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Abstract

On demand release of anti-inflammatory drug or neurotropic factors have great promise for
maintaining a stable chronic neural interface. Here we report the development of an electrically
controlled drug release system based on conducting polymer and carbon nanotubes. Drug delivery
research using carbon nanotubes (CNTSs) has taken advantage of the ability of CNTSs to load large
amounts of drug molecules on their outer surface. However, the utility of the inner cavity of
CNTs, which can increase the drug loading capacity, has not yet been explored. In this paper, the
use of multi-wall CNTs as nanoreserviors for drug loading and controlled release is demonstrated.
The CNTSs are pretreated with acid sonication to open their ends and make their outer and inner
surfaces more hydrophilic. When dispersed and sonicated in a solution containing the anti-
inflammatory drug dexamethasone, experiments show that the pretreated CNTSs are filled with the
drug solution. To prevent the unwanted release of the drug, the open ends of the drug-filled CNTs
are then sealed with polypyrrole (PPy) films formed through electropolymerization. The prepared
electrode coating significantly reduced the electrode impedance, which is desired for neural
recording and stimulation. More importantly, the coating can effectively store drug molecules and
release the bioactive drug in a controlled manner using electrical stimulation. The dexamethasone
released from the PPy/CNT film was able to reduce lipopolysaccharide induced microglia
activation to the same degree as the added dexamethasone.

1. Introduction

Neural prostheses based on implantable microelectrodes have been widely studied to
modify, restore, or bypass a damaged or diseased portion of the nervous system. However,
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the chronic application of these neural electrodes has been limited due to degradation of
performance over time, possibly due to the neuronal loss and scar formation through
inflammatory tissue reaction [1, 2]. In order to minimize or eliminate the undesirable tissue
reaction, strategies such as delivering/releasing anti-inflammatory drugs or neurotrophic
factors to the vicinity of the implant are being explored. Drug release systems based on
conducting polymers have been extensively studied, as conducting polymers offer the
possibility of drug administration through electrical stimulation [3-7]. Electrically
controlled release has found many applications [8], and it is particularly attractive for
implantable devices such as neural electrode arrays. For example, neural microelectrodes
modified with polypyrrole (PPy) or poly(3, 4-ethylene dioxythiophene) (PEDOT)
incorporating nerve growth factor (NGF) can effectively deliver NGF to initiate the
differentiation of rat pheochromocytoma cells [9]. The anti-inflammatory drug
dexamethasone (Dex) has also been shown to be electrically released from PPy and PEDOT
to mitigate the inflammatory tissue response [4, 5]. More recently, it was reported that
cochlear implant electrodes coated with PPy films incorporating neurotrophin-3 could be
used to preserve spiral ganglion neurons through electrically triggered neurotrophin delivery
[6]. However, the application of such systems has been limited due to some intrinsic
technical barriers. For instance, the drug loading capacity of a conventional conducting
polymer film is limited, and the amount of drug release per stimulation is neither steady nor
sustainable.

In recent years, carbon nanotubes (CNTSs) have attracted considerable attention for their
applications in biomedical science and technology [10-13]. It was reported that the
functionalized CNTs displayed low toxicity and no immunogenicity [14, 15], because the
functionalized CNTSs are dispersible in water and compatible with biological fluids, and they
can be excreted through the renal route [16]. As CNTs can be functionalized with different
molecules, such as proteins, nucleic acids and drugs, various types of drug delivery or
controlled release systems based on CNTs have been developed [17, 18]. However, in most
of these systems, the substances to be delivered were attached to the CNT surface through
covalent or noncovalent binding [19, 20], leaving the inner cavity unutilized. When the ends
of CNTs are opened [21, 22], the inner volume of the tubes becomes accessible and can be
filled with different drugs, ranging from small molecules to peptides and even proteins.
Although early work has reported on the filling of CNTs with water [23], C-60 [24],
polystyrene nanobeads [25] and nanoparticles [26, 27], investigations into using the inner
CNT cavity to load bioactive drugs are still in an early stage. Among the different methods
proposed for loading drug into CNTSs [28], the most convenient way is to fill the CNTs using
solutions, but the filling efficiency is greatly reduced by the surface tension of the liquid
inside the CNT [29]. Likewise, another challenge in using CNTs for drug delivery involves
preventing the loaded drug from leaking out of the opened ends of CNTSs until a controlled
release is required.

Recently, Ajima and coworkers [30-32] have reported on the incorporation of cisplatin
inside single-wall carbon nanohorns. Another interesting work was reported by Ren and
Pastorin [33], where the antitumor drug hexamethylmelamine was incorporated inside
single- and double-wall CNTs. Drug release from the open ends of the tubes was prevented
by sealing the CNT with adsorbed C-60, which can later be removed in CH,Cl, for a more
controlled release. While these studies illustrate some of the recent progress in this area,
there are still many fundamental and practical issues regarding the controlled loading and
release of drugs from CNTs which must be addressed to make this a viable and useful
technology. In particular, improving the amount of drug released, increasing the stability/
lifetime of the releasing films, utilizing the unique porosity of the CNTs for storage/release,
and providing mechanistic insight into the drug release process are still key issues that need
to be addressed in these systems.
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Herein, we report the use of multi-wall CNTSs as nanoreserviors for drug delivery. CNTs
were sonicated in strong acids to break them into shorter tubes and open their ends. The
pretreated hydrophilic CNTs were then filled with a Dex solution. To make CNT
nanoreserviors, the drug loaded CNTs were encapsulated in PPy films through
electropolymerization. The drug loaded in the PPy/CNT composite film can be efficiently
released upon electrical stimulation. The CNTs served as nanoreserviors of Dex, provided a
higher drug loading capacity, and possessed a more linear and sustainable release profile
than that of a conventional PPy film.

2. Materials and Methods
2.1. Materials

Pyrrole (98%) was purchased from Sigma-Aldrich, vacuum distilled and stored frozen.
Dexamethasone (Dex) 21-phosphate disodium salt was purchased from Sigma-Aldrich. Two
types of multi-wall CNTs were used in this work, CNTs a (CNTa, outer diameter 110-170
nm, inner diameter 3-8 nm, length 5-9 pm, purity > 90%) were purchased from Sigma-
Aldrich, and CNTs b (CNTb, outer diameter 20-30 nm, inner diameter 5-10 nm, length 10—
30 m, purity > 95%) were purchased from Cheap Tubes Inc. (Brattleboro, USA).
Phosphate buffered saline (PBS, pH 7.4) was purchased from Sigma-Aldrich, and the used
PBS contain 10 mM sodium phosphate and 0.9% NaCl. All other chemicals were of
analytical grade, and Milli-Q water from a Millipore Q water purification system was used
throughout.

2.2. Apparatus

Electrochemical experiments were performed on a Gamry Potentiostat, FAS2/Femtostat
(Gamry Instruments) with Gamry Framework software. A conventional three-electrode
system with the glassy carbon (GC) electrode as the working electrode, a platinum wire as
the counter electrode, and a silver/silver chloride (Ag/AgCl) reference electrode (CH
Instruments) was used. Scanning electron microscopy (SEM) was performed with an XL30
SEM instrument (FEI Company), with an accelerating potential of 10 kV and a working
distance of 10 mm. The samples for SEM were prepared on self-prepared GC electrode
(made of GC rod with the diameter of 3.0 mm). Transmission electron microscopy (TEM)
was performed with a JEOL JEM2100F TEM instrument (JEOL Inc., Japan). The
concentration of Dex solution was measured with a microplate reader SpectraMax M5
(Molecular Devices), using the ultraviolet (UV) absorption of Dex at 242 nm. A Beckman
L8-80M ultracentrifuge was used for the centrifugation of CNT suspensions.

2.3. Electron energy loss spectra

The electron energy loss spectra (EELS) were obtained using a JEOL JEM2100F TEM
(JEOL Inc., Japan) operating at an accelerating voltage of 200 kV and equipped with a
Tridiem GIF post-column imaging filter (Gatan Inc) [34]. EELS data were recorded at 200
kV using an energy dispersion of 0.5 eV. The spectra were acquired using ‘image-
diffraction’ mode at a beam size of about 5 nm at either the edge or core areas of CNTs and
processed by means of Digital Micrograph software (Gatan Inc., Warrendale, PA).

2.4. Specific Surface Area measurements

The specific surface area of CNTs was measured with a Quantachrome Autosorb instrument
using a 5 point N, BET measurement for a P/P,4 range of 0.1-0.3. Four runs were conducted
for each sample to determine the standard deviations reported in the text. Additional runs on
other batches of CNTs give nearly identical surface area values.

Biomaterials. Author manuscript; available in PMC 2012 September 01.
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2.5. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) was done with a PHI5600ci instrument using
Al Ka X-rays (1486.6 eV) and a pass energy of 187.85 for survey scans and 58.70 eV for
higher resolution scans of the C 1s, O 1s, and Mo 3d regions. Sample powder was placed
into a machined well in a Mo sample holder. The integrated intensities from high resolution
scans of the the C and O regions were normalized to the Mo 3d integrated intensity obtained
from the Mo sample holder. A small spot sputter source was used to clean the analysis area
of the molybdenum holder of any oxide or adventitious carbon. As the CNTs are conductive,
no sample charging was noted during the analysis. The C and O integrated were also
normalized to account for the different atomic sensitivity factors (ASFs) associated with
these two elements.

2.6. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) was measured with the Gamry
Potentiostat, FAS2/Femtostat (Gamry Instruments) with Gamry Framework software using a
three-electrode system. The solution for the EIS measurement was 0.1 M KCI containing 10
mM [Fe(CN)g]3*/4*. The EIS was measured in the frequency range from 0.5 Hz to 100K Hz
using an applied AC voltage of 5 mV, and recorded at 10 points/decade.

2.7. Loading drug into CNTs

The CNTSs were firstly pretreated by dispersing 200 mg CNTs in 100 mL 1:3 concentrated
HNO3 and H,SO4 solution and sonicating for 2 hours. The suspension was then kept at
room temperature overnight. After the acid treatment, the CNTs were washed with water
and separated using ultracentrifuge repeatedly until the pH of the washing solution was
neutral. Finally, the CNTs were collected and dried at 60 °C. To the solution of 20 mg/mL
Dex in water, 1.0 mg/mL pretreated CNTs were added, and the resulted mixture was
sonicated for 2 hours to let the Dex solution enter the inner cavity of CNTS.

2.8. Preparation of drug-loaded PPy films

GC electrodes (3 mm in diameter) were polished with 1.0, 0.3 and 0.05 pm alumina slurries
in sequence and then ultrasonically washed in water and ethanol for about 5 min,
respectively. 0.4 M pyrrole was added to the above Dex solution containing drug-loaded
CNTs (20 mg/mL Dex and 1 mg/mL CNTSs), and the cleaned GC electrodes were immersed
into the suspension for electropolymerization. The electropolymerization of pyrrole was
carried out at a constant current of +70 pwA for 400 s, and PPy films incorporated with Dex
and drug-loaded CNTSs were thus formed. For comparison, conventional PPy films without
CNTs but incorporated with Dex were electropolymerized with similar ways in the solution
containing only 0.4 M pyrrole and 20 mg/mL Dex.

2.9. Electrochemically controlled drug release

After electrodeposition, the PPy films with and without CNTs were thoroughly washed with
water, and then soaked in 10 mM PBS for 15 min under magnetic stirring to entirely remove
the adsorbed Dex. The electrochemically controlled release of drug from the PPy films was
carried out in a small electrochemical cell containing 1.6 mL 10 mM PBS (pH 7.4). A
square wave electrical stimulation with 50% duty cycle was used for drug release. The
applied potentials were —2.0 V for 5 s followed by 0.0 V for 5 s (aggressive stimulation, for
quick drug release), or —0.5 V for 5 s followed by 0.5 V for 5 s (mild stimulation, for
sustainable drug release). The solution with the released drug was sampled after 10 cycles
(stimulation times) or more cycles of square wave electrical stimulation specified in each
experiment description. The solution with released drug was then transferred to 96 well
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Costar assay plate and used for UV absorption measurement at 242 nm. Drug diffusion was
tested with similar procedure, but without actually applying the electrical potential.

2.10. Assessment of the bioactivity of the release drug

In order to assess the bioactivity of the released Dex, both released Dex and bulk-purchased
Dex solutions were used to supplement cultures of Highly Aggressively Proliferating
Immortalized (HAPI) cells [35] together with gram-negative bacteria-derived
lipopolysaccharide (LPS, from Escherichia coli 0111:B4, Sigma). Nitrite content within a
supernatant prepared from each culture was then determined using a Griess reagent kit
(G-7921, Invitrogen, Carlsbad, CA), to determine the relative nitric oxide production rates
between the two varieties of Dex and control cultures prepared using sterile PBS in place of
either Dex or Dex as well as LPS.

The experiment was performed by dividing the cultured cells into six groups of three wells
each: a control group, an LPS treated group, an LPS plus released Dex treated group, an LPS
plus control Dex treated group, and a sham release control and an LPS plus sham release
control group. Sham release control contains the PBS that was exposed to Dex-free films
subjected to release stimulation, to verify that films do not release additional confounding
impurities during stimulation. A concentrated solution of released Dex was prepared by
electrically stimulating 6 PPy/CNThb/Dex film coated electrodes in sterile PBS (each for one
hour in the same solution using aggressive stimulation). For the sham control experiments, 6
Ppy/CNTb film (no Dex) coated electrodes were stimulated similarly in sterile PBS. A
control Dex solution was prepared by adding bulk purchased Dex powder to sterile PBS to
an equivalent concentration as that within the released Dex solution. A concentrated LPS
solution was prepared by reconstituting LPS powder in sterile PBS. Media compositions
were prepared for each of the six experimental groups: Each group was prepared by adding
concentrated LPS, fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), and either released
or control Dex solutions to DMEM (Gibco 21041 DMEM/F12 +L-glutamine — HEPES -
Phenol Red, Invitrogen, Carlsbad CA) to make final concentrations of 1 pg/ml LPS, 10%
FBS, and 10 M of either released or control dexamethasone. The LPS group consisted of
the same composition as above, only with an equivalent volume of sterile PBS in place of
the concentrated Dex solution. The control group consisted of the same composition, only
with an equivalent volume of sterile PBS in place of both the concentrated LPS and Dex
solutions. The sham release control and LPS media compositions were prepared as above,
only replacing the pure sterile PBS with the sham release PBS prepared in the initial steps.

Frozen HAPI cells (provided courtesy of Dr. Xiaoming Hu, Department of Neurology,
University of Pittsburgh) were thawed and passaged once before being plated at a density of
1 x 10 cells/well in a 24-well plate. Cells were plated within the treatment solutions
prepared above, with 3 wells allocated to each treatment, randomly distributed around the
well plate to avoid positional bias. Plated cell cultures were incubated in treatment media for
24 hours at 37°C, after which the media of each well was sampled for analysis. NO
production of each culture was approximated by measuring sample nitrite content using a
Griess reagent kit and reading absorbance at 540 nm using a Molecular Devices Spectramax
M5 plate reader. The concentration of nitrite in each sample was determined by comparing
measured values against a standard curve generated using a series of known concentrations
of between 1-100 uM nitrite. Additional measurements were collected from control samples
of fresh media and PBS containing the Griess reagent solutions. After media was sampled
for analysis, wells were stained using MTT assay (Vybrant® MTT Cell Proliferation Assay
Kit V-13154, Invitrogen, Carlsbad, CA) to quantify cell count. The reported amounts of
nitrite production for each condition were normalized by the cell count. Significance of
difference of nitrite production between the various treatment groups was determined using
a one-way ANOVA with Tukey’s post hoc analysis, employing a significance level of 0.05.

Biomaterials. Author manuscript; available in PMC 2012 September 01.
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In order to provide access to the CNT inner cavity, as shown in Scheme 1, the CNTs must
have at least one end open. As synthesized CNTs will typically have closed ends, but
depending on the harvesting process, the tubes may possess some open ends [36]. In order to
more fully open the ends of the CNTs, two samples (CNTa, outer diameter 110-170 nm,
inner diameter 3-8 nm; CNTb, outer diameter 20-30 nm, inner diameter 5-10 nm) were
treated with acid (1:3 concentrated HNO3 and H,SO,4) under sonication for 2 h.

It has been reported that the acid treatment together with sonication will cause severe
etching of the graphitic surfaces (both outer and inner) of the CNTs, resulting in tubes of
shorter length with opened ends [37, 38]. Transmission electron microscopy (TEM) of the
acid treated samples verified the shortened tube length after treatment and the presence of
open ends (Figure S1). The opening of CNT ends is also verified by increases in the specific
surface area (SSA) determined with a 5 point No BET measurement before and after
treatment. After the acid sonication, the SSA of CNTa increased from 12.93 (x 0.29) to
24.14 (+ 0.19) m?/g and the SSA of CNTb changed from 111.73 (+ 0.52) to 126.64 ( 0.90)
m2/g. The SSA of CNTa increased by about 86.7%, which is similar to previous reports
[39]. The SSA of CNTb only increased by 13.3%, which may indicate that the raw CNTb
already possessed some open ends or that this sample was not as reactive to the acid
sonication. To confirm that the SSA changes are from true porosity changes (e.g. opening of
CNT ends) and not from the simple dissolution of residual metal catalyst in the sample,
thermogravimetric analysis (TGA) was performed in air up to 1000 °C. TGA finds ~2.0-2.8
weight % of residual mass in both the treated and untreated samples after ashing in air. This
residual mass is presumably from trace amounts of metal co-catalyst in the sample which is
converted to metal-oxide during the ashing step. These values are in agreement with the
technical data sheets provided by the vendor for these CNTs. We note that this residual mass
could also result from other, non-combustible, trace impurities in the sample, although XPS
analysis (see below) detects no such species.

Acid treatment is also known to chemically oxidize CNT carbon, produce oxygen containing
functional groups (mainly carboxyl), and remove heavy metal catalyst particles. The O and
C ratios of the sample are characterized by X-ray photoelectron spectroscopy (XPS) survey
scans before and after treatment (Figure 1). The XPS survey scans show the presence of
both carbon and oxygen and no evidence of other impurities or residual metal catalyst. The
kinetic energy (KE) of detected photoelectrons (KE~1000 eV) for the C 1s peak using our
X-ray source indicates that we are probing ~ 21-27 A into the sample or ~ 6-8 graphitic
layers. As such, any residual catalyst encapsulated in a thick carbon shell would not be
detected by XPS. This explains why the TGA results find evidence for residual catalyst in
the sample ash, but XPS does not detect this metal. From Figure 1, one can qualitatively see
higher O/C peak ratios in the acid treated samples and the appearance of the KLL oxygen
Auger line, which suggests an increased O content. The O/C ratios were quantified using
high resolution scans of the C 1s and O 1s regions (not shown), integrating the band
intensity, correcting these intensities for atomic sensitivity factors, and normalizing these
peaks to the integrated Mo 3d intensity from the sample holder. The atomic O/C ratio for the
untreated CNTb sample was ~0.017 while acid treatment increased this value by a factor of
5-6 to ~ 0.10. As the carboxyl groups are highly hydrophilic, the acid treatment will make
the CNTs more hydrophilic on both the exterior [40] and interior [41] surfaces, allowing
aqueous solution to more easily enter and fill the inner cavity of the CNTs.

Biomaterials. Author manuscript; available in PMC 2012 September 01.
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3.2. Loading the inner cavity of the CNTs with Dex

As the treated CNTs have open ends and their exterior and interior surfaces are both
hydrophilic, it is expected that aqueous solutions containing drug can flow into the inner
cavity of CNTs, especially with the help of sonication. To confirm that the drug Dex (in the
form of a soluble salt, Dex 21-phosphate disodium) was really loaded into the inner cavity
of CNTSs, two separate experiments were carried out with the CNTb sample. In the first
experiment, 2.0 mg of treated CNTb was dispersed in 2.0 mL of a 20 mg/mL Dex solution
and sonicated for 2 hours to load the CNTs with the drug. The resulting Dex-loaded CNT
suspension was filtered through a 0.2 m filter under vacuum and washed with water
repeatedly to remove any Dex which may be loosely adsorbed on the outer surface of the
CNTs. An ultraviolet-visible (UV, 242nm) absorption spectrum of the rinse solution
confirms that the loosely bound Dex has been rinsed from the CNTs. The Dex containing
CNTSs were then transferred to a glass bottle filled with 1.2 mL phosphate buffered saline
(PBS, pH 7.4, 10 mM phosphate and 0.9% NaCl) and sonicated for 20 min to partially
release the loaded drug, and the obtained CNTSs suspension was collected and centrifuged
(10 min at 13,000 rpm) repeatedly to separate the solid nanotubes from solution. The clear
supernatant solution was then collected and measured with UV absorption, and significant
UV absorption of Dex was detected, which indicated the presence of Dex in the solution
(6.55 £ 0.27 pg). A similar test was carried out with the Raw CNTDb, and less Dex was
detected (3.89 + 0.19 p.g) in the released solution.

It is expected that some Dex molecules may adsorb on the hydrophobic surface of the Raw
CNTs, as the phenanthrene group of Dex will strongly interact with the pi-pi network of the
CNTs. After acid treatment, the CNTs will become more hydrophilic and possess a negative
charge in the PBS (pH 7.4), which can partially prevent the adsorption of negatively charged
Dex molecules. Therefore, the adsorption of Dex molecules on the treated CNTb should be
less than that on the raw CNTh. While contrarily, the measured drug released from the
treated CNTb was 68.3% more than that from the latter, which indicates that the additional
Dex here most likely originates from the inner cavity of the CNTs, though some of the Dex
inside the CNTs may have been lost during the filtration and washing process. The
interpretation of endohedrally bound and released Dex is supported by the BET surface area
measurements which show that the treated CNTs have a higher SSA than untreated samples,
presumably as a result of access to the inner pore of the tube.

Further verification of Dex loading in the CNTs was carried out using electron energy loss
spectroscopy (EELS) which is integrated with the TEM instrument. EELS is sensitive to
light elements, capable of analyzing a small quantity of material, and can spatially probe
samples down to a spot size of 1 nm diameter or smaller [42]. A drop of suspension
containing Dex loaded CNTb was put on the Cu grid and allowed to dry. The grid was then
rinsed in water three times to remove the loosely adsorbed Dex from the outer surface of the
tube and from the grid itself. EELS were recorded from the edge and core areas of CNTh
with a beam size of about 5 nm, respectively. As shown in Figure 2, we see clear L; 3 core
loss of carbon for both the edge and core areas of the CNTs, while the L 3 core loss of
phosphorous was only observed on the EELS acquired at the core area of the drug loaded
CNTs, but not on those spectra at the edge of those CNTs. EELS results were reproducible
on several different samples. As the Dex used here is, dexamethasone sodium phosphate, the
presence of a clear P peak in the EELS serves as an additional confirmation of the drug’s
presence inside the tubes.

3.3. Sealing the open ends of the CNTs with electropolymerization of PPy

To keep the loaded Dex inside the CNTSs, an electropolymerized PPy film was used to seal
the tubes. When electropolymerization was carried out after adding pyrrole monomer to the

Biomaterials. Author manuscript; available in PMC 2012 September 01.



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

1duasnuey Joyiny vd-HIN

Luo et al.

Page 8

suspension containing Dex and CNTs, some of the CNTs may be incorporated in the
deposited PPy film as co-dopants with Dex or via physical entrapment [43]. Figure 3 shows
the scanning electron microscope (SEM) images of polymerized PPy films containing CNTa
and CNTb on glassy carbon (GC) electrodes. As can be seen, in both cases the CNTs were
well distributed within the PPy films, and the PPy/CNTDb film is more uniform than the PPy/
CNTa film. In addition, it can be seen that the PPy films prefer to grow around the CNTs
due to the high conductivity of CNTs, and the opened ends of CNTs are well sealed. This
result is similar to a previous report [43].

Since the CNTSs were filled with Dex solution in their inner cavities, once the PPy film is
formed around the CNTSs, the Dex will become sealed inside the CNTSs. The effective
sealing of the open ends of CNTs was verified by a diffusion test in phosphate buffered
saline (PBS, pH 7.4, 10 mM phosphate and 0.9% NaCl), as compared to the controlled
release initiated with electrical stimulation, the amount of Dex which diffused from the PPy/
CNTs film to the PBS was negligible (see Figure S2 in supporting information).

The electrical properties of drug-loaded CNTs on the PPy films were studied using
electrochemical impedance spectroscopy (EIS), which measures frequency-dependent
changes in impedance. As shown in Figure 4, coating the GC electrode with PPy led to a
decreased impedance, due to the increased effective surface area of the electrode from the
polymer film [44]. Interestingly, the addition of CNTs to the PPy film led to a decreased
impedance at all frequencies (0.5 to 100K Hz), and the impedance of PPy film with CNTbh
was even lower than that of the PPy film with CNTa. This decrease in impedance may be
ascribed to two reasons. One is related to the increased surface area of the PPy/CNT film.
As shown in Figure 3, the PPy films incorporated with CNTs exhibited a fibrous
morphology. The other reason for the decreased impedance is the increased conductivity of
the PPy film, as CNTs are highly conductive, and their incorporation in PPy films can
effectively increase the conductivity of the latter [43]. Since the CNTb tubes have a smaller
diameter than those in CNTa, this sample can form finer nanostructures with higher surface/
volume ratios. Moreover, the thinner CNT can be better distributed in the PPy film to make
it more conductive. Therefore, compared to CNTa, CNTb is more effective in decreasing the
impedance of the PPy film.

3.4. Electrically controlled release of Dex

Electrochemically controlled drug release from PPy films has been previously studied. The
mechanism of release is mainly attributed to the de-doping process during negative bias that
electrochemically reduces the positively charged polymer backbone to a neutral state
causing the release of negatively charged drug from the film. Since the Dex-loaded CNTs
were incorporated in the PPy film as drug nanoreserviors, it is expected that the PPy film
with incorporated CNTSs can load and release more drug than the pure PPy film. The total
amount of releasable drugs from different polymer films was measured and compared, as
shown in Figure 5. The electrically controlled drug release of different PPy films was tested
in 10 mM PBS with an aggressive electrical stimulation (repeated stimulation of -2 V for 5
s followed by 0 V for 5 s) successively for 20 hours, and the amount of released drug was
measured. After electrical stimulation for 20 hours, we have further stimulated the film for
one hour and observed no more drug release. Therefore we can conclude that all releasable
drug has been delivered within the 20 hours of aggressive stimulation. The PPy films with
CNT drug nanoreserviors release more drug than the film without CNTs, and the drug
released from the PPy/CNTD film was more than that from the PPy/CNTa film (the amount
of released Dex from systems based on pure PPy, PPy/CNTa and PPy/CNTb are 38.8 + 3.2,
53.3+ 1.7 and 78.7 + 2.1 g, respectively).
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As the amount of releasable drug from different PPy films is closely related to the amount of
drug loaded in the corresponding PPy films, the above results indicate that the PPy films
incorporated with CNTSs have a higher drug capacity than the pure PPy film. Since the PPy
films with and without CNTs were synthesized under similar conditions using the same
charge, the amount of deposited PPy should be nearly identical. Therefore the increased
drug load is attributed to the incorporation of CNTSs carrying extra drug. This higher loading
is attributed to the thinner outer diameter and wider inner diameter of the tubes in CNTb
giving this sample a higher drug capacity per unit weight than CNTa. As a result of this
higher capacity, the PPy/CNTb film can release more Dex than the PPy/CNTa film.

The drug release profile of different systems was studied using a milder stimulus (x 0.5 V)
for up to 300 stimulations, and the profiles are shown in Figure 6. As we can see, the drug
releasing profile of the PPy/CNTDb film is nearly linear within the 300 stimuli, while that of
the pure PPy film is curved and levels off. As we know, during electrical stimulation the
drug molecules dissociated from the backbone will be released from the bulk PPy film to its
surroundings under electrical (charge repulsion) and diffusional force. For the pure PPy
film, as the total number of stimulations increases, the concentration of drug in the PPy film
decreases, and thus the drug release per stimulus from the pure PPy film decreases and
eventually levels off. While for the PPy/CNTD film, the actuation effect of PPy film upon
electrical stimulation [45, 46] may cause the expansion or contraction of the polymer, and
thus temporarily open the seal on each end of the nanotubes and accelerate the drug release.
Therefore, release from the PPy/CNTD film can be more sustainable due to the extra drug
stored inside the CNT capsules. A linear release profile is desired for an actively controlled
drug delivery system. Based on the release profile of PPy/CNTDb, the sample has not
exhausted its delivery capacity, which indicates a more sustainable drug release system.
Since the drug loading capacity of CNTa is less than that of CNTb, the drug releasing profile
of the PPy/CNTa film should be somewhere in between the PPy and PPy/CNTb film, and
this was exactly what we have found in the experimental result, as shown in Figure 6.

3.5. Bioactivity of the released Dex

In order to assess the bioactivity of the released Dex, a microglia cell line, HAPI cells were
used [35]. HAPI cells can be activated with a pro-inflammatory molecule LPS and activated
microglia cells secrete various inflammatory products including nitric oxide (NO) and pro-
inflammatory cytokines. When Dex is added in the LPS supplemented microglia culture, the
activation of cells can be effectively suppressed and the NO production reduced. Here we
employed a technique similar to that described by Hinkerohe et al [47]. Briefly, both
released Dex and bulk-purchased Dex solutions with a concentration of 10pM were added
to HAPI cell cultures together with LPS. The nitrite content, which is proportional to the NO
concentration, of each culture was then determined using a Griess reagent kit. As shown in
Figure 7 (in terms of mean = SD), HAPI cells produced elevated quantities of NO when
exposed to LPS, in agreement with observations by Cheepsunthorn et al [35]. Both released
and added Dex caused the LPS-stimulated rate of NO production to diminish significantly
(p<0.05), in a manner similar to glial co-cultures as observed by Hinkerohe et al [47]. The
effective inhibition of microglia activation by released Dex indicates that the drug molecules
retained their bioactivity after the loading and stimulated release. The cell numbers of each
group were checked, and there is no significant difference among them, which indicates that
the cell effects found are not caused by a reduced cell number and/or cell death. No
significant difference was observed between the control and sham release control groups, or
between the LPS and sham release LPS groups, suggesting that all observed effects are due
to released Dex, and not from any unidentified impurities that may have been released from
the films.
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4. Conclusions

An enhanced electrically controlled drug release system based on conducting polymer PPy
incorporated with CNT drug nanoreserviors was developed. The CNT drug nanoreserviors,
composed of CNTs with Dex loaded in their inner cavity and PPy coatings that seal the ends

of
sti

CNTs, can effectively load drug and release them in bioactive form under electrical
mulations. The incorporation of CNT drug nanoreserviors can not only significantly

increase the amount of loaded and releasable drug of the system, but also provide a more
linear and sustainable drug release profile. In addition, the presence of CNTs can lower the
impedance of the PPy film, which is a desirable property in applications where the same
electrode is expected to perform other functionalities such as electrophysiological recording

an

Supplement

d/or stimulation.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Normalized X-ray photoelectron spectroscopy spectrum of CNTs before (left) and after
(right) acid treatment.
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Figure2.

Electron energy loss spectra of the edge and core areas of drug loaded CNTSs. Inset shows a
typical TEM image of the CNTb, where the two circles indicate the edge and core area of
the nanotube.
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Figure3.

SEM images of the PPy/CNTa film (a, b) and the PPy/CNTb film (c, d). CNTa: outer
diameter 110-170 nm, inner diameter 3-8 nm; CNTb: outer diameter 20—30 nm, inner
diameter 5-10 nm.
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Electrochemical impedance spectroscopy of different electrodes in the solution containing
10 mM [Fe(CN)g]3*/4* and 0.1 M KCI. The measurements are performed with a three-
electrode system, the frequency range is from 0.5 Hz to 100K Hz, and the applied AC
voltage is 5 mV.
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Figureb5.

Dex released from different PPy films under electric stimulation for 20 hours. The electric
stimulation applied: 50% duty cycle of square wave, =2 V for 5 s followed by 0 V for 5s.
Data are shown with a + standard deviation (n = 3 for each case).

Biomaterials. Author manuscript; available in PMC 2012 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Luo et al.

Page 18

30_- —u— PPy
—e— PPy/CNTa

3 2] A PPy/CNTb %Hﬁﬁﬂ' I%
o M
5 20+ , e
8 % #ﬁ II%%HL
§ 15 4 ¥ # Iy
[0) A 7
§ 10 ijl ,# ﬁ#l
: Fd
R

of 2,

Stimulation times

Figure®6.

Dex releasing profiles of different controlled drug release systems for 300 stimulation times.
For each stimulation time, the applied stimulus was —0.5 V for 5 s followed by 0.5V for 5 s,
and the solution was sampled every 10 stimulation times. Data are shown with a + standard
deviation (n = 3 for each case).
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Figure?.

Comparison of nitrite production of HAPI cell culture preparations following different
treatments. Nitrite production provides an indicator of the degree of activation of the cells by
LPS. Exposure to media treated with 1jg/ml gram-negative bacteria-derived LPS for 24
hours significantly increased the nitrite production. The added Dex and released Dex groups
both showed effective reduction of nitrite production compared to the LPS group, an effect
consistent with the bioactivity of the Dex. Data are shown with a + standard deviation (n = 3
for each case). * indicates there is no detectable nitrite; **, p < 0.05.
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Scheme 1.

Schematic of the drug loading and release process of CNT nanoreservoirs. A) Drug solution
is filled into the interior of acid treated CNTs through sonication; B) Pyrrole is added to the
suspension containing CNTs and Dex and electropolymerization is carried out; C) Drug is
released from CNT nanoreservoirs to surroundings through diffusion or electric stimulation.
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