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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 SWCNTs 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.
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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 Pt2+ 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 SWCNTs
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 SWCNTs. 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
SWCNTs by dispersing SWCNTs 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 (SWCNTs) were purchased from Sigma Aldrich having
chirality 6.5, more than 90% carbon basis, more than 77% carbon as SWCNTs, 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 SWCNTs surface using equation (1).
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where WfeedCDDP is the mass of CDDP that was introduced into the reaction and WfreeCDDP is
the mass of unbound CDDP that was calculated using ICP-MS from washing solution.
2.2.2. In vitro CDDP release covalently bonded onto SWCNTs-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

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-1 range with 4 cm-1 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 D8
ADVANCE type X-ray diffractometer. The working parameters are 40 kV and 40 mA. The 2θ
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 μg/g.
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3. Resullts and dis
scussion
3.1 FT-IR
R Spectroscopy
The FT-IR
R spectrum of SWNCT
Ts-p48h-COO
OH+CDDP was obtainned using th
he KBr
methodd, thus KB
Br pellets were
w
obtainned having 0.5% conccentration oof SWNCTss-p48hCOOH
H+CDDP. Fiigure 2 pressents the FT
T-IR spectra for SWNCT
Ts, SWNCT
Ts-p48h, SW
WNCTsp48h-C
COOH and SWNCTs-p
p48h-COOH
H+CDDP. Itt can be seen
s
that af
after oxidation the
characcteristic peakks correspon
nding to C=
=O stretching
g vibration bonds
b
from carboxylic groups
was perform
appearr at 1715 andd 1635 cm-1 [17, 18] indiicating that COOH
C
functiionalization w
med.
Accordingg to SWNCT
Ts-p48h-COO
OH+CDDP structure,
s
speectrum 4 shoows the appeearance
of twoo new peaks,, one at 694 cm-1 correspponding to the
t deformation vibrationn of NH bon
nds and
the seccond at 532 cm
c -1 assigneed to the HN--Pt stretching
g vibration [19].

Fig. 2. FT
T-IR spectra for
fo 1) SWCNTs
Ts, 2) SWCNTss-p48h, 3) SW
WCNTs-p48h-C
COOH and
4) SWCNT
Ts-p48h-COO
OH+CDDP

2.2 RAMA
AN Spectrosscopy
Raman sppectroscopy was perform
med to obtaain informatiion about thhe nanocom
mposites
througgh characterisstic D and G peaks from CNT spectraa by analyzin
ng the defectts that can ap
ppear in
sp2 graaphitic structture of the naanotubes walll. In order to
o verify the modification
m
of CNT stru
ucture it
was caalculated the ID/IG ratio which
w
gave innformation ab
bout the funcctionalizationn reaction.

Fig. 3. Raman
R
spectra
a for 1) SWCN
NT, 2) SWCNT
T-p48h, 3) SW
WCNT-p48h-CO
OOH and
4) SWCN
NT-p48h-COOH
OH+CDDP
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p
of SWCNTss did not mo
odified significantly the ID/IG ratio value,
v
it
Although purification
was obbserved that after oxidattion (spectrum
um 3) this vaalue increasees from 0.1 tto 0.8 meaniing that
the SW
WNCTs surfface was co
onsiderably m
modified by
y the introdu
uction of caarboxyl grou
ups and
possible other struuctural defeccts, due to the extremee oxidation conditions.
c
A
After activaation of
SWCN
NT-p48h-CO
OOH with CD
DDP, the ID/IIG ratio show
ws a small deecrease whicch can be explained
by the enriched eleectronic denssity of CDDP
P which has small moleccules and couuld be attach
hed also
noncovvalently on the
t graphitic wall of CNT
Ts [12] betweeen carboxyll type defect sites.
Tablee 1. ID/IG ratioo for SWCNTss, SWCNTs-p448h, SWCNTs--p48h-COOH,
H, SWCNTs-p448h-COOH+C
CDDP.

Saample
SW
WCNT
SW
WCNT-p48hh
SW
WCNT-p48hh-COOH
SW
WCNT-p48hh-COOH+CD
DDP

ID
1115.0
1774.2
2226.9
6. 13

XD, cm
c -1
1308
8.3
1311
1.0
1349
9.6
1347
7.8

IG
1556.4
1679.1
284.7
8.28
8

XG, ccm-1
15811.2
15822.9
15988.4
15744.4

ID/IG
0.07
7
0.10
0
0.79
9
0.76
6

2.3 Therm
mogravimetrric analysis
Thermograavimetric an
nalysis (TGA
A) is a metthod that giv
ves the infoormation abo
out the
thermaal stability annd the weigh
ht loss of nannocompositees by heating
g the sampless from 20 to
o 900°C
in nitroogen atmospphere.

Fig. 4. Therm
mogravimetricc curves for 1)) SWCNT, 2) SWCNT-p48h
h, 3) SWCNT-pp48h-COOH,
4) SW
WCNT-p48h-CO
OOH+CDDP
P and inset 5) CDDP.
C

Degradatioon of SWCN
NTs-p48h-C
COOH+CDDP as it can be seen inn figure 3 curve
c
4
presennts different behavior co
ompared witth SWCNTs-p48h-COOH
H curve in terms of gradually
weightt loss. Threee main stepss are noticedd, thus the first
f
stage is attributed to the amino
o bonds
dissociiation and the
t decarbox
xylation andd dehydrogeenation proceesses of –C
COOH group
ps near
200○C, the secondd stage is asssigned to thee degradatio
on of CDDP between 3550 – 500○C and
a the
third sstage correspponds to thee degradationn of SWCNTs. The totaal mass loss of SWCNT
T-p48hCOOH
H+CDDP is 56%
5
compared with 42%
% for SWCNT
Ts-p48h-COOH. [14, 15]].
A
2.4 XPS Analysis
The XPS analyses
a
werre employedd to determin
ne the surfacee elemental composition
n of our
samplees. Thus from
m figure 5 it can be obserrved the pressence of oxy
ygenated struuctures throu
ugh O1s
which increase draamatically affter oxidationn process fro
om 3.78 to 18.97
1
At.%. This was ex
xpected
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becausse the ratio between
b
C attoms and O atoms is mo
odified during oxidation by the introd
duction
of carbboxylic grouups. Also th
he activationn process waas highlighteed by the apppearance of Pt 4f
elemennt which indiicates the bo
onding of CD
DDP to the SW
WCNTs surfface.

Fig. 5.
5 XPS spectra
a for 1) SWCN
NT, 2) SWCNT
T-p48h, 3) SW
WCNT-p48h-C
COOH,
4) SWCN
NT-p48h-COOH
OH+CDDP
Tablle 2. XPS dataa for SWCNTs, SWCNTs-p448h, SWCNTs--p48h-COOH,, SWCNTs-p448h-COOH+C
CDDP

Sampple
At %
C 1s
O 1s
Mo 33d
N 1s
Pt 4ff

SWCNT
T

SWCN
NTp48h
96.09
3.78
0.13
0
0

96.43
3.25
0.32
0
0

SW
WCNT-p48hCO
OOH
81.0
03
18.9
97
0
0
0

SW
WCNT-p48hOH+CDDP
COO
83.44
14.116
0
1.422
1.022

The valuess from tablee 2 show thee surface composition of our samplees before an
nd after
oxidatiion and respectively CDD
DP function alization. Th
he appearancce of Pt 4f att 72 eV havin
ng 1.02
at % annd N 1s from
m amino and
d amide group
ups having 1.42 at % dem
monstrate the presence off CDDP
on SW
WCNTs surfacce.
CDDP (x2.5)
SWCNT-p48h-C
COOH+CDDP

2500

4ff7/2
4f5/2

Intensity(a.u.)

2000

1500

1000

500

85

80

75

70

65
6

B
Binding Energy (eV
V)

Fig. 6. XPS
X spectra off Pt 4f elementt from CDDP
P and SWCNTss-p48h-COOH
H+CDDP
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Deconvolution of Pt 4f element (Figure 6) from CDDP and SWCNTs-p48hCOOH+CDDP was performed in order to determine the bonding mode of CDDP to SWCNTs and
the ratio between the absorption bands of Pt element was calculated.
For SWCNT-p48h-COOH+CDDP the maximum energy of Pt 4f5/2 shows a shifting from
74.57 to 76.48 eV and respectively Pt 4f7/2 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 4f5/2 and 1.73 eV for Pt 4f7/2.
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)

D

K *
 * cos( )

(2)

Where D is the dimension of the nanotubes and nanocomposites form 002 direction, λ=1.54 *10-10
m, β 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

θ
(°)

θ/2 (°)

Cos(θ)

Halfwidth
(rad)
38.37
40.64

Half-width
*cos(θ)

D*100
(nm)

0.97
0.97

Halfwidth
(°)
2.20
2.33

SWCNT
SWCNT-p48h
SWCNT-p48hCOOH
SWCNT-p48hCOOH+CDDP

25.71
25.74

12.85
12.87

37.22
39.42

3.72
3.51

25.7

12.85

0.97

2.35

40.99

39.76

3.48

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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Intensity (a.u.)

(002)

SWCN
NT-p48h-COOH
H+CDDP
SWCN
NT-p48h-COOH
H
SWCN
NT-p48h
SWCN
NT

20

30

40
4

50

2

Fiig. 7. XRD pattterns for SWC
CNT, SWCNT
T-p48h, SWCN
NT-p48h-COO
OH,
SWCNT
T-p48h-COOH
H+CDDP

2.6 Scanniing electron
n microscopyy
Electronic microscopy of SWCNTss samples waas performed
d on dry pow
wder which could be
c be noticced in Figurre 8a that oxidized
the cauuse of theirr agglomeratted appearannce; also it can
SWCN
NTs have cleean-cut ends due to higheer density off functional groups in thhat area. Wheen drug
loadingg occur, the bundles aree broken (nooticeable eveen in dry staate), due to tthe fact that CDDP
molecuules hinder Van
V der Waaals forces thhat manifestt usually betw
ween CNTs . SEM imag
ge from
figure 8b shows white
w
points at the end off the SWCN
NTs which caan be consideered CDDP bonded
to the ccarboxyl grooups from SW
WCNTs .

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

2.7 Drug delivery
d
stud
dy using Ind
ductively coupled plasm
ma mass specctrometry
In order too evaluate thee drug releasse from SWC
CNTs it was realized
r
the drug release profile
using tthe data giveen 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 SWCNTs 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 SWCNTs 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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