Digest Journal of Nanomaterials and Biostructures Vol. 9, No. 2, April - June 2014, p. 859 - 868

DRUG DELIVERY STUDY OF SINGLE-WALL CARBON NANOTUBES
COVALENT FUNCTIONALIZED WITH CISPLATIN

C. C. CIOBOTARU", C. M. DAMIAN®, S. POLOSAN?® M. PRODANA®,

H. I0VU°

®National Institute of Materials Physics, Atomistilor 105 bis, 077125, Magurele,
Bucharest, Romania

®University POLITEHNICA of Bucharest, Faculty of Applied Chemistry and
Materials Science, Calea Victoriei 149, 010072, Bucharest, Romania

Carbon nanotubes are widely studied components for drug delivery systems due to their
high surface area and low chemical reactivity. The research presented in this paper deals
with the synthesis of drug delivery systems based on single walled carbon nanotubes
(SWCNTs) and the well-known cancer treatment drug Cisplatin. The new nanomaterials
obtained through covalent bonding between carboxyl groups from the SWCNTSs surface
and amino groups from the Cisplatin structure were characterized from structural point of
view. To evaluate the content of drug released the Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) was employed. The releasing profile shows a slow rate in the
beginning followed by a spectacular increase after 180 minutes which means that this type
of system could be used for prolonged release.

(Received April 26, 2014; Accepted June 13, 2014)

Keywords: SWCNTSs, functionalization, covalent activation, Cisplatin, XPS, ICP-MS

1. Introduction

Nanocarriers for low-molecular-weight drugs offer a promising strategy for improving
body distribution and prolonging blood circulation. Recently, single-walled carbon nanotubes
(SWCNTs) have been investigated as carriers in living systems [1-4] showing that these materials
are very good for drug delivery systems.

Generally, drug delivery systems enter into the cells by endocytosis through the cell
membrane. In order to deliver the drugs to the nucleus, it is important that the drug carrier escapes
endosomal compartment and releases drug load in cytosolic compartments. One of the advantages
of SWCNTs is the capability of delivering chemotherapeutic and imaging agents by overcoming
these biological barriers and localizes the target tissue [5-6].

The loaded dose of the drug in direct bonding to CNT is quite limited. Therefore high
concentrations of CNT are required for delivery of sufficient amount of drug or the
functionalization of CNT. SWCNTs functionalization is important for dispersion and
solubilisation [7-8] and to enable further modification [9].

Cis-diammineplatinum(II) dichloride (cisplatin, CDDP) a square planar Pt*" complex was
the first metal —based agent which enter into worldwide clinical use for the treatment of cancer.
Cisplatin is one of the most potent and widely-used anticancer drug and currently is used either by
itself or in combination with other drugs for the treatment of a variety of solid tumors, including
testicular, ovarian, bladder, cervical, head and neck, esophageal, colon, gastric, breast, melanoma,
prostate cancer, and small-cell lung cancers [10-11].

C. Tripisciano et al. [12] described a method of embedding CDDP through SWCNTs
internal diameter. They studied the release of the CDDP bonded noncovalent inside the SWCNTSs
by ICP showing that 68% of drug was released after 72h.
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In another study, A. A. Bhirde et al. [13] reported a method of activation of carboxyl
functionalized SWCNTs with CDDP by dispersing them in dimethyl sulfoxide at room
temperature for 1 h. Using different methods they calculate the size of CDDP molecules bonded
on the SWCNTSs. Also they observed that one Pt atom is corresponding to 10 nm length of
SWCNTs.

K. W. Ciecwierz et al. [14] developed a new method of introducing CDDP inside oxidized
SWCNTSs by dispersing SWCNTSs in a solution of CDDP in dimethylformamide (DMF) or water
through sonication followed by stirring for about 20 h at room temperature. After drug release
studies they conclude that the best results were obtained using DMF as solvent.

A similar method for encapsulation of CDDP in MWCNT was presented by Li et al [15].
They mixed and ultrasonicated CDDP and MWCNT in ethyl acetate followed by stirring in the
dark. They evaluated the loading of CDDP in MWCNTs with TGA and ICP-OES and the result
was 0.621 mg of CDDP for each 1 mg of MWCNT-CDDP sample.

The aim of this paper is focused on developing of a new route for synthesis of
nanocomposites based on covalent functionalization of SWCNTs with CDDP for drug delivery
systems. Several experimental techniques were involved in order to investigate the formation of
covalent bonds between SWNCTs and CDDP like Fourier Transform Infrared (FT-IR), Raman
Spectroscopy measurements, X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction
(XRD) for structural characterization. Thermogravimetric Analysis (TGA) and Scanning Electron
Microscopy (SEM) were employed to bring additional information about the newly synthesized
system. Moreover, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to
determine the concentration of drug released.

2. Materials and methods

2.1 Materials

Single-wall carbon nanotubes (SWCNTSs) were purchased from Sigma Aldrich having
chirality 6.5, more than 90% carbon basis, more than 77% carbon as SWCNTSs, and diameter range
between 0.7 and 0.9, produced by CoMoCAT®™ Catalytic Chemical Vapor Deposition (CVD)
Method.

Activation process was done by using 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
(EDC), N-Hydroxysuccinimide (NHS) and Cisplatin purchased from Sigma Aldrich.

The reaction was made in potassium phosphate monobasic solution having pH=4.5.

Cellulose dialysis sacks having a molecular weight cutoff of 12000 (Aldrich) were used
for the drug release study.

Phosphate buffer solution (PBS) having pH=7.4 was obtained by mixing 250 mL

of potassium phosphate monobasic having concentration of 2M and 393.4 mL of sodium
hydroxide having concentration of 0.1 M.

2.2 Methods
2.2.1. Activation of SWCNTs purified for 48h and oxidized (SWCNTs-p48h-COOH)
with CDDP

SWCNTs as-received were previously purified and oxidized as already described [16].
Covalent functionalization of SWCNTs-p48h-COOH with CDDP was done by using EDC and
NHS. Briefly 30 mg of EDC were dissolved in 3ml of phosphate monobasic solution. After that,
30 mg of SWCNTs-p48h-COOH were added. Then 90 mg of NHS were added and the mixture
was sonicated 30 min at room temperature (~25°C) for activation of the carboxylic groups. The
second step was the addition of 30 mg CDDP to obtain amide bonding to the SWCNTs surface,
this step required sonication for another 90 min maintaining the mixture at room temperature.
When the sonication was finished the solution was filtered and washed several times with distilled
water. The water used for washing was collected and analyzed by ICP-MS in order to calculate the
amount of CDDP covalently bonded on the SWCNTSs surface using equation (1).
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(\Nf d CDDP -W freeCDDP)

CDDP - Loading efficiency % =100 * ce =100 (1)
ered CDDP

where We..qCDDP is the mass of CDDP that was introduced into the reaction and Wg..CDDP is
the mass of unbound CDDP that was calculated using [CP-MS from washing solution.

2.2.2. In vitro CDDP release covalently bonded onto SWCNTSs-p48h-COOH surface.

After activation the SWCNTs with CDDP was dispersed in 5 ml of PBS pH=7.4 for 2 min
using ultrasounds for a better dispersion. Then the solution was transferred into a dialysis sack
previously washed with PBS 7.4 to remove all the impurities.

The sack containing the solution of SWCNTs with CDDP and PBS was closed to both
ends and immersed in a glass with 50 ml of PBS 7.4 and placed on a magnetic stirrer thermostated
at 37 °C and 300 rpm. From time to time 4 ml of dissolution medium were extracted and analyzed
with ICP-MS. The sample volume was replaced with fresh PBS 7.4

(6]
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Fig. 1. Scheme of purification, oxidation and activation process of SWCNTs with CDDP

2.3 Advanced characterization

Fourier transform infrared spectroscopy (FTIR) spectra of SWNCTs, purified SWCNTs
oxidized SWCNTs and activated SWCNTs with CDDP were registered on a Bruker Vertex 70
equipment in 400 + 4000 cm™ range with 4 cm™ resolution and 32 scans. The samples were
analyzed in KBr pellets.

Raman spectra were recorded on a DXR Raman Microscope (Thermo Scientific) by 532
nm laser line. The 10x objective was used to focus the Raman microscope.

Thermogravimetry analysis (TGA) of the samples was done on Q500 TA equipment,
using nitrogen atmosphere from 20 °C to 900 °C with 10 °C/min heating rate.

The X-ray photoelectron spectroscopy (XPS) spectra were recorded on Thermo Scientific
K-Alpha equipment, fully integrated, with an aluminum anode monochromatic source. Survey
scans (0-1350 eV) were performed to identify constitutive elements.

The X-Ray diffraction measurements have been performed on a BRUKER DS
ADVANCE type X-ray diffractometer. The working parameters are 40 kV and 40 mA. The 260
scan range was set to 5—50° with a step size of 0.04° and a resolution of 0.01°.

Scanning electron microscopy (SEM) was done on a Quanta Inspect F, a FEI instrument,
with a field emission electron gun, 1.2 nm resolution and X-ray energy dispersive spectrometer
having an accelerating voltage of 30 kV.

Inductively coupled plasma mass spectrometry (ICP-MS) is an ELAN DRC-e Perkin
Elmer SCIEX U.S.A equipment with detection limit of 0.001 pg/g.
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3. Results and discussion

3.1 FT-IR Spectroscopy

The FT-IR spectrum of SWNCTs-p48h-COOH+CDDP was obtained using the KBr
method, thus KBr pellets were obtained having 0.5% concentration of SWNCTs-p48h-
COOH+CDDP. Figure 2 presents the FT-IR spectra for SWNCTs, SWNCTs-p48h, SWNCTs-
p48h-COOH and SWNCTs-p48h-COOH+CDDP. It can be seen that after oxidation the
characteristic peaks corresponding to C=0 stretching vibration bonds from carboxylic groups
appear at 1715 and 1635 cm-1 [17, 18] indicating that COOH functionalization was performed.

According to SWNCTs-p48h-COOH+CDDP structure, spectrum 4 shows the appearance
of two new peaks, one at 694 cm™ corresponding to the deformation vibration of NH bonds and
the second at 532 cm ™' assigned to the HN-Pt stretching vibration [19].

1835
s

O

Fig. 2. FT-IR spectra for 1) SWCNTs, 2) SWCNTs-p48h, 3) SWCNTs-p48h-COOH and
4) SWCNTs-p48h-COOH+CDDP

2.2 RAMAN Spectroscopy

Raman spectroscopy was performed to obtain information about the nanocomposites
through characteristic D and G peaks from CNT spectra by analyzing the defects that can appear in
sp” graphitic structure of the nanotubes wall. In order to verify the modification of CNT structure it
was calculated the Ip/I ratio which gave information about the functionalization reaction.

Fig. 3. Raman spectra for 1) SWCNT, 2) SWCNT-p48h, 3) SWCNT-p48h-COOH and
4) SWCNT-p48h-COOH+CDDP
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Although purification of SWCNTs did not modified significantly the Ip/lg ratio value, it
was observed that after oxidation (spectrum 3) this value increases from 0.1 to 0.8 meaning that
the SWNCTs surface was considerably modified by the introduction of carboxyl groups and
possible other structural defects, due to the extreme oxidation conditions. After activation of
SWCNT-p48h-COOH with CDDP, the Ip/Ig ratio shows a small decrease which can be explained
by the enriched electronic density of CDDP which has small molecules and could be attached also
noncovalently on the graphitic wall of CNTs [12] between carboxyl type defect sites.

Table 1. Ip/Ig ratio for SWCNTs, SWCNTs-p48h, SWCNTs-p48h-COOH, SWCNTs-p48h-COOH+CDDP.

Sample In Xp. cm’! I Xa, cm’! Ip/Ig
SWCNT 115.0 1308.3 1556.4 1581.2 0.07
SWCNT-p48h 174.2 1311.0 1679.1 1582.9 0.10
SWCNT-p48h-COOH 226.9 1349.6 284.7 1598.4 0.79
SWCNT-p48h-COOH+CDDP 6.13 1347.8 8.28 1574.4 0.76

2.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a method that gives the information about the
thermal stability and the weight loss of nanocomposites by heating the samples from 20 to 900°C
in nitrogen atmosphere.
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Fig. 4. Thermogravimetric curves for 1) SWCNT, 2) SWCNT-p48h, 3) SWCNT-p48h-COOH,
4) SWCNT-p48h-COOH+CDDP and inset 5) CDDP.

Degradation of SWCNTs-p48h-COOH+CDDP as it can be seen in figure 3 curve 4
presents different behavior compared with SWCNTs-p48h-COOH curve in terms of gradually
weight loss. Three main steps are noticed, thus the first stage is attributed to the amino bonds
dissociation and the decarboxylation and dehydrogenation processes of —COOH groups near
200°C, the second stage is assigned to the degradation of CDDP between 350 — 500°C and the
third stage corresponds to the degradation of SWCNTs. The total mass loss of SWCNT-p48h-
COOH+CDDP is 56% compared with 42% for SWCNTs-p48h-COOH. [14, 15].

2.4 XPS Analysis

The XPS analyses were employed to determine the surface elemental composition of our
samples. Thus from figure 5 it can be observed the presence of oxygenated structures through Ols
which increase dramatically after oxidation process from 3.78 to 18.97 At.%. This was expected
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because the ratio between C atoms and O atoms is modified during oxidation by the introduction
of carboxylic groups. Also the activation process was highlighted by the appearance of Pt 4f

element which indicates the bonding of CDDP to the SWCNTs surface.

Table 2. XPS data for SWCNTs, SWCNTs-p48h, SWCNTs-p48h-COOH, SWCNTs-p48h-COOH+CDDP

XPS Intensity (1u.)
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W ko
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Binding Energy (eV)
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Fig. 5. XPS spectra for 1) SWCNT, 2) SWCNT-p48h, 3) SWCNT-p48h-COOH,

4) SWCNT-p48h-COOH+CDDP

a SWCNT SWCNT- SWCNT-p48h- SWCNT-p48h-
At % p48h COOH COOH+CDDP
Cls 96.43 96.09 81.03 83.4
O1s 3.25 3.78 18.97 14.16
Mo 3d 0.32 0.13 0 0
N Is 0 0 0 1.42
Pt 4f 0 0 0 1.02

The values from table 2 show the surface composition of our samples before and after
oxidation and respectively CDDP functionalization. The appearance of Pt 4f at 72 eV having 1.02
at % and N 1s from amino and amide groups having 1.42 at % demonstrate the presence of CDDP

on SWCNTs surface.
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Fig. 6. XPS spectra of Pt 4f element from CDDP and SWCNTs-p48h-COOH+CDDP
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Deconvolution of Pt 4f element (Figure 6) from CDDP and SWCNTs-p48h-
COOH+CDDP was performed in order to determine the bonding mode of CDDP to SWCNTSs and
the ratio between the absorption bands of Pt element was calculated.

For SWCNT-p48h-COOH+CDDP the maximum energy of Pt 4fs, shows a shifting from
74.57 to 76.48 eV and respectively Pt 4f;, band from 71.36 to 73.09 eV compared with CDDP. By
calculating the difference, it results a shifting of 1.91 eV for Pt 4f5, and 1.73 eV for Pt 4f;,.
Through correlation with the data existing in the literature it was found that the bond between the
carboxyl groups from SWNCTs and the amino groups from CDDP is amide type linkage [20].

2.5 X-ray Diffraction
X-ray diffraction was employed to calculate the dimensions of the nanotubes and
nanocomposites through Debye-Scheerer ecuation (2)

K*A4

° = Breos(0) @

Where D is the dimension of the nanotubes and nanocomposites form 002 direction, A=1.54 *10™"°
m, [ is half-width in radian calculated by peak aria from 002 direction and K is constant = 0.9.

Table 3. XRD data for SWCNTs, SWCNTs-p48h, SWCNTs-p48h-COOH, SWCNTs-p48h-COOH+CDDP.

Sample 0 0/2 (°) | Cos(0) Half- Half- Half-width | D*100

®) width width *cos(0) (nm)
©) (rad)

SWCNT 25.71 | 12.85 |0.97 2.20 38.37 37.22 3.72

SWCNT-p48h 25.74 | 12.87 |0.97 2.33 40.64 39.42 3.51

SWCNT-p48h-

COOH 25.7 12.85 | 0.97 2.35 40.99 39.76 3.48

SWCNT-p48h-

COOH+CDDP 25.7 12.85 | 0.97 1.7 29.65 28.76 4.81

Structural characterization by XRD data from table 3 show that the dimension of
nanotubes decreases after purification and oxidation process due to the removal of amorphous
carbon and metal particles from catalyst used for the SWCNTs synthesis. This trend for decrease is
correlated with XPS where Mo 3d content was 0 after oxidation process.

After activation process, the dimension of nanocomposites obtained by covalent
functionalization of SWCNTs with CDDP increases from 3.48 to 4.81 nm. This increase can be
explained by the CDDP bonding onto SWCNTs surface [21].
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Fig. 7. XRD patterns for SWCNT, SWCNT-p48h, SWCNT-p48h-COCH,
SWCNT-p48h-COOH+CDDP

2.6 Scanning electron microscopy

Electronic microscopy of SWCNTSs samples was performed on dry powder which could be
the cause of their agglomerated appearance; also it can be noticed in Figure 8a that oxidized
SWCNTs have clean-cut ends due to higher density of functional groups in that area. When drug
loading occur, the bundles are broken (noticeable even in dry state), due to the fact that CDDP
molecules hinder Van der Waals forces that manifest usually between CNTs. SEM image from
figure 8b shows white points at the end of the SWCNTs which can be considered CDDP bonded
to the carboxyl groups from SWCNTs .

200 nm

Fig. 8. SEM images for SWCNT-p48h-COOH+CDDP

2.7 Drug delivery study using Inductively coupled plasma mass spectrometry
In order to evaluate the drug release from SWCNTs it was realized the drug release profile
using the data given by ICP-MS.
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Fig. 9. Drug delivery profile of CDDP from SWCNT-p48h-COOH+CDDP

From figure 9 it can be observed that the CDDP begins to release after 150 minutes
releasing 1.2% of drug. After 72 h (4320 minutes) the drug released was 21.3% which is in good
agreement with the data reported in the literature [22, 23].

Calculations of the amount of CDDP attached on the SWCNTSs surface showed that all the
drug quantity was incorporated during nanocomposite synthesis, thus the initial stage of slow
release could be explained by the fact that the drug was covalently bonded to the nanotubes and
breaking these bonds takes some time given these conditions.

This low release rate can be explained by the impossibility of breaking all C-N bonds in
PBS 7.4 formed during the activation reaction [24].

3. Conclusions

This study developed a new route for synthesis of nanocomposites based on covalent
functionalization of SWCNTs with CDDP for drug delivery systems. Using XPS and FT-IR
characterization it was established that the molecules of CDDP were covalently bonded on
SWCNTs functionalized with carboxyl groups.

The XRD patterns proved that the surface of SWCNTs was modified through the
increasing of the dimensions for nanocomposites samples. The SEM micrographs showed the
presence of CDDP especially on the ends of SWCNTSs due to the higher functionalization density
in this area.

In vitro drug release from SWCNT-p48h-COOH+CDDP was performed using ICP-MS
and it was observed that the content of drug released after 72h was 21%.
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