for wound dressing. Figure 3 visualizes the adhesion
behavior of hydrogels onto the finger of human
being. Obviously, the hydrogels could immobilize
and attach onto the scarfskin, and easily form the
designed shape.

Structure and morphology of hydrogels

Figure 4 shows the XRD patterns of the freeze-dried
powders of native EPE/CD hydrogel and hybrid
EPE/CD/CNT hydrogel as well as a-CD. The XRD
patterns of the freeze-dried hydrogel powders were
distinctly different from that of o-CD. In the XRD
patterns of the freeze-dried hydrogel powders, the
characteristic peak of the channel-type crystalline
based on the a-CD/PEO inclusion complex, located
at 20 of 19.4°, indicated that the aggregation of PRs

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Formation illustration of hybrid EPE/CD/CNT hydrogel as well as native EPE/CD hydrogel.

was still a basic building unit in the native and
hybrid hydrogels, and played a key role of physical
crosslinking in the formation of hydrogels. In addi-
tion, the XRD pattern of the hybrid hydrogel was
also slightly different from that of native hydrogel. It
might be attributed to the effect of the CNT hybrid-
ization on the stacking of PRs.

Moreover, the morphologies of freeze-dried native
and hybrid hydrogels were reflected by the SEM
images (Fig. 5). As shown in Figure 5(A), the native
EPE/CD hydrogel exhibited a loose sponge-like
structure, resulting from the leakage of the trapped
water during freeze-drying. The hybrid EPE/CD/
CNT hydrogel in Figure 5(B) almost inherited this
kind of loose structure, but many agglomerates

Figure 3 Visualizing adhesions of native EPE/CD hydro-
gel (A) and its CNT-hybridized hydrogel (B) on the skin
of human being. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app

showed a crystalline character which might be
attributed to the nucleation of CNT.

Shear-thinning properties of hydrogels

The steady rheological behaviors of the hybrid EPE/
CD/CNT hydrogel and native EPE/CD hydrogel are
depicted in Figure 6. The viscosity of the native
hydrogel, functioned as an increase of shear rate,
gradually diminished. Such shear-thinning property,
as the unique character of supramolecular hydrogel,
was inherited by the CNT-hybridized hydrogel. As
is well known, the formation and stability of this
supramolecular hydrogels depended upon the phys-
ical crosslinking based on the aggregation of PRs.
Meanwhile, the PR was also stabilized by hydrogen
bonding among CDs as well as hydrophobic interac-
tions between CD inner and included PEO segment.
As a result, the shear-thinning behaviors of native
and hybrid hydrogels were mainly attributed to the

(A) EPE/CDICNT

(B) EPE/CD

(C) «-CD

- (A)

P g i
(B)
(C)

w 20 3 4 &
20 (degree)

Figure 4 XRD patterns of the freeze-dried hybrid EPE/
CD/CNT hydrogel (A) and native EPE/CD hydrogel (B)
as well as the reference of pure a-CD (C).
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Figure 5 SEM images of freeze-dried native EPE/CD hydrogel (A) and hybrid EPE/CD/CNT hydrogel (B).

cleavage of physical interactions mentioned above,
and provided the way to regulate reversible gel-sol
transition.

Mechanical reinforcement of CNT

Figure 7 depicts the dynamic rheological behaviors
of native and hybrid hydrogels. The storage modu-
lus (G') values of native and hybrid hydrogels exhib-
ited a substantial elastic response, which were
greater than the loss modulus (G”) over the entire
range of frequency, indicating the formation of
strong and rigid hydrogels. Different from the previ-
ous report on the decline of G’ due to the incorpora-
tion of SWCNT,” the storage modulus (G') of the
CNT-hybridized hydrogel was slightly higher than
that of native hydrogel after decreasing the molar ra-
tio of CD vs. EO designedly. Although the interac-
tion between CNT and PPO segments inhibited the
aggregation of PPO segments as the other physical
crosslinking of driving gelation,'® the CNT enhanced
the G’ values by virtue of mechanical reinforcement

100 -
-
80 '-‘. 4+ EPEI/CD
z | s EPE/CD/CNT
- 'y
; 60 | ]
§ A
2
; 40 - An
o ‘-
&
20 |- =-
oy
&
I.-‘
ol e S N TV Y YR TI IR NET
0.01 0.1

Shear rate (1/5)

Figure 6 Steady rheological behaviors of native EPE/CD
hydrogel and hybrid EPE/CD/CNT hydrogel.

of its distinct nanostructure with relatively higher
stiffness. Meanwhile, the hydrophobic interaction
between CNT and PPO segment provided the essen-
tial associations for mechanical reinforcement. In
addition, it must be mentioned that the G” value of
hybrid hydrogel was lower than that of native
hydrogel. It indicated that the hybrid hydrogel
exhibited higher damping capacity.

Water-retention performance of hydrogels

A good adhesion onto scarfskin contributed to the
application of these hydrogels as wound dressing.
As a result, low water-loss of hydrogels was
required. Figure 8 shows the water-loss functioned
as the time for the native and hybrid hydrogels.
During the initial 3 h, the water loss of two hydro-
gels was less than 10% due to slow volatilization of
superficial water. However, with the prolongation of
time, the inner water gradually diffused onto the
surface and then evaporated, resulting in a gradual
increase of water loss for both the native and hybrid

100

= G' EPE/CD
o G" EPE/CD

¢ ' EPE/CIVCNT
o G" EPE/CDICNT

"'.....o
5 mggpgumE=m

10 |

G',G" (Pa)

A 'l 'l
10 100
Angle frequency (rad/s)

Figure 7 Dynamic rheological behaviors of native EPE/
CD hydrogel and hybrid EPE/CD/CNT hydrogel.
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Figure 8 Dependence of water-loss on the time for
hybrid EPE/CD/CNT hydrogel (A) and native EPE/CD
hydrogel (B).

hydrogels. After 10 h, the weight loss of the native
and hybrid hydrogels was kept as 30 and 40%,
respectively. The higher water loss of hybrid hydro-
gel resulted from the hydrophobicity of incorporated
CNTs. On the whole, it could be clearly seen that
both the native and hybrid hydrogel exhibited low
water loss. It was attributed to the absorption of
hydrophilic components to water molecules as well
as the inhibition of internal network to the diffusion
of water molecules in the hydrogels. As a result, the
favorable water-retention performance of hydrogels
is propitious to wound healing and drug release as
expected.

Antimicrobial activity of hydrogels

Antimicrobial activity is another basis as wound
dressing. Table I summarizes the data of BRR and
the diameters of inhibition zone for the hybrid
and native hydrogels against Escherichia coli and
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Figure 9 Cytotoxicity of native EPE/CD hydrogel and
hybrid EPE/CD/CNT hydrogel at different concentrations
for 24 h.

Staphylococcus aureus, respectively. It could be seen
that the BRR value of the EPE/CD/CNT hydrogels
was higher than the native EPE/CD hydrogel, indi-
cating that the EPE/CD/CNT hydrogel had a better
antimicrobial activity than the native EPE/CD
hydrogel. Meanwhile, both hydrogels also showed
the antibacterial effect against Escherichia coli higher
than Staphylococcus aureus.

Cytotoxicity of hybrid and native hydrogels

As a potential injectable biomaterial, the cytotoxicity
of CNT-hybridized hydrogel is a key issue. Cell via-
bility assay was performed to evaluate the in vitro
cytotoxicity of the hydrogels with and without the
introduction of CNT. As illustrated in Figure 9, the
cell viability of EPE/CD was above 60% even after
24 h of incubation at a hydrogel dose of 10 pg mL ™.
At the same time, the EPE/CD/CNT hybrid hydro-
gel showed comparative cytotoxicity with that of

Figure 10 Phase-contrast photomicrographs of L-929 cells with native EPE/CD hydrogel (A) and hybrid EPE/CD/CNT
hydrogel (B) for 24 h. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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EPE/CD hydrogel at the same dosage. It suggested
that the introduction of CNT still kept the relatively
low cytotoxicity of EPE/CD hydrogels. The cytotox-
icity of EPE/CD and EPE/CD/CNT hybird hydro-
gels was also verified by observing of L-929 cell
growth condition. Figure 10(A,B) showed the phase-
contrast photomicrographs of L-929 cell treated with
EPE/CD and EPE/CD/CNT hydrogel (10 ng mL ™Y
for 24 h. The good cell growth conditions further
confirmed their low cytotoxicity.

CONCLUSIONS

In this work, the properties of CNT-hybridized
supramolecular EPE/CD hydrogels, as an injectable
biomaterial and wound dressing, were investigated.
The antimicrobial activity, skin-adhesion, and water-
retention performances of hybrid supramolecular
hydrogel were verified to meet the need as a wound
dressing. Meanwhile, the cell viability assay verified
the cytotoxicity of the hybrid hydrogels, which was
equivalent to the native EPE/CD hydrogels. After
the network density of hydrogel was designedly
decreased to improve the diffusion of encapsulated
substances, the CNT played a role of mechanical
reinforcement, and resulted in the increase of stor-
age modulus. In addition, the incorporation of CNT
could decrease the gelation time, and the CNT-
hybridized hydrogel still kept the shear-thinning
property. These were suitable to the methodology of
injectable implantation. In conclusion, the CNT-
hybridized supramolecular hydrogels showed a
great potential in the biomedical application.
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