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Abstract Chemically functionalized carbon nanotubes

are highly suitable and promising materials for potential

biomedical applications like drug delivery due to their

distinct physico-chemical characteristics and unique

architecture. However, they are often associated with

problems like insoluble in physiological environment and

cytotoxicity issue due to impurities and catalyst residues

contained in the nanotubes. On the other hand, surface

coating agents play an essential role in preventing the

nanoparticles from excessive agglomeration as well as

providing good water dispersibility by replacing the

hydrophobic surfaces of nanoparticles with hydrophilic

moieties. Therefore, we have prepared four types of

biopolymer-coated single walled carbon nanotubes systems

functionalized with anticancer drug, betulinic acid in the

presence of Tween 20, Tween 80, polyethylene glycol and

chitosan as a comparative study. The Fourier transform

infrared spectroscopy studies confirm the bonding of the

coating molecules with the SWBA and these results were

further supported by Raman spectroscopy. All chemically

coated samples were found to release the drug in a slow,

sustained and prolonged fashion compared to the uncoated

ones, with the best fit to pseudo-second order kinetic

model. The cytotoxic effects of the synthesized samples

were evaluated in mouse embryonic fibroblast cells (3T3)

at 24, 48 and 72 h. The in vitro results reveal that the

cytotoxicity of the samples were dependent upon the drug

release profiles as well as the chemical components of the

surface coating agents. In general, the initial burst, drug

release pattern and cytotoxicity could be well-controlled by

carefully selecting the desired materials to suit different

therapeutic applications.

1 Introduction

In recent years, chemically functionalized carbon nan-

otubes (CNT) have been studied intensively for drug

delivery applications [1] because of their high cargo

loading [2], non-immunogenic property [3], good stability

in aqueous medium [4] and most importantly, they are able

to cross the cell barriers without the use of external tar-

geting moieties [5]. Although these advantages offered by

chemically modified CNT are promising, recent findings

suggested that functionalization (e.g., carboxyl and

hydroxyl groups) to the sidewall of CNT leads to a higher

degree of in vitro cytotoxicity when compared to non-

functionalized CNT [6, 7]. Hence, in order to mask the

cytotoxic effect of CNT, several strategies are currently

being employed to coat CNT with various types of sur-

factants [8] or polymers [4, 9] and render them more bio-

compatible. The coating on the CNT surface is an

imperative step to shield the nanotubes from the sur-

rounding environment so that their pharmacokinetic pro-

files (i.e., stability, cytotoxicity, solubility and prolonged

release in the circulation half-life) can be significantly
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enhanced and at the same time, protect the drug from rapid

enzymatic degradation.

In our previous work [10], we have synthesized and

studied the in vitro cytotoxic effect of carboxylated single

walled carbon nanotubes (SWCNT-COOH)-based drug

delivery system for anticancer drug, betulinic acid (3b,
hydroxy-lup-20(29)-en-28-oic acid, BA). Based on our

published cytotoxicity assay, the conjugate (SWBA)

exhibited significant anticancer activity of BA against

human lung A549 cells when compared to human liver

HepG2 cells, with approximately 15 wt% of loaded BA in

the nanotubes. However, the conjugate was also seen to

exert cytotoxicity in healthy fibroblast cell line (3T3) when

the cells were exposed to concentration of 50 lg/mL,

causing more than 50 % reduction in cell viability after

72 h of treatment. The basis of this reduction could be

possibly attributed to the grafted functional groups such as

–COOH, –C=O or –OH [11] and the inherent toxic effect

of BA itself [12]. To further improve the biocompatibility

of the said conjugate for a safe and effective drug delivery

without compromising the active ingredients of BA, we

have therefore, proposed these four coating biomaterials,

namely Tween 20 (T20), Tween 80 (T80), polyethylene

glycol (PEG) and chitosan (CHI) as a comparative study in

order to evaluate the cytotoxic effects of SWBA interac-

tions with 3T3 cells.

Surfactants, depending on their polar functional groups,

can be classified into four major categories: anionic,

cationic, nonionic and amphoteric. Among them, nonionic

surfactants are known to be less irritating as most of them

do not denature proteins and they generally have a lower

toxic effect [13]. Furthermore, they have no electrostatic

interactions with CNT and the steric hindrance caused by

the chemical moieties prevents the agglomeration of nan-

otubes [14]. Tween surfactants (e.g. T20 and T80) are

being widely utilized as stabilizers for preventing aggre-

gation in protein formulations [15] as well as emulsifiers in

foods and cosmetics. These molecules are nonionic

polysorbates, where each molecules having a group of long

polyoxyethylene glycol chain as the hydrophilic head and a

fatty acid ester moiety as the hydrophobic alkyl tail. The

only difference between them is that, T20 contains pri-

marily lauric acid while T80 has mainly oleic acid. This

difference is essentially crucial, especially in a biological

study because T20 and T80 demonstrated different levels

of hemolytic activity depending on the length of the

polyoxyethylene glycol chain [16]. Although Tween

members are routinely being used as mild washing agent in

biomedical laboratory to reduce nonspecific binding of

antibodies or to remove unbound moieties, but very little

has been reported on how these differences can actually

affect the drug release and cytotoxicity of a drug delivery

system. For this purpose, we have chosen T20 and T80 as

the nonionic surface coating and their chemical structures

are shown in Fig. 1.

PEG, a viscous liquid of hydrophilic polymer with

molecular weight 300 (as shown in Fig. 1), has been

selected as the surface coating polymer since PEG is

extensively used as co-solvent or vehicle in pharmaceutical

preparations like coatings of pill, bases of water-soluble

ointment and ingredients of suppository. In general, PEG is

known to have a very low order of acute toxicity and it

reduces the tendency of drugs to aggregate in vivo, as a

result of the steric hindrance [17].

CHI is a natural biopolymer that has gained a great deal

of attention as an efficient drug delivery vehicle due to its

excellent biocompatibility, biodegradability, antibacterial

effect and drug loading and release capacity [18, 19].

Moreover, CHI has both –NH2 and –OH functional groups

that can further encourage hydrogen bonding interactions

with the COOH groups of carboxylated SWCNT and BA.

The chemical structure of CHI is presented in Fig. 1.

The main objective of this work was to study the coating

effects of four bioactive materials (T20, T80, PEG, and

CHI) on a real time drug release mode of the developed

SWBA as well as their in vitro cytotoxicity to 3T3 cells as

determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay. In addition, the physico-

chemical property and surface morphology of the coated

SWBA nanocomposites were also investigated.

2 Experimental section

2.1 Chemicals

Chemical vapour deposition-fabricated SWCNT-COOH

(purity[90 w/w%; COOH functional content 2.73 w/w%

and diameter 1–2 nm) was sourced from Chengdu Organic

Chemicals Co., Ltd. (Chengdu, China) and used without

further purification. Pure BA (C30H48O3, molecular weight

456.70) of[98 % purity, T20 (C58H114O26, polyoxyethyle-

nesorbitan monolaurate), T80 (C64H124O26, poly-

oxyethylenesorbitan monooleate) and CHI (low molecular

weight, deacetylation 75–85 %) were purchased from

Sigma-Aldrich (Saint Louis, USA). PEG (average molec-

ular weight 300) was purchased from Acros Organics

(Geel, Belgium). Methanol (99.8 % purity), solvent for BA

and aqueous acetic acid solution (99.8 % purity), solvent

for CHI was obtained from HmbG Chemicals (Hamburg,

Germany). 3T3 cells were bought from American Tissue

Culture Collection (ATCC). 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) was purchased

from PhytoTechnology Laboratories (Kansas, USA). All

chemicals used in this study were analytical reagent grade

and used as received.
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2.2 Characterization

Infrared spectra were recorded on a Thermo Nicolet Nexus

Smart Orbit FTIR (Vernon Hills, USA) over the range of

4000–500 cm-1. Raman scattering studies using laser beam

of wavelength 532 nm were carried out at room temperature

using a Raman spectrometer WITec UHTS 300 (Germany).

Nanotubes samples were investigated using a HR TEM with

FEI Tecnai G2 (Oregon, USA) at magnifications of 400 kx.

Surface morphologies of the samples were analyzed by a

FESEM, Hitachi UHR SU8030 (Tokyo, Japan) with an

acceleration voltage of 10 kV and magnifications of 100 kx.

A ultraviolet–visible (UV–Vis) spectrophotometer Perkin

Elmer Lambda 35 (Boston, USA) was used to detect the BA

release amount in PBS (pH 7.4) at 210 nm. Thermogravi-

metric analysis (TGA) was performed with a TA Instru-

ments, model Q500 (New Castle, DE) and the samples were

heated from room temperature up to 1000 �C with a heating

rate of 10 �C/min under a nitrogen purge of 40 mL/min.

2.3 Synthesis of betulinic acid-loaded single walled

carbon nanotubes

BA-loaded SWCNT (SWBA) was synthesized via non-

covalent approach by adding carboxylated SWCNT

(400 mg) as the starting material in a solution of BA

(50 mg dissolved in 400 mL of methanol) [10]. The nan-

otubes suspension was then sonicated in a water bath for

1 h and the pH of the suspension was slowly adjusted to

4.0. Subsequently, the mixture was left to proceed by

vigorously stirring for about 22 h under a dark, chemical

fume hood at room temperature. The resulting product,

SWBA was obtained after three cycles of centrifugation

and washing with methanol, followed by deionized water

in order to remove excessive BA. Finally, the product was

allowed to dry completely in an oven at 60 �C.

2.4 Synthesis of biopolymer-coated SWBA

nanocomposites

To synthesize Tween-coated SWBA nanocomposites,

100 mg of SWBA was added to 100 mL of T20 or T80

(1 % v/v) dissolved solution and reacted with continuously

stirring for 24 h [20]. Subsequently, the mixtures were then

collected and subjected to further centrifugation and

excessive washing with deionized water three times.

Finally, the resulting products were dried overnight in an

oven to obtain SWBA-T20 or SWBA-T80 nanocomposites.

PEG-coated SWBA sample was prepared as previously

reported, with slight modification [21]. Briefly, the syn-

thesized SWBA (100 mg) was mixed with 1 % (v/v) PEG

solution and stirred at room temperature for 24 h. The

reaction mixture was extracted repeatedly by centrifugation

and rinsing with deionized water, and then dried in a

vacuum oven to obtain SWBA-PEG. Similarly, coated-

SWBA by low molecular weight CHI was prepared under

the same condition using 0.5 % (v/v) CHI as the coating

agent and the product was denoted as SWBA-CHI.

To determine the wt% of the coating agents, a set of 4

samples without drug was prepared under the same coating

Fig. 1 Molecular structure of Tween 20 and Tween 80, where w ? x ? y ? z = 20; polyethylene glycol and chitosan
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condition as mentioned above. The samples were denoted

as SWCNT-T20, SWCNT-T80, SWCNT-PEG, and

SWCNT-CHI. The polymer content of the coated SWCNT

was determined by TGA (Fig. 2) and the coating percent-

age of each biopolymer is presented in Table 1.

2.5 Drug release and kinetic studies of biopolymer-

coated SWBA nanocomposites

The in vitro release of BA in PBS solution at pH 7.4

(simulating human body physiological condition) was

analyzed using a UV–Vis spectrophotometer at kmax of

210 nm. Briefly, 1 mg of the sample was added to the

releasing PBS buffer solution (3.5 mL) and the accumu-

lated release amount of BA was recorded at preset time

intervals.

To examine the release mechanism of BA, in vitro drug

release data were fitted into four mathematical kinetic

models, i.e., zero order, first order, second order and

Higuchi model. The zero order rate describes the system

where the drug release rate is independent on its concen-

tration. In first order release kinetic, the drug release rate is

concentration dependent. For a second order reaction, the

reaction rate is proportional to the square of the concen-

tration of one of the reactants. Higuchi’s model describes

the release of drugs from an insoluble polymeric matrix as

a square root of time-dependent process based on Fickian

diffusion release behaviour.

2.6 Cell line and cell culture

Cytotoxicity experiment was performed on 3T3 cell line

(derived from mouse embryonic fibroblasts) and maintained

as a monolayer culture in RPMI 1640D medium supple-

mented with 10 % fetal bovine serum, 15 mmol/L

L-glutamine and 1 % penicillin (100 units/mL)/strepto-

mycin (100 lg/mL). The cells were then grown in a

humidified atmosphere containing 5 % CO2 at 37 �C.When

confluent (approximately 80 %), the cell line was trans-

ferred and subcultured in a new culture flask for seeding and

treatment purposes. Stock solutions (10 mg/mL) containing

the biopolymer-coated nanocomposites were freshly pre-

pared in PBS solution and diluted serially to the desired

concentrations of 0 lg/mL (control) to 100 lg/mL.

2.7 Cytotoxicity assay

Cytotoxicity of the biopolymer-coated nanocomposites was

determined by quantification of cell viability via MTT

assay. 3T3 cells were seeded (1x105 cells/well) in 96-well

plate and incubated at 37 �C (5 % CO2 and 95 % air) for

24 h to allow cell attachment. Subsequently, the cells were

exposed to different concentrations for 24, 48, and 72 h.

Following incubation, 20 lL MTT (5 mg/mL in PBS) was

added to each well and the plate was incubated for 3 h.

Thereafter, the excess MTT was removed and 150 lL of

dimethylsulfoxide was added to dissolve the formazan

crystals formed in the assay. The cell viability was mea-

sured with a microplate reader model EL 800X (Winooski,

VT) at 570 nm with 630 nm as reference wavelength.

Experiments were performed in triplicate and the results

were expressed as mean ? standard deviation (SD).

3 Results and discussion

3.1 Chemical structures of the biopolymer-coated

SWBA nanocomposites

The chemical structures of SWCNT-COOH, BA and their

nanohybrid (SWBA) have been discussed in our previous

paper and hence, the emphasis is focused on the coating

agents used in the present study. Figure 3 shows the

Fourier transform infrared (FTIR) spectra of the SWBA-

coated nanocomposites and their constituents. Based on

Fig. 3a, the spectrum of pure T20 demonstrates strong
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Fig. 2 TGA weight loss curves for coated samples without drug

Table 1 TGA data of the coated samples without the anticancer

drug, BA

Samples Residue (wt%) aCoating (wt%)

SWCNT-COOH (uncoated) 77.6 –

SWCNT-T20 58.2 19.3

SWCNT-T80 21.1 56.4

SWCNT-PEG 61.9 15.7

SWCNT-CHI 72.9 4.6

a Estimated value from TGA analysis based on the wt% difference

between the uncoated and coated samples
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bands at 2919 and 2858 cm-1 due to the stretching of

asymmetrical and symmetrical –CH2 bonds [22]. The

characteristic peaks at 1458 and 1350 cm-1 are assigned to

the asymmetrical and symmetrical bending vibrations of

–CH3 [23]. The other bands centered at 3486 and

1734 cm-1 are due to O–H stretching vibrations and C=O

stretching of the ester group [24], respectively. Therefore,

the existence of these peaks observed in SWBA-T20

indicate that the T20 was coated on the surface of SWBA.

The chemical structure of T80 is similar to that of T20,

with the characteristic absorption bands occurred in the

wavenumber region of 3486, 2920, 2856, 1734, 1458 and

1350 cm-1 (Fig. 3b), correspond to O–H, –CH2, C=O, and

–CH3, respectively. It can be significantly seen that the

relative intensity of these peaks assigned to the respective

functional groups are also appeared in SWBA-T80.

The FTIR spectra of the pure PEG and the PEG-coated

SWBA nanocomposites are presented in Fig. 3c. For the

PEG-coated SWBA nanocomposites, an intense absorption

band was observed at 3434 cm-1 which is the character-

istic of the O–H stretching mode of the carboxylic acid

groups for SWCNTs and the hydroxyl groups of PEG

chains. The IR bands at 2858 cm-1 is due to the C–H

stretching whereas 1443 and 1387 cm-1 are due to the C-H

bending vibrations of PEG [25] in the sample of SWBA-

PEG. The bands correspond to the O–H, C–H and C–O–H

functional groups are the strong evidence to show that the

synthesized SWBA nanocomposites surface has been

coated with PEG.

For the case of CHI-coated SWBA nanocomposites, it

has been observed that there is a slight shift in the

absorption bands obtained when compared to the pure CHI

(Fig. 3d). The band occurred at 3435 cm-1 represents the

stretching vibrations of O–H, the band at 1629 cm-1 is

assigned to the stretching vibrations of acetylated amino

group of chitin [26], the peak at 1385 cm-1 is attributed to
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the vibrations of C–N stretching of the free primary amino

group at C2 position of glucosamine [27] and the strong

band at 1076 cm-1 is due to the C–O–C bond in six

member ring [28], which confirms the presence of CHI.

There are four important characteristic peaks to be

observed in the Raman spectra of the SWCNT and their

nanocomposites, as shown in Fig. 4. The presence of radial

breathing mode (RBM) in the range of 100–300 cm-1,

second peak near 1342 cm-1 represents the D-band, third

peak at 1575 cm-1 represents the G-band and the fourth

peak centered at 2654 cm-1 indicates the presence of the

2D-band in SWCNT. RBM is a low vibrational mode

corresponding to the radial direction of the carbon atoms in

CNT and is not observed in other carbon materials [29].

The D-band is typically assigned to the disorder and sur-

face defects in the sidewall structure of carbon systems

[30]. G-band is due to the stretching vibrations of the C–C

bonds in planar sheets for most graphitic materials [31],

whereas 2D-band is the overtone mode of the D-band.

Typically, the extent of defect density in SWCNT can be

determined by a quantitative measurement from the intensity

ratio of D and G-bands (ID/IG). The positions of D and G-

bands as well as the ID/IG ratio for all samples have been

obtained from Fig. 4, and their respective values are listed in

Table 2. It was noted that the ID/IG ratio of SWBA is sub-

stantially higher than that of the starting material, SWCNT-

COOH, used in the present study. However, in the case of

biopolymer-coated SWBA nanocomposites, the ID/IG ratios

decreased significantly after coating treatment with the

lowest value observed for SWBA-T80. As this ratio is an

assessment of defect density in SWCNT, it indicates that

T80 has the best coverage on SWBA (Table 1 shows the

content concentration of T80 is about 56.4 wt% as estimated

by TGA) when compared to others. As a result, fewer sur-

face defects are detected in SWBA-T80. In addition to that,

the position of D and G-bands of all SWCNT samples do not

change much, suggesting that the structural integrity of the

SWCNT is preserved under all these various surface func-

tionalization steps (drug attachment and coating process).

3.2 Morphological studies of the SWBA

nanocomposites

High resolution transmission electron microscope (HR

TEM) and field emission electron microscope (FESEM)

techniques have been used in complementary in order to

characterize SWCNT-COOH, BA-loaded SWCNT and

biopolymer-coated SWBA nanocomposites as demon-

strated in Figs. 5 and 6, respectively. According to the HR

TEM micrograph in Fig. 5a, it can be seen that the car-

boxylated nanotubes exhibit smooth external surface

without deposition of amorphous carbon and/or noticeable

surface defects. A dark spot was detected after function-

alization with BA, as shown by the white arrow in Fig. 5b,

and this could possibly be due to the presence of BA

molecule being encapsulated in the nanotubes. Similar

observation was recently reported by a group of researchers

in Poland for their in vivo study on CNT-based haemostatic

dressing filled with cisplatin, an anticancer drug [32]. They

reported that several tiny dark spots corresponding to the

presence of cisplatin were observed on the surface and/or

encapsulated in between the nanotubes using HR TEM.

Figure 6 shows the FESEM micrographs of SWCNT-

COOH and biopolymer-coated SWBA nanocomposites. In

comparison to carboxylated SWCNT (Fig. 6a), the tubular

structures of all coated nanotubes (Fig. 6b–e) do not sus-

tain significant damage after the coating process. This
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Table 2 Raman shifts for

SWCNT-COOH, SWBA and

the biopolymer-coated SWBA

nanocomposites

Sample Position of D-band (cm-1) Position of G-band (cm-1) ID/IG

SWCNT-COOH 1342 1575 0.273

SWBA 1346 1579 0.339

SWBA-T20 1346 1575 0.331

SWBA-T80 1338 1579 0.188

SWBA-PEG 1334 1563 0.271

SWBA-CHI 1334 1575 0.235
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morphological observation is in good agreement with the

Raman spectra shown in Fig. 4 where no significant D and

G-band shifts were observed for all coated samples.

3.3 Drug release and kinetic studies

of the biopolymer-coated SWBA

nanocomposites

Previously, we reported that the rapid burst release of BA

was observed in the first 20 min and then followed by a slow

release up to 1400 min. Since the burst release is often

regarded as the common phenomenon associated with the

surface-bound drugs [33], we have therefore decided to work

on the encapsulation method to reduce the initial burst by

coating the system separately with different surface coating

agents. The release profiles of BA from the uncoated and

coated SWBA nanocomposites were examined in neutral

environment (pH 7.4) on a real time drug release basis

(Fig. 7). There are significant differences to be observed in

the initial drug release stage as a result of the surface coating

treatment (Fig. 7a). The release of BA from uncoated SWBA

during the first 20 min was approximately 73 %, and the

extent of release was reduced dramatically to about 10–30 %

with the presence of coating agents. This is because the

polymer formed an additional layer to encapsulate the sys-

tem, making the drug inaccessible for instant release [34],

thereby the release rate of BA was reduced. After 1400 min,

the released BA from uncoated sample was nearly 89 %,

whereas the coated samples demonstrated slow and sustained

release fashion during the following days. After 3500 min,

release of BA from coated samples could still be observed.

Figure 7b illustrates the drug release behaviour of BA

from each biopolymer-coated system follows the sequence

of SWBA-PEG[ SWBA-T80[ SWBA-CHI[SWBA-

T20. The higher release of BA from PEG-coated SWBA

may be attributed to the polymer’s major affinity for water

molecules [35], which leads to higher solubility in the

release medium. The different release pattern of BA from

Tween-coated samples was found to be dependent upon the

chemical structure of these surfactants. In particular, sam-

ple coated by T80 showed higher release rate (*70 %)

than T20 (*41 %) ones. This observation can be interre-

lated with the hydrophilic-lipophilic balance (HLB) values

characterized by these surface coating agents as listed in

Table 3. T80 with a HLB value of 15.0 is most lipophilic in

nature compared with T20, which has a value of 16.7, and

hence, the solubility of lipophilic molecule like BA

increases as the hydrophobic chain length of surfactant

increases. As a result, BA has the tendency to diffuse into

the layer of T80 coating more rapidly in comparison with

that of T20 coating, and causes an increment in the con-

centration of released BA. Besides, the molecular chains of

the Tween series in the drug-loaded system would undergo

different extent of chain relaxation due to the electrostatic

repulsion from the ionized hydrophilic carboxyl groups

when they were placed in the medium at pH 7.4 [36]. In the

case of CHI-coated SWBA, the incomplete release of BA

occurred by diffusion through the polymer backbone

absorbed with water instead of the degradation of the

polymer itself [37]. The BA molecules initially diffused

from the surface of CNT, then into the CHI layer which

leads to the subsequent swelling of the polymer causing a

Fig. 5 HR TEM images of the a carboxylated SWCNT and b BA-loaded SWCNT. The arrow indicates possible location of BA molecule being

encapsulated in the nanotubes
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constant slow release before being released into the med-

ium. The in vitro release experiments show that the drug

release behaviour can be altered by carefully choosing the

desired polymer as the surface coating agent to suit dif-

ferent biomedical applications (e.g., initial burst for anes-

thetic purpose or slow, sustained release for anticancer

treatment).

In order to design a more effective drug delivery system

for therapeutic application, it is essential to determine the

drug release profiles using model-dependent methods, like

zero order, pseudo-first order, pseudo-second order, and

Higuchi models based on different mathematical functions

[39, 40]. By fitting the BA release data obtained from

Fig. 7 into the respective equations of the four kinetic

models, the linear fits of curves of different release beha-

viours are summarized in Table 4. The calculated corre-

lation coefficient (R2) values of the release data reveal that

the release kinetic of all samples fitted well to the pseudo-

second order kinetic behaviour. This indicates that the

overall reaction is dependent upon the ion exchange

Fig. 6 FESEM images of the a carboxylated SWCNT and biopolymer-coated SWBA nanocomposites: b T20 coated SWBA, c T80 coated

SWBA, d PEG coated SWBA, and e CHI coated SWBA. The arrows indicate the tubular structures of the nanotubes
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between the drug molecules and the release medium (PBS

contains anions like H2PO4
-, HPO4

2-, Cl-, etc.) at the

time of release and that released at equilibrium [41].

3.4 Cytotoxicity assay

The cytotoxicity characteristics of the biopolymer-coated

SWBA nanocomposites were determined using a standard

MTT cell proliferation assay kit with 3T3 cells, which is an

important step towards realizing such material as drug

delivery system. As mentioned earlier in the introduction,

there was a significant reduction of viable cells ([50 %)

when the SWBA concentration exceeded 50 lg/mL. In the

present study, after 72 h incubation with the biopolymer-

coated SWBA, all samples showed major improvement

with satisfactory biocompatibility where the proliferation

of 3T3 cells remained above 80 %, even at a concentration

of 100 lg/mL (Fig. 8). These in vitro findings clearly

indicate that SWBA when wrapped with biocompatible

surface coating agents, the cytotoxic effect of CNT will be

greatly reduced which is consistent with previous reports

[42, 43]. However, this is not the case for PEG-coated

SWBA where a slightly higher cytotoxicity was observed

in the 3T3 cell line as shown in Fig. 8c. It was noted that

after 72 h of exposure at concentrations more than 50 lg/
mL, the viability of 3T3 cells was reduced to about 50 %.

This could be due to the low molecular weight of PEG

(average molecular weight 300) used in the study.

According to the literature [44, 45], these low-molecular-

weight glycols (i.e., monomer, dimer, and trimer) are

considered as toxic substances. On the other hand, even

though most PEG are widely reported to be non-toxic, the

consequences of the impurities (e.g., ethylene oxide, fatty
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Fig. 7 Comparative drug release kinetics of BA from biopolymer-

coated SWBA nanocomposites into PBS solution at pH 7.4. a Burst

release; b slow and sustained release

Table 3 Physical parameters of

Tween series
Product name Molecular formula Molecular weight (g mol-1) HLB Hydrophobic group

Tween 20 C58H114O26 1228 16.7 Laurate (C12)

Tween 80 C64H124O26 1310 15.0 Oleate (C18) (double bond)

Adapted from [38] with permission

Table 4 The correlation coefficients (R2) obtained by fitting the BA release data from biocompatible polymer-coated SWBA nanocomposites

into PBS solution at pH 7.4

Sample Drug release (%) R2

Zero order Pseudo-first order Pseudo-second order Higuchi model

SWBA 89 0.4899 0.8817 0.9992 0.7054

SWBA-T20 47 0.9140 0.9787 0.9777 0.9716

SWBA-T80 73 0.6965 0.9332 0.9936 0.8535

SWBA-PEG 96 0.8709 0.8629 0.9860 0.9606

SWBA-CHI 61 0.8139 0.9547 0.9946 0.9373
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acids, catalyst residue, heavy metals, etc.) and by-product

(e.g., 1,4-dioxane) found in PEG [46] should also be taken

into consideration.

The MTT assay on 3T3 cells shows a continuing growth

in cell numbers after exposure to SWBA-T20, SWBA-T80,

and SWBA-CHI at 72 h. This observation is in line with

the slow and sustained release pattern of BA coated by

T20, T80, and CHI, with a maximum release of 47, 73, and

61 %, respectively. In the case of SWBA-PEG, the viable

cells were decreasing after exposure (3 days), which seem

to be an acute response to the drug release pattern. This

result could be attributed to the fast and rapid drug release

of BA from SWBA-PEG due to its high solubility in

aqueous environment, with a maximum release of 96 %

achieved at day 3. Therefore, we can conclude that the

cytotoxicity is dependent upon the surface coating agents

as well as the drug release profiles.

4 Conclusions

In summary, we have developed a drug delivery system for

the anti-cancer drug, BA based on carboxylated SWCNT in

the presence of four biocompatible coating agents. The

coatings were confirmed by the FTIR studies, which showed

the presence of the agents’ important characteristic peaks in

the biopolymer-coated SWBA samples. Raman studies

revealed that the ID/IG ratio of all coated samples decreased

significantly after the coating process with the lowest value

observed for SWBA-T80, suggesting that T80 has the best

surface coverage on SWBA. HR TEM and FESEM studies

demonstrated the internal structure and surface morphology

of the synthesized SWBA nanocomposites. The drug release

experiments showed that the initial burst of BA was dra-

matically improved with the addition of the surface coating

agents and the release rate in pH 7.4 followed the order of

SWBA-PEG[SWBA-T80[SWBA-CHI[SWBA-T20.

The release of BA from biopolymer-coated nanocomposites

followed the pseudo-second order, suggesting the release

was driven by the ion exchange process between the drug

molecules and the release medium. The TGA results indi-

cated that the polymer content of T20, T80, PEG, and CHI

was calculated to be around 19.3, 56.4, 15.7, and 4.6 wt%,

respectively. Finally, we evaluated the cytotoxicity of the

biopolymer-coated samples in cell proliferation assay and

found that the surface coating agents significantly reduced

the cytotoxic effect of the uncoated SWBA. However, fur-

ther investigations are required in order to optimize the

performance and testing of these materials in in vivo

models.
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Fig. 8 In vitro cell viability of 3T3 cells treated with a SWBA-T20, b SWBA-T80, c SWBA-PEG, and d SWBA-CHI at different concentrations

for 24, 48 and 72 h. Error bars represent mean ± SD for n = 3
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