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ABSTRACT: In this study, well-dispersed single-walled carbon nanotubes (SWNTSs) were successfully incorporated
into a supramolecular hydrogel through combining dual roles of Pluronic copolymer in dispersing SWNTs and
forming inclusion complexes withi-cyclodextrin @-CD). Such hydrogel hybridized with SWNTs was prepared

by mixing an aqueous solution of CD with an aqueous dispersion of SWNTSs stabilized by Pluronic copolymer.
The structure and properties of the supramolecular hydrogels were studied in detail by means of a variety of
characterization methods. The results obtained from X-ray diffraction (XRD), Raman spectroscopy, differential
scanning calorimetry (DSC), and scanning electron microscopy (SEM) showed that the introduction of well-
dispersed SWNTSs had no obvious influence on the structure and morphology but changed the gelation mechanism
comparing with that of the native hydrogel. The resultant hybrid hydrogel retained the basic characters of
supramolecular hydrogel, especially the shear-thinning and reversible temperature-responsive properties. It is
noteworthy that the introduction of SWNTs accelerated the gel formation obviously, but the ultimate strength of
the hybrid hydrogels, characterized by viscosities and storage modulus, declined with the increase of SWNTSs.

Introduction by a-1,4-linkagesoa-, -, andy-CDs are commonly available
forms which consist of 6, 7, and 8 glucose units, respectitely.
Thanks to the existence of hydrophobic cavity, CDs have been
extensively studied as host molecules in supramolecular chem-

multifunctional nanocomposites based on CNTs combining the ISty because they can include different guest molecules ranging
characters of organic polymers or other matrix with the unique ffom low molecular weight organic or inorganic compounds to
properties of carbon nanotubes have come forth as an importanf?lymers:® Following the first discovery by Harada et al. that
and active field® However, manipulation and incorporation of ~Poly(ethylene oxide) (PEO) can form inclusion complexes with
CNTs into different matrixes are always problematic due to poor @-CDsia great of effort has been made to explore the inclusion
solubility and low dispersibility of CNTs in water or organic ~Complexation between different polymers and CBBluronic
solvents To this respect, much effort has been made on Plock copolymer, poly(ethylene oxid&Jeckpoly(propylene
modification of CNTs through covalent or noncovalent strategies 0Xide)blockpoly(ethylene oxide) triblock copolymer (PE®-
to improve their solubility and processability, and much progress PPObB-PEO), could form supramolecular hydrogels when the
has been achieved during past few yédars. PEO blocks being threaded with-CD rings in aqueous
One of the most exciting applications of carbon nanotubes is Solution?* It is noteworthy that such hydrogel may be trans-
in biomedical field® A large number of documents have shown formed into a sol when stimulated by temperature or shear force
that carbon nanotubes could cross cell membranes easily and@nd this process is reversible. Coincidentally, apart from the
deliver peptides, proteins, nucleic acids, and small therapeuticformation of supramolecular hydrogels, Pluronic triblock co-
molecules, e.g., anticancer drug, antibacterial, or antiviral agent, Polymers could also disperse pristine SWNT in wé&efhus,
into cells® Also, CNTs have been proposed as biosensors for integrating the dual roles of Pluronic copolymer in dispersing
DNA or protein? scaffolds for cell growtt§imaging reagent$, ~ CNTs and in forming hydrogels with-CD, one may fabricate
and near-infrared agents for selective cancer cell destruttion. @ novel supramolecular hydrogel nanocomposite containing
They have also been used as new platforms to detect antibodiegvell-dispersed carbon nanotubes. The resulting nanocomposite,
associated with human autoimmune diseases with high specific-combined the useful properties of hydrogels with SWNTSs, is
ity.11 Although large numbers of works have been made in believed to possess some outstanding properties for biomedical
biological systems, most of them were conducted in vitro rather applications. For instance, this kind of supramolecular hybrid
than in vivo. How to transport the carbon nanotubes safely into hydrogel can be used to transport the SWNTSs or therapy drugs
the organisms is a controversial issue. From this viewpoint, new carried by SWNTs or hyrogels.
approaches to stabilize and deliver CNTs, like the injectable  gq far, few researches have been reported on the gel formation
supramolecular hydrogel$are urgently needed for this issue. \ith or in presence of CNT& Particularly, the hydrogels
Smart supramolecular hydrogels have attracted much attentionhybridized with CNTs are sought after for bio-inspired applica-
due to their potential applications in the fields of drug delivery tion. Li et al2# have reported a novel hybrid gelatin hydrogel
and releas&"**biological assay or sensot$;°and biomedical  with multiwalled carbon nanotubes (MWNTSs), where the
or tissue engineerin. Cyclodextrins (CDs) are cyclic oli-  MWNTSs can be taken as an additive to enhance the mechanical
gosaccharides witb-(+)-glucose as the repeating unit coupled  property of the hydrogel. Asai et &.have also reported the
preparation of a novel hydrogel with dispersed SWNTs based
* Corresponding author: E-mail: ymchen@iccas.ac.cn. on sugar-based gelators bearing an azonaphthol moiety by the

During the past few years great attention has been paid to
carbon nanotubes (CNTSs) due to their extraordinary mechanical,
thermal, and electrical properti€sAmong them, developing
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interaction between the-group in the gelator and the surface
of SWNTs. However, as far as we knew, there is no report
addressed the incorporation of CNTs into polymer hydrogel
systems. Hence, we sought to examine whether incorporation
of SWNTs into polymer supramolecular hydrogel is feasible
and, if so, how the structure, morphology, and properties of
the resultant hybrid hydrogel are influenced upon incorporation
of SWNTSs.

Herein, we report a facile strategy to introduce SWNTSs into
the supramolecular hydrogel formed by hegtest interaction.
Because of the dual functions of Pluronic copolymer mentioned
above, SWNTs could be well dispersed individually or thin
bundled into the hydrogel matrix in situ. The resulted hybrid ~
hydrogel retained the basic characters of supramolecular hy- Al AT W
drogel and pristine SWNTs, especially the shear-thinning and Figure 1. Optical photo (left) and TEM image (right) of the dispersion
thermal stimulus responsive properties, which are important in of SWNTs in water by Pluronic copolymer.

drug delivery and controlk_ed release. Also, it was foun_d that yRrsoo (France) Raman apparatus, using a 532 nm laser beam with
the presence of SWNTs might accelerate the gel formation but 3 laser power of 5 mW and a detector data acquisition time of 100
weaken the gel strength compared with the native hydrogel. s. The gels formation were traced by the changes of viscosity of
the sols, using a Brookfield HADV-iit digital viscometer coupled
Experimental Section with a small sample adapter SSA 15/7R and a temperature
Materials and Methods. Pluronic copolymer (AldrichM, = controlling unit. For measuring the rht_aological behaviors of the
13 440,M,/M, = 1.02, PEO 82.5 wt %)y-CD (Wacker Chemie hydrogels, a TA-AR2000 rheometer with parallel-plate geometry
AG, AP. grade), and pristine single-walled carbon nanotubes (_CP 25-2) was used. The_gap distance between the two plates was
(Timesnano, prepared by chemical vapor deposition method, gofixed at 1 mm. The specimens were scooped on the plate of the

Wt % pure SWNTs, +2 nm in diameter and several micrometers rheometer for conducting. The steady flow behaviors were per-
in length) were used without further purification. formed at shear rate range from 0.01 to 58 # stress-amplitude

To disperse SWNTSs in Pluronic aqueous solution, 200 mg of sweep experiment was performed at a constant oscillation frequency

Pluronic copolymer and 20 mg of SWNTs were charged into a 50 of 1 HZ for the strain range 0.&]10_at 30°C. Oscillating strain

mL flask with 20 mL of deionized water. and the mixture was Was fixed at 0.1 for all the dynamic tests. The rheometer had a

sonicated for 30 min, followed by centrifugation at 8000 rpm for Puilt-in computer which converted the torque measurements into

60 min, resulting in a homogeneously black solution. To estimate €ither G’ (storage modulus) o&" (loss modulus) in oscillatory

the exact concentration of SWNTs and Pluronic copolymer in the SN€ar experiments.

solution, the precipitate was collected and dried under vacuum for Results and Discussion

24 h; the amounts of SWNTs and polymer were determined by u IScussi

thermogravimetric analysis (TGA). As depicted in the literaturé, Pluronic copolymer could
The SWNT solution prepared above was used for preparing the effectively disperse SWNTs by sonicating the as-prepared

hybrid hydrogels with different amounts of SWNTs. The details SWNTs in aqueous solution. To separate those undissolved

were described as follows: First, quantitativéCD was dissolved  g\wNT bundles and impurities, the solution was supercentrifuged

g‘ngit_eééovaoerrn; ?n ti;ir:jsi)ci;g?r:grol;tr:?jnt'h-crehﬁlrt]ig]aetz(z:lgtrll(c):git?faﬁc\)/x’\g for 60 min and the precipitation was collected and dried for

o-CD in the mixture was fi;<ed to be of 90 mg/mL. The TGA (Flgu_re S1in Supporting Informatlc_)n). Thus, t_he exact

concentrations of SWNTs and Pluronic in the solution could

concentration of Pluronic copolymer was kept at 10 mg/mL by -
accession of some free Pluronic copolymer in order to make the P€ determined to be 0.2 and 9 mg/mL based on the amounts of

ratio of a-CD to EO units to be 1:2. The mixed solutions containing feed and precipitation. As shown in Figure 1, macroscopically
different amounts of SWNTs were kept still for certain time for homogeneous dispersion of SWNTSs could be obtained, and the
further characterizations. Three hydrogel samples containing 0.01,exfoliated individual or thin bundles of SWNTs can be clearly
0.05, and 0.2 wt % SWNTs were prepared for comparison. The observed from the TEM image. This dispersion of SWNTs could
native hydrogel without SWNTs was prepared under the same pe diluted to form a steady and transparent solution, which can
condition for comparison. , last for at least 6 months without precipitation occurring.
Measurements.Transmit electron microscopy (TEM) observa- When o-CD solution was added, the processes of gel

tions were conducted on a JEM-100 electron microscope at an . : .
acceleration voltage of 100 kV. The sample was prepared thoughfzo”gﬁtlon rlecor(:ed by_talzn Opﬂcjl.l came:ja g\r/?”\?_r;ov%n n FC;gure
depositing a drop of the dispersion solution of Pluronic-assisted * e sol system with well-disperse S formed an

dispersed SWNTs on a TEM grid (300 mesh Cu grid) coated with mvertjble hydrogel in about 25 min, While the native sol system
Formvar and carbon film. For SEM observations, the specimens remained ambulatory. After ca. 60 min, both two systems can
were freeze-dried under vacuum overnight. The dried specimensform invertible hydrogels. These results indicate that the addition

were ground to fine powder and placed carefully on conducting of well-dispersed SWNTs in the sol system can obviously
glue and then coated with gold vapor to make them conducting accelerate the formation of hydrogel.
and analyzed on a JSM 6700F SEM operated at 5.0 kV. DSC  Simijlar results were obtained through tracing the change of
measurements were performed under nitrogen at a flow rate of 30yscosity during the gel formation by using a digital viscometer.
mrl;{e Tel? Egc‘?] E:rﬁi(lrlléEvlvrgsrhgé?glof?ggéﬁirigg%seﬁa;Rler;]gtiﬁalo- As shown in Figure 3, the viscosity of the sol system containing

: p 9 well-dispersed SWNTSs reveals a dramatic increase at ca. 25

rate of 10°C/min and scanned two times to erase thermal history. " . . :
XRD patterns of the complexes were recorded on a Rigabu D/max min, when the hydrogel could be invertible. However, the native

2500 X-ray powder diffractometer with Cudk(1.541 A) radiation SO system exhibited a slower increase of viscosity during the
(40 kV, 40 mA). Powder samples were mounted on a sample holderinitiatory 70 min and the gel could not be invertible until 60
and scanned with a step size of (.0fetween 2 = 3° and 50. min, when the viscosity reached 300 cP. This agrees with the
The measurements of Raman spectra were performed with a JY-results observed in Figure 2.
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Figure 2. Evolvement of the hybrid supramolecular hydrogels formation traced by a digital camera comparing with the native hydrogel.
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Figure 3. Comparison of the kinetics of supramolecular hydrogel . . . .
formation with and without SWNTSs. difference between the native and hybrid hydrogels with the

freeze-dried samples; also, the existence and the dispersing state
of the SWNTs in the hybrid hydrogel could be confirmed. As
shown in Figure 5a, the characteristic D-band at 1344'cm
and G-band at 1590 crh of SWNTSs, corresponding to the
disorder mode and tangential mode, respectively, could be
clearly observed, indicating the existence of SWNTs in the
hybrid hydrogel. In addition, the D-band was weaker relative
to the G-band, indicating the pristine character of the as-prepared
SWNTs. A prominent feature in the Raman spectrum of SWNTs
is the radial breathing mode in the region of $&DO0 cnr?!
associated with a symmetric movement of all carbon atoms in
the radial direction. The frequency and modal distribution of
the radial breathing modes depend primarily on the diameter
and chirality of the nanotubes and whether the nanotubes directly
contact on another in bundIésPreviously, Rao et al. have

o W established a linear dependence of the breathing mode frequency
Figure 4. SEM images of morphologies of the supramolecular on the inverse of the tube diametérLater, this has been

hydrogels and dispersing state of SWNTs: (a) native hydrogel and (b) amended to take into account the intertubule interaction within
hybrid hydrogel at low magnification; (c) native hydrogel and (d) hybrid 5 i ndle as shown in the following equati®h:
hydrogel at high magnification. ’

To determine the morphology of the hydrogels and the o _ 223.75 nmcm 1+ 14 emt
dispersion of SWNTSs, the hydrogels were freeze-dried and § d (nm)
observed by SEM. As shown in Figure 4, at the lower
magnification, both the native and the hybrid hydrogels exhibited where w, is the radial breathing mode frequenay,is the
a loose spongelike structure, indicating the leakage of the trappeddiameter, and the 14 cthcorrection representschindependent
water during freeze-drying. At the higher magnification, well- approximation to the effect of the weak intertubule interaction.
dispersed individual or thin bundled SWNTSs could be identified Using this relationship, we can calculate the diameter range of
in the hybrid hydrogel. Comparing the native hydrogel with the SWNTs in the present hybrid hydrogel. From the relative
hybrid hydrogel carefully at the higher magnification, one can intensity of the peaks, we can also determine the ratios of
observe that the surface of the hybrid hydrogel is relatively SWNTs with different diameters. From the magnified image
smooth, while the native hydrogel looks a bit coarse with of the Raman spectrum (see Figure S2 in Supporting Informa-
plentiful undulant pimples. This difference may be caused by tion), five weak peaks could be found at 159, 165, 175, 185,
the interaction of the PPO block with SWNTs, which limited and 190 crm?, which were from the raw SWNT powdé& Three
the movement and micellization of PPO block and resulted in new and strong peaks at 248, 255, and 265%orresponding
a slight change of the morphology. to the individual or thin-bundled SWNTs with diamete0.9

To examine the effect of SWNTs on the structure of the nm, demonstrated well dispersion of SWNTs in the hybrid
hydrogel, Raman spectroscopy was used to compare thehydrogel. The inset in Figure 5 shows the local magnification
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which may help t 'e comparison of t .e two . ydrogels. Apart Figure 7. Steady rheological behaviors of the native and hybrid
from the stronger signals from SWNTs in hybrid hydrogel, there hydrogels.
is almost no difference in structure between the hybrid hydrogel
and the native hydrogel. . )
X . . . = G hydrogel
- To cqnflrm that the gel formation was cau_sed by inclusion L G f::{:x:h;’diﬁgj,}
interaction between PEO blocks of the Pluronic copolymers and 4 G' (hybrid hydrogel)
a-CD, wide-angle X-ray diffractions were conducted with the »” & G"(hybrid hydrogel)
freeze-dried samples. As shown in Figure 6, compared to the T CLLL L mammmmmEs

purea-CD, a characteristic peak af2= 19.4 (d = 4.57 A),

DDDDDDDDDDDDDDDDDDDDDD

representing the channel-type structure ofCD and PEO < ,

complex, was observed in the diffractograms of the two o 10 MAAAAAAAAAAAAM
hydrogels?! However, the patterns of the hybrid hydrogel were o asasssnspndd

nearly the same with that of the native hydrogel. This result 0

indicates that the addition of SWNTs had no effect on the BOBLBAANSNNNNNADD DA AN AADAm
inclusion interaction between PEO block aneCD, and the
driving force for the gelation in this hybrid system is still the 10
inclusion complexation. 1 10 100

To further examine the structural character of the hydrogels, Angular frenquency (rad/s)
the DSC measurements of Pluronic copolymeiCD, native . . . . . .
hydrogel, and hybrid hydrogel with the freeze-dried samples E;%L:(r)egjs Dynamic rheological behaviors of the native and hybrid
were performed (see Figure S3 in Supporting Information). For
Pluronic copolymer, a distinct endothermal peak was observedthe effects of SWNTs on the hydrogel strength. Figure 8 presents
which corresponded to the melting temperature of the crystal- the storage modulusy) and loss modulus@"') evolutions of
lizable PEO segments. However, the traces of native hydrogelthe hybrid hydrogel containing 0.2 wt % SWNTSs as a function
and hybrid hydrogel showed similarly featureless curves, of frequency compared with the native hydrogel. Bievalues
demonstrating that the PEO side chains were threaded@ps. of the two hydrogels exhibit a substantial elastic response, which

The results obtained above clearly indicated that the incor- are greater than the loss modul@8 over the entire range of
poration of SWNTSs into the supramolecular hydrogels did not frequency, indicating the formation of strong and rigid hydro-
have an obvious impact on the structure of the supramoleculargels. However, similar to the steady flow model, the incorpora-
hydrogel compared to the native hydrogel. This finding prompted tion of SWNTSs resulted in distinct decline of storage modulus,
us to investigate whether the rheological behaviors of the hybrid loss modulus, and complex viscosity. More details on the
hydrogels would be influenced by incorporation of SWNTs. influence of SWNT contents on the dynamic rheological
Such studies could give information about the flow behavior behaviors of the hydrogels are given in Figure S5-6 (in
and the rigidity of the hydrogels. Accordingly, the steady flow Supporting Information).
and the dynamic rheological behaviors of the native hydrogel It is known that CNTs have been expected as a strengthening
and the hybrid hydrogels were measured. As shown in Figure agent for developing high-performance polymer nanocompos-
7, both the hydrogels exhibited shear-thinning behavior, which ites. However, in this study we found that the addition of
is a typical character of supramolecular hydrodéla.notable SWNTSs accelerated the gelation process obviously during the
fact could be seen that the incorporation of SWNTSs into the initiatory stage but caused the decline of the ultimate strength
hydrogel resulted in a distinct decline of viscosity compared to of the hybrid hydrogels. These results can be explained from
the native hydrogel. To further explore the influence of SWNTs the mechanisms of hydrogel formation and SWNTSs dispersion
on the viscosity and the ultimate intensity of the hybrid hydrogel, by Pluronic copolymer. As reported by Li et &k.the driving
three samples with different SWNT concentrations were em- force for the gelation of Pluronic and-CD solutions is a
ployed for rheological characterization after the samples were combination of the crystallization of inclusion columns between
kept still for 1 week. The steady flow results showed a visible a-CD and PEO blocks and the micellization of the PPO blocks;
decline of viscosity with the increase of SWNTSs; the corre- i.e., there are two types of physical cross-linking points.
sponding results are shown in Figure S4 (in Supporting Moreover, it was reported that the dispersion of pristine SWNTs
Information). by Pluronic copolymer is based on the hydrophobic interaction

Small-deformation oscillatory measurements were used to in water, where PPO blocks adsorb onto the hydrophobic surface
evaluate the viscoelastic behavior of the two hydrogels and studyof the SWNTs and PEO blocks form a corona to dissolve the
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