
Vol.:(0123456789)

Polymer Bulletin (2023) 80:4589–4609
https://doi.org/10.1007/s00289-022-04290-3

1 3

ORIGINAL PAPER

Multi‑walled carbon nanotubes/polypyrrole 
nanocomposite, synthesized through an eco‑friendly route, 
as a prospective drug delivery system

P. Saheeda1 · Y. M. Thasneem2 · K. Sabira1 · M. Dhaneesha3 · N. K. Sulfikkarali4 · 
S. Jayaleksmi1

Received: 11 November 2021 / Revised: 30 March 2022 / Accepted: 13 May 2022 /  
Published online: 29 May 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
A smart drug delivery system involving the nanocomposite of multi-walled car-
bon nanotubes (MWCNTs) and polypyrrole (PPy) loaded with the drug, curcumin 
has been developed through ecofriendly routes. The nanocomposite exhibits pH 
dependent and sustained drug release over a prolonged period. Functionalization of 
MWCNTs via lemon fruit extract provides water dispersible MWCNTs, which can 
be used as the drug carrier with reduced toxicity and enhanced biocompatibility. 
The inner void spaces of functionalized MWCNTs are used for storing drug which 
results in enhanced curcumin encapsulation of about 89%. Morphological, structural 
and chemical characterization of the developed nanocomposite has been carried out 
using field emission scanning electron microscopy (FESEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD) and Fourier Transform infrared 
(FTIR) spectroscopy techniques. Dynamic light scattering experiment reveals that 
the size and zeta potential of drug loaded nanocomposite lie within the ideal range 
of 172–194 nm and 18.4 mV, respectively. Ease of cellular uptake and chemothera-
peutic potency of curcumin loaded nanocomposite are confirmed through fluores-
cence imaging under in vitro conditions. Finally, the safety profile of acid function-
alized MWCNTs/PPy nanocomposite is endorsed by the cytocompatibility analysis, 
carried out using SRB assay. Altogether, the nanocomposite developed in the pre-
sent work through green chemistry routes, is one step ahead as a versatile carrier to 
deliver hydrophobic drugs like curcumin, and offers great promise in drug delivery 
applications.
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Introduction

Nanoparticles (NPs)-based drug delivery systems (DDSs) are gaining intense 
research interest in the global scenario because they can overcome many of the 
limitations of traditional drug delivery systems such as nonspecific targeting, 
lack of solubility and inability to enter the core of the tumor sites [1–4]. Recent 
research efforts in nano-biotechnology are mainly focusing on developing effi-
cient drug delivery systems using novel materials at the molecular level so that 
they can interact with the living cells of the body with the added benefits of 
precise and timely release of drugs. Nanosized drug carriers have high surface-
to-volume ratio, which provides high drug loading efficiency and drugs can be 
transported to any part of the body without causing any blockage and delivered 
at the required destinations [5–7]. Nanoparticles can be tailored to get direct 
access of diseased cells selectively which makes accurate delivery of drugs fea-
sible, simultaneously avoiding interaction with healthy cells [8]. Conventionally 
most of the drugs have been formulated to be delivered through oral and injec-
tion routes, with the disadvantage of systemic side effects due to their nonspecific 
bio-distribution and uncontrollable drug release characteristics. These difficulties 
are overcome by developing smart DDSs which can effectively reduce the dosage 
frequency, while maintaining the drug concentration in targeted organs for a suf-
ficiently longer period of time and thus ensuring safe delivery of drugs to specific 
areas of the body [9, 10]. The most appealing thing about NPs-based DDSs is that 
they can facilitate the delivery of hydrophobic and poorly bioavailable drugs, and 
can protect drugs from premature degradation before they reach the target [11, 
12]. The main challenge in the development of appropriate drug delivery systems 
is that they should ensure localized and controlled release of drugs with minimal 
side effects and increased therapeutic efficacy.

Carbon nanotubes (CNTs), are one dimensional cylindrical macromolecules 
consisting of hexagonal arrangement of  sp2 hybridized carbon atoms [13, 14]. 
Unique combination of their structural, electronic, and optical properties has 
opened new frontiers in the field of nanobiotechnology, offering host of opportu-
nities in the development of new generation nanoscale tools and devices for bio-
medical applications [15–17]. Functionalized CNTs can effectively cross biologi-
cal barriers which facilitates easier cellular uptake and their high drug loading 
capacity render them useful for nanostructure mediated therapeutic and diagnos-
tic applications [18, 19]. Exceptionally high drug loading capacity and the pos-
sibility for incorporating therapeutic moieties on their surfaces or inner cavities 
have been exploited in the design of novel drug carrier systems [20]. Recently 
CNTs have gained increasing acceptance in biomedical research as efficient drug 
delivery vehicles over other nanocarriers owing to the possibility of utilizing their 
inner cavities as store places of drugs [21]. Hollow cylindrical configuration of 
CNTs has the advantage that their inner voids can be loaded with large amounts 
of drug molecules and can be carried and delivered to different cell sites. In addi-
tion, this strategy allows the protection of unstable drugs during their transpor-
tation eliminating the degradation of drugs before reaching the delivery sites. 
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Carbon nanotubes (CNTs) assisted drug delivery systems require deliberate cut-
ting of CNTs into nanoscale fragments with their end caps removed, so that inner 
volumes of the tubes become accessible for loading drugs. Functionalization 
using appropriate strategy can bring about the desired structural changes, ensur-
ing hydrophilicity and biocompatibility to the CNTs so that the nanotubes can be 
filled with drug containing solutions through sonication [21]. Hollow structure 
of MWCNTs with appreciable inner diameter has become an ideal geometry for 
drug transport and delivery in physiological systems.

Polypyrrole (PPy) is a light weight organic polymer formed by polymerization of 
monomer pyrrole. It is an inherently conducting polymer, endowed with an exten-
sive, conjugated π electron system on the polymer backbone [22]. Biocompatibility, 
nontoxicity and in vivo stability of polypyrrole make it a promising material in bio-
medical applications [23]. Spongy texture of PPy is suitable for trapping nanopar-
ticles and the stabilization of nanoparticles within the polymer matrix can also be 
ensured [24]. Though there are reports on DDSs based on electrical stimulation of 
PPy, only very few reports are available on the pH dependent drug release behavior 
of PPy [25, 26]. Wang and co-workers have studied pH-sensitive release of anti-
tumor agent, doxorubicin (DOX) from hollow PPy nanocapsules, highlighting the 
release of more than half of the encapsulated drug within 15 h at a pH of 4.5 [27].

Generally, polypyrrole is synthesized via chemical oxidative polymerization of 
pyrrole in the presence of strong oxidizing agents such as ferric chloride  (FeCl3) and 
ammonium peroxidisulphate ((NH4)2S2O8) which leaves traces of toxic elements 
within the synthesized polymer and affects adversely its suitability for bio-related 
applications [28]. Use of hydrogen peroxide  (H2O2) as oxidant, as illustrated in the 
present work, is a right choice for polymerization to happen, which not only elimi-
nates the toxicity issues but generates nanostructured polypyrrole, with particle size 
much smaller than the ones synthesized using conventional routes [26]. The synthe-
sis method of polypyrrole, adopted in the present work can hence be considered as 
an ecofriendly method most appropriate for biomedical applications.

Curcumin is a well-known hydrophobic, yellow-orange colored natural polyphe-
nol derived from the rhizome of the herb Curcuma longa commonly known as tur-
meric, which is a dietary spice as well as an herbal supplement [29]. This Indian 
spice has a long history of use in Ayurvedic medicine because of its anti-inflamma-
tory, antimicrobial, and anti-carcinogenic activity and a host of healing properties 
for the treatment of most diseases [30–35]. Several studies indicate that curcumin 
is a potent anticancer agent because of its capability to suppress the proliferation 
of many types of tumor cells [36, 37]. Moreover, it is inexpensive and has been 
found to be safe in human clinical trials and reported to be nontoxic in animals and 
humans even at high doses. However, the poor aqueous solubility and high rate of 
metabolism significantly limit its bioavailability and clinical efficacy [38]. Reduced 
bioavailability of curcumin can be related to its poor absorption and high rate of 
metabolism caused by the enzymes present in the intestinal tract and rapid systemic 
elimination [39]. These factors significantly limit its bioavailability and clinical effi-
cacy in pharmaceutical formulations. An improvement in the stability and solubility 
of curcumin is essential to overcome these difficulties. Developing novel, nanopar-
ticle-based DDSs which can encapsulate hydrophobic drugs like curcumin could be 
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a solution to overcome these limitations [10, 11]. Significant increase in the oral 
bioavailability of curcumin has been reported by different research groups when cur-
cumin is encapsulated within nanoparticles. This kind of DDSs have the advantage 
that they carry far less amount of drugs, but offer systemic localized availability of 
drugs which results in improved therapeutic effects and protective measures [40, 
41].

Present study is focused on assessing the prospects of the nanocomposite of 
polypyrrole (PPy) and functionalized multi-walled carbon nanotubes (f-MWCNTs) 
as a smart drug carrier system for drug delivery applications, using curcumin as the 
model drug. Here we report an ecofriendly route for the synthesis of PPy/f-MWC-
NTs nanocomposite using initially functionalized MWCNTs. Functionalization of 
MWCNTs has been carried out using a green approach in which lemon extract is 
used as the oxidizing medium instead of strong acids. Oxidation of MWCNTs in 
lemon juice results in the fragmentation of MWCNTs into nanoscale dimensions 
with their caps removed which facilitates drug loading through sonication. Monomer 
pyrrole is polymerized in the presence of f-MWCNTs, using  H2O2 as the oxidant. 
The nanocomposite thus formed consists of f-MWCNTs wrapped by the spongy 
structured PPy, which prevents the uncontrolled leakage of drug through the open 
ends of the tubes, ensuring controlled release of the drug. The synthesized nano-
composite shows enhanced encapsulation efficiency of about 89% and sustained and 
pH dependent release of the drug over a period of one weak. The nanocomposite is 
found to be non-toxic and compatible toward normal cells as per the results obtained 
from cytotoxicity studies. The cellular uptake of the nanocomposite further strength-
ens the suitability of f-MWCNTs/PPy nanocomposite as an efficient drug delivery 
system. The green chemistry route followed in the synthesis of the nanocomposite 
of the present work has proved to be an efficient and nontoxic approach for develop-
ing novel types of drug delivery systems for the controlled release of drugs and is 
being reported for the first time through this article.

Experimental

Materials

Monomer pyrrole (99%) was purchased from Sigma-Aldrich and purified through 
distillation under reduced pressure and stored in refrigerator before use. Multi-
walled carbon nanotubes (MWCNTs) with 95% purity and average diameter around 
35–45  nm and length of a few micrometers were obtained from Graphene Super 
market, USA. All other reagents including hydrogen peroxide (Sigma Aldrich), 
sodium dodecyl sulfate (Merck), sodium hydroxide (Merck) and hydrochloric acid 
(Merck) were used as received. Curcumin was purchased from Merck India Limited. 
Dulbecco’s modified eagle medium (DMEM) and sulforhodamine B (SRB) were 
purchased from Sigma–Aldrich. Human breast cancer cell line (MD-MBA) for cel-
lular up take studies was purchased from NCCS, Pune. All the chemicals used were 
of analytical grade.
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Methods

Functionalization of MWCNTs and curcumin loading

Multi-walled carbon nanotubes (MWCNTs) were functionalized using lemon extract 
as follows. Fresh lemons were washed thoroughly in deionized water and the juice 
was extracted. The extract was first filtered in a sieve and the subsequent filtration 
was done using Watman filter paper to get clear juice. In a typical case, MWCNTs 
(25 mg) were refluxed in 20 ml of lemon extract for six hours at  80o C. The resulting 
mixture was then allowed to cool and was washed several times in deionized water 
till neutral pH was achieved and then dried in a vacuum oven at 60 °C. Upon dry-
ing, black colored, functionalized MWCNTs (f-MWCNTs) were obtained in powder 
form.

Initially a stock solution of curcumin was prepared in ethanol at a concentration 
of 2 mg/ml. Then 10 mg of f-MWCNTs was dispersed in 10 ml of sterilized deion-
ized water and sonicated for 20 min. Curcumin stock solution was added to the dis-
persion f-MWCNTs and the mixture was again sonicated for 20 min in order to get 
the curcumin solution pushed inside the nanotubes through their open ends.

Synthesis of f‑MWCNTs/PPy nanocomposite and curcumin loaded nanocomposite

In a typical synthesis, 30  ml of 0.1 molar HCl solution was added to the disper-
sion of f-MWCNTs in de-ionized water and kept for stirring. The dopant, sodium 
dodecyl sulfate (300 mg) was dissolved in 10 ml of 0.1 molar HCl and the resulting 
solution was added to the f-MWCNTs solution under stirring conditions to which 
0.84 ml of monomer pyrrole was added. After one hour, 3 ml of hydrogen perox-
ide  (H2O2) was added. The solution was found to turn black with the addition of 
 H2O2. Stirring was continued for 24  h to ensure complete polymerization of pyr-
role monomer to yield f-MWCNTs/PPy nanocomposite. Resulting nanocomposite 
was separated from the suspension by high speed centrifugation and was washed in 
distilled water and air dried. Same synthesis procedure was repeated to obtain PPy/ 
curcumin loaded f-MWCNTs nanocomposite in powder form. For comparison, PPy 
loaded with the drug, curcumin, was also synthesized following similar procedure.

Characterization

Surface morphology of drug loaded f-MWCNTs/PPy nanocomposite was studied with 
the help of field emission scanning electron microscopy (FESEM) using JEOL Model 
JSM—6390LV machine and transmission electron microscopy (TEM) using JEOL 
model JEM- 2100 machine having resolution of 0.24 nm and an acceleration voltage 
of 200 kV. Interaction of the drug with the nanocomposite was confirmed from Fou-
rier transform infrared spectroscopic (FTIR) studies, conducted using AVTAR 370 
DTGS FTIR spectrophotometer in the range 400–4000  cm−1. X-ray diffraction patterns 
were obtained on Rigaku X-ray diffractometer with Cu Kα (λ = 1.5481Ao) radiation 
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operating at 30 kV and 20 mA at a scan speed of 2° per minute in the range 10°–70°. 
Size distribution of f-MWCNTs/PPy nanocomposite samples with and without drug 
loading was analyzed by dynamic light scattering (DLS) technique using Nicomp 
TM380 ZLS machine and stability of the nanocomposite samples was assessed by zeta 
potential measurements, carried out using the same instrument. Cellular uptake of drug 
loaded nanocomposite was established on the basis of fluorescence images obtained 
using fluorescent microscope Nikon-Eclipse.

Entrapment efficiency and loading efficiency

Entrapment efficiency and loading efficiency of curcumin within f-MWCNTs/PPy 
nanocomposite were determined using the supernatant collected after centrifugation of 
the drug loaded nanocomposite. Amount of un-entrapped curcumin in the supernatant 
was quantified spectrophotometrically at an absorption maximum of 428 nm, which 
corresponds to the peak absorption of curcumin. Quantity of free curcumin present 
in the supernatant gives the total amount of un-entrapped curcumin. Encapsulation 
efficiency or entrapment efficiency (EE) can then be expressed as the percent of the 
entrapped curcumin, based on the ratio of the amount of curcumin present in the nano-
composite to the amount of curcumin added [40].

Loading efficiency (LE) of the drug-loaded composite was calculated with respect 
to the yield of the nanocomposite, obtained after centrifugation.

In vitro drug release studies

In vitro drug release studies of drug loaded nanocomposite were carried out using 
direct dispersion method at neutral (7.4) and acidic (4.5) pH conditions over a period 
of one week. A known quantity of curcumin loaded nanocomposite was dispersed in 
20 ml phosphate-buffered saline (PBS) and the dispersion was incubated in a water bath 
shaker at 37 °C under gentle shaking. At proper time intervals, the supernatants were 
collected and were replaced by equivalent volumes of fresh PBS solution. Curcumin in 
the nanocomposite was first extracted in ethanol and quantified spectrphotometrically 
at a wavelength of 428 nm. Drug release profile of curcmin loaded f-MWCNTs/PPy 
nanocomposite was studied at a pH of 7.4 and also at acidic pH of 4.5. Percentage 
release of curcumin was determined as [42].

EE (%) = (Total drug added − Diffused drug)∕(Total drug added) × 100

LE (%) = (Total amount of curcumin entrapped∕Yield of drug loaded nanocomposite) × 100

Curcumin release (%)

= ((Curcumin released at time t)∕(total curcumin loaded in nanocomposite))

× 100
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In vitro cellular uptake studies using fluorescent imaging

In vitro cellular uptake studies of curcumin loaded f-MWCNTs/PPy nanocomposite 
were done by fluorescent imaging as follows. Human breast cancer cells (adenocar-
cinoma cell monolayer MDA-MB-231) were seeded in to 12 well plates at a density 
of 1 ×  104 cells per well. Cells were cultured at 37 °C in 5%  CO2 in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 
In a typical study, 1 mg of drug loaded nanocomposite was dispersed in 2 ml of PBS 
and subjected to probe sonication for 5–10 s. Cells were then incubated with 50 µl 
of the sonicated nanocomposite solution. Following two hours of exposure of cells 
to the nanocomposite, the sample containing media was completely removed and 
the unbound nanocomposite sample was rinsed off with a PBS wash. Subsequently, 
the cells were fixed in 4% paraformaldehyde in PBS and imaged with an advanced 
inverted fluorescent microscope (Nikon-Eclipse TE 2000-S). Images were captured 
for excitations at 470 nm and 514 nm using a multiline solid state laser system (470, 
514 nm) and appropriate filter band (blue, green) combinations.

In vitro cytotoxicity studies using SRB (sulphrodamine B) assay

Sulphrodamine B (SRB) assay was used to study the cytotoxicity effects of 
f-MWCNTs/PPy nanocomposite. Human lung cancer cell line NCI-H460 main-
tained in RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum 
(FBS) at 37 °C with 5% carbon dioxide  (CO2) was used for the assay. Aliquots of 
190 µL cell suspension with a density of 1.9 ×  104 cells were pipetted into 96 well 
micro titer plates. Nanocomposite was dissolved in sterile de-ionized water with ini-
tial stock concentration of 4 mg/mL. Subsequently two fold serial dilutions of the 
stock were prepared with concentration ranging from 4 mg/mL to 250 µg/mL in ster-
ile de-ionized water. Then, 10 µL of each of these samples was added to each well 
so as to get a final concentration ranging from 200 to 12.5 µg /mL. Control group 
was included having cells with 10µL de-ionized water alone instead of extract. The 
plates were then incubated at 37 °C in a  CO2 (5%) incubator for 48 h, and then fixed 
with 100 µL ice cold, 30% trichloroacetic acid (TCA) and further incubated at 4 °C 
for another 1 h. Plates were then gently washed and air dried at room temperature. 
To each well, 100 µL, 0.057% (wt/vol) SRB prepared in de-ionized water with 1% 
acetic acid was added and left at room temperature for 30 min. Unbound stain was 
washed off by using 1% acetic acid and each well was air dried further. To dissolve 
the cell bound dye, 200 µL of 10 mM Tri base solution (pH 10.5) was added to each 
well and the plate was shaken on a gyratory shaker for 10 min and optical density 
(OD) was read at 510 nm in a microplate reader (Tecan) [43].

Percentage of cell-growth inhibition (GI) was calculated as per the following 
equation.

Percentage of growth inhibition = 100 − Percentage of control cell growth
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Curcumin induced cell death analysis

To examine the therapeutic activity of curucmin encapsulated nanocomposite under 
in vitro conditions, a monolayer of human breast cancer derived cells was exposed 
to drug containing f-MWCNTs/PPy nanocomposite. Here, propidium iodide (PI)-
based nuclear stain was used to understand the extent and mode of cell death 
through fluorescence microscopic image analysis. Briefly, MDA-MB-231 cells were 
seeded at a density of 2 ×  105 in three separate chamber glass slides. The cells were 
grown to 70% confluence in an incubator at 37 °C in a humidified atmosphere of 5% 
 CO2. Subsequently, 1 mg of nanocomposite sample was weighed and dispersed in 
2 ml of PBS and subjected to probe sonication for 5 s. An aliquot of 100 µl of this 
sonicated sample was added to the monolayer of MDA-MB cells. Curcumin encap-
sulated nanocomposite sample was exposed to cells in the presence of serum con-
taining medium for time periods of 24 h, 48 h and 92 h. At the end of each stipulated 
time point, the medium was removed from one of the chamber slides and the cells 
were washed with PBS. Subsequently, 5 µl of 0.1 µg/ml concentration of PI solu-
tion was used to stain the cells. The cells were incubated for 10 min in the incubator 
before obtaining fluorescent images [44].

Percentage of control cell growth

= ((Mean OD of sample−Mean OD for day 0))∕

((Mean OD of negative control−Mean OD for day 0)) × 100

Fig. 1  FESEM image of drug loaded f- MWCNTs/PPy nanocomposite
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Results and discussions

FESEM and TEM analysis

FESEM image of drug loaded f-MWCNTs/PPy nanocomposite shows a tubular 
morphology in which f-MWCNTs fragments are found to be completely wrapped 
by the porous structured PPy as evident from Fig. 1. In the present case, MWCNTs 
are functionalized using lemon extract instead of doing conventional acid function-
alization. Refluxing of MWCNTs in lemon juice at elevated temperature facilitates 
effective oxidation of MWCNTs due to the presence of high content of citric acid 
in lemon [45, 46]. Oxidation process initially removes the nanotube caps followed 
by cutting of the nanotubes to nanoscale fragments. Average diameter of MWC-
NTs used in the present study is around 40 nm (as per the label on the purchased 
bottle) and the size of the synthesized f-MWCNTs/PPy nanocomposite is found 
to be around 65 nm. This observation clearly indicates that f-MWCNTs fragments 
are covered by nanometer scale layer of polypyrrole. Main challenge associated 
with CNTs assisted drug delivery systems is the chance of leaking out of the drug 
through the open ends of functionalized CNTs, which results in uncontrolled release 
of drug. In many practical applications, controlled release of drug is required and 
preferred. Under such situations, morphology of f-MWCNTs/PPy nanocomposite of 
the present work is the most appropriate one, because the porous covering of PPy 
over f-MWCNTs, prevents uncontrolled leaking of the drug and facilitates its con-
trolled release by sealing the open ends of the nanotubes.

TEM image of drug loaded f-MWCNTs/PPy nanocomposite is shown in 
Fig. 2. Nanotube fragments are filled with the drug containing solution, which is 

Fig. 2  TEM image of drug encapsulated f-MWCNTs/PPy nanocomposite
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found to be coalesced to form bigger droplets inside the void spaces of the nano-
tubes, as revealed from the figure. Removal of the caps of nanotubes during func-
tionalization facilitates their application as molecular containers, which results 
in enhanced encapsulation efficiency. In addition, presence of oxygen containing 
functional groups on the open ends and surfaces of nanotubes makes the surfaces 
of MWCNTs more hydrophilic and facilitates easy loading of drug solution to the 
interiors of the tubes through sonication. Many of the earlier reports are based on 
integrating the drug molecules to be delivered to the functional groups on the sur-
faces of f-MWCNTs, through covalent or non-covalent bonding, leaving the inner 
voids of the MWCNTs unutilized. When the caps of the MWCNTs are removed 
as seen in the present work, the inner voids of the tubes are also made available, 
which helps to load more amount of drugs. Presence of outer porous covering of 
polypyrrole further facilitates slow and steady release of the loaded drug.

XRD analysis

XRD patterns of bare curcumin, f-MWCNTs/PPy nanocomposite and cur-
cumin loaded PPy/ f-MWCNTs nanocomposite are shown in Fig.  3. As can be 
seen from the figure, pure curcumin exhibits sharp, characteristic peaks in the 
range of 15°–30°, inferred to traits of a high crystalline structure [31, 35]. Plot 
of f-MWCNTs/PPy nanocomposite consists of amorphous as well as crystalline 
regions, with the crystalline peaks corresponding to the ordered regions and the 
broad ones to the amorphous regions of the nanocomposite. Observed sharp dif-
fraction peaks are signatures of structural ordering in the nanocomposite when 

Fig. 3  XRD patterns of a 
curcumin b f-MWCNTs/PPy 
nanocomposite and c curcumin 
loaded f- MWCNTs/PPy nano-
composite
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f-MWCNTs are attached to the polymer back bone. The peak at 26.4° is relatively 
broad and intense, because in this region the characteristic peak of polypyrrole 
and the graphitic peak of MWCNTs merge together [47–49]. Diffraction pat-
tern of curcumin loaded f-MWCTs/PPy nanocomposite is characterized by the 
absence of some of the prominent curcumin peaks which is a clear evidence of 
the encapsulation of curcumin within the f-MWCNTs/PPy nanocomposite.

FTIR spectroscopic studies

Fourier transform infrared (FTIR) spectroscopy is one of the important charac-
terization techniques to study the interactions and perturbations that occur in 
the drug loaded polymer nanocomposite. The FTIR spectra of free curcumin, 
f-MWCNTs/PPy nanocomposite and curcumin loaded f-MWCNTs/PPy nanocom-
posite are shown in Fig. 4. In the spectrum of curcumin, the band at 3505  cm−1 
is attributed to the phenolic O–H stretching vibration. The band at 1632   cm−1 
corresponds to stretching vibrations of the benzene ring of curcumin. The one at 
1507  cm−1 can be attributed to C=C vibrations and that at 1281  cm−1 to aromatic 
C–O stretching vibrations. The band at 1032  cm−1 corresponds to the stretching 
modes of keto group of curcumin and the one at 809   cm−1 represents C–O–C 
stretching vibrations of curcumin [50]. In the spectrum of f-MWCNTs/PPy 
nanocomposite, the less intense peak at 3123   cm−1 indicates the presence of 
–OH groups attached to functionalize MWCNTs. The peak at 1702  cm−1 can be 
assigned to C=O stretching mode of –COOH groups which indicates the car-
boxyl group functionalization of MWCNTs. The one at 1562  cm−1 corresponds to 
C=C stretching vibrations of pyrrole ring and that at 1309  cm−1 results from C-N 
stretching vibrations of PPy due to the interaction between PPy and MWCNTs. 

Fig. 4  FTIR spectra of a curcumin b f-MWCNTs/PPy nanocomposite and c curcumin loaded f-MWC-
NTs/PPy nanocomposite
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The bands at 1051   cm−1 and 918   cm−1 are due to the out-of-plane and in-plane 
vibrations of =C–H in PPy [51]. The spectrum of curcumin loaded nanocompos-
ite shows bands corresponding to polypyrrole, f-MWCNTs and curcumin, but 
there are shifts in peak positions and changes in peak intensities, which indicate 
that some kind of interaction occurs between the nanocomposite and the drug.

Particle size analysis using dynamic light scattering (DLS) and stability studies 
by zeta potential measurements

Particle size distribution of f-MWCNTs/PPy nanocomposite and curcumin loaded 
f-MWCNTs/PPy nanocomposite in aqueous solutions was determined using DLS 
measurements and the results are shown in Fig. 5 and Fig. 6, respectively. Particle 
size of f-MWCNTs/PPy nanocomposite lies in the range 170 to 190 nm with an 
average size of 180 nm and that of curcumin loaded f-MWCNTs/PPy nanocom-
posite lies within a size range of 172 to 194 nm with an average size of 183 nm. 
There is no appreciable difference in the particle size of the drug loaded nano-
composite, compared to the one without drug loading as revealed from the DLS 
data. Generally, in nanoparticle-based drug delivery systems, the nanoparticles 

Fig. 5  Particle size distribution 
of f-MWCNTs/PPy nanocom-
posite

Fig. 6  Particle size distribution 
of curcumin loaded f-MWCNTs 
/PPy nanocomposite
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are of spherical morphology and the drug is encapsulated within the nanoparti-
cles as well as absorbed by their surfaces, so that significant difference in the size 
of the drug loaded and bare nanoparticles is observed [24]. But the nanocompos-
ite-based drug delivery system of the present study involving f-MWCNTs is of 
tubular morphology in which the inner voids of f-MWCNTs are utilized for stor-
ing the drug and hence no significant change in the size of the drug loaded nano-
composite and bare nanocomposite has been observed [21]. The average particle 
size of 183 nm observed in the present work for the drug loaded nanocomposite 
will be ideal for cell internalization, since majority of tumors exhibit a vascular 
pore cut-offs between 380 and 780 nm [35].

Surface charge is one of the factors determining the physical stability of nanopar-
ticles in colloidal systems and can be evaluated using zeta potential measurements. 
If the particles bear a higher value of the same charge, making the electrostatic 
repulsion between the particles greater, the chances of aggregation can be reduced 
which brings about higher stability to the nanoparticles [52]. The zeta potential val-
ues obtained for curcumin loaded f-MWCNTs/PPy nanocomposite and bare nano-
composite are 18.4 mV and − 6.3 mV, respectively. The high positive zeta potential 
value shown by curcumin loaded nanocomposite, compared to bare nanocomposite 
indicates good colloidal stability of the drug loaded nanocomposite system because 
this value lies well within the stable range. In addition to having ideal size, presence 
of a highly positive surface charge on the drug loaded nanocomposite facilitates 
effective cellular uptake since the nanocomposite, through electrostatic interactions 
can bind with the negatively charged cell membranes and subsequent internalization 
becomes easier [53].

Entrapment efficiency and in vitro drug release studies

Main objective of the present study is to develop a better nanocarrier system with 
high drug loading capacity, capable of offering controlled and sustained release 
of drug for a sufficiently long period of time. These two factors have been recog-
nized as most important for an efficient drug delivery system [2, 8]. Drug loaded, 
f-MWCNTs/PPy nanocomposite, developed in the present work fulfills these 
requirements and shows not only enhanced entrapment efficiency but slow and 
controlled release of the drug as well. Encapsulation and loading efficiencies of 
curcumin loaded f-MWCNTs/PPy nanocomposite of the present study have been 
estimated as 89% and 5.11% respectively whereas the encapsulation efficiency of 
curcumin loaded PPy, without f-MWCNTs is 67%. Enhanced encapsulation effi-
ciency of curcumin loaded, f-MWCNTs/PPy nanocomposite can be attributed to 
the effective utilization of inner void spaces of the f-MWCNTs, for storing the drug 
solution.

Release profiles of curcumin from curcumin loaded f-MWCNTs/PPy nanocom-
posite at pH values of 7.4 and 4.5 are shown in Fig. 7. Initial release of the drug is 
very slow, but later it gets increased to about 23% at pH 7.4 and 29% at pH 4.5 in the 
first 24 h and this observed burst release might be due to the dissociation of the drug 
adsorbed on the outer surfaces of the spongy textured outer PPy layer, which does 
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not get in to the inner voids of the nanotubes. The initial burst release is followed 
by a slow and steady release of the drug for the next six days. It can be seen that at 
physiological pH 7.4, only 53% of the total encapsulated drug is released within a 
period of one week, so that the remaining drug can be expected to be released in 
the next few days. This observed slow release of drug from f-MWCNTs/PPy nano-
composite can be attributed to the longer time taken by the drug molecules trapped 
inside the hollow cylinders of f-MWCNTs to come out, which are further covered 
by the polymer matrix. Drug loaded nanocomposite shows a slower release at physi-
ological pH, compared to the acidic pH environment, which is expected [35, 40]. 
In the acidic environment (pH 4.5), higher drug released of about 62% is observed 
compared to that under neutral pH, as depicted in Fig. 7. This is due to the swell-
ing of the polymer matrix in the acidic environment produced by the protonation of 
the polymer back bone. As polypyrrole is a conducting polymer, at acidic pH, the 
outer polpyrrole covering around the nanotubes gets protonated which will increase 
the net positive charge on the polymer back bone. The repulsive force produced by 
the neighboring positive charges results in a stress on the nanotubes, pushing out 
more amount of drug at a faster rate [26]. The obtained drug release pattern demon-
strates an increase in the release of the drug with a decrease in pH. This pH sensitive 
release of curcumin is advantageous in cancer therapy because the pH environment 
of the biological fluid surrounding the tumor site is usually acidic, and the pH value 
is much lower than that of normal tissues [35]. This will facilitate a faster release of 
drug from the nanoparticle-based drug delivery system to the tumor sites and will 
also reduce the undesired drug release during the transportation of the drug through 
regions where physiological pH exists.

In vitro cell uptake studies using fluorescent imaging

In vitro cellular uptake studies of curcumin loaded f-MWCNTs/PPy nanocompos-
ite were carried out, using fluorescence microscopy technique by envisaging the 

Fig. 7  Drug release profiles of 
curcumin loaded f-MWCNTs/
PPy nanocomposite at neutral 
and acidic pH conditions
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intrinsic fluorescence of curcumin. Microscopic images of human breast cancer cell 
lines (adenocarcinoma cell monolayer MDA-MB-231) after 2 h of incubation with 
the drug loaded f-MWCNTs/PPy nanocomposite are shown in Fig. 8. Images cap-
tured following excitation at 470 nm and 514 nm, using appropriate filter band (blue, 
green) combinations are also shown. Green fluorescence in the microscopic images 
confirms the internalization of curcumin from the nanocomposite matrix to the cells.

Curcumin induced cell death analysis

Chemotherapeutic potency of curcumin loaded f-MWCNTs/PPy nanocomposite at 
the preliminary in  vitro level was studied in human adenocarcinoma derived cell 
lines. Propidium iodide (PI), the classic membrane, nucleic acid dye served as the 
live/dead cell discriminator. Gradual increase in the permeability of this dye through 

Fig. 8  Fluorescence microscopic images showing the cellular uptake of curcumin loaded f-MWCNTs/
PPy nanocomposite by MDA-MB-231 cells
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the compromised integrity of plasma membrane, visualized as red fluorescence is a 
semaphore in cell death, especially at the end stages of apoptosis. The pleiotropic 
polyphenol, curcumin is known to induce apoptotic cell death in breast cancer cell 
population in a dose dependent manner. Correspondingly, fluorescent microscopic 
images shown in Fig. 9 illustrates the anticancer potential of curcumin that gets dif-
fused into the cancerous cells after 24 h, 48 h and 92 h of nanocomposite incubation.
The figure clearly depicts a time dependent increase in the number of red fluorescent 
spots in the microscopic images as indicative of the dead cell population. This basi-
cally reflects the release trend of curcumin from the nanocomposite system where its 
cumulative accumulation after 92 h produces significant therapeutic effect.

Naturally, after 24 h of incubation, no significant toxicity has been observed but 
the green fluorescence seen in cells indicates the initiation of curcumin release and 
cellular uptake. Hitherto, after 48 h of incubation a gradual increase in the number 
of dead cells is observed which culminates at 92 h of time period. This result reveals 
that drug release from f-MWCNTs/PPy nanocomposite is very slow and corroborates 
with the drug release profile already. This slow, continuous release pattern of the 
drug from the nanocomposite system to the cells highlights the therapeutic potential 
of curcumin loaded f-MWCNTs/PPy nanocomposite against cancerous cells.

Fig. 9  Fluorescent images of MDA-MB-231cells taken at 24, 48 and 92 h of incubation
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In vitro cytotoxicity evaluation by SRB assay

Generally in drug release studies, ensuring nontoxicity of the drug carrier in the 
physiological medium is mandatory and is extremely important. Cytotoxicity stud-
ies of f-MWCNTs/PPy nanocomposite were carried out to establish the low toxicity 
of the nanocomposite toward live cells. Cytotoxicity evaluation of f-MWCNTs/PPy 
nanocomposite at different concentrations was conducted using SRB assay and the 
results are shown in Fig. 10.

It is evident from the figure that the synthesized nanocomposite shows high cell 
viability even for high concentrations of the nanocomposite. Percentage cell viabil-
ity for lowest concentration of the composite is near to 100%, showing zero toxic-
ity. At the highest concentration of 200µgm/ml, the nanocomposite shows very little 
toxicity less than 4% toward the cells, establishing the excellent biocompatibility of 
the nanocomposite. High percentage of cell viability shown by the nanocomposite 
of the present work may be attributed to the green strategy adopted for the synthesis 
of the nanocomposite.

Conclusions

A novel drug delivery system involving the nanocomposite of polypyrrole (PPy) and 
functionalized MWCNTs, loaded with the drug, curcumin has been developed by 
chemical in situ polymerization of pyrrole, in the presence of curcumin loaded, func-
tionalized MWCNTs (f-MWCNTs), following ecofriendly synthesis routes. Function-
alization of MWCNTs has been carried out using lemon extract and the nanocompos-
ite of polypyrrole and f- MWCNTs is used as drug carrier, exploiting the inner void 
spaces of f-MWCNTs as storage places for the drug, which can provide enhanced 
encapsulation efficiency. Porous covering of PPy over f-MWCNTs not only helps to 
eliminate unwanted leakage of drug from the f-MWCNTs but facilitates the controlled 
release of drug for a prolonged period as well, increasing the therapeutic efficacy of the 

Fig. 10  Cytotoxicity evaluation of f-MWCNTs/PPy nanocomposite at different concentrations
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nanocomposite. X-ray diffraction and FTIR spectroscopic studies confirm the presence 
of curcumin within the drug loaded nanocomposite. In addition, the synthesized nano-
composite system shows high positive zeta potential indicating good colloidal stability. 
In vitro drug release studies indicate slow, controlled and sustained release of drug from 
the nanocomposite matrix. Cellular internalization of drug loaded f-MWCNTs/PPy 
nanocomposite has been confirmed from the green fluorescence observed in the micro-
scopic images of human breast cancer cells. Excellent cell viability shown by the nano-
composite establishes the non-toxic nature of the nanocomposite as revealed from the 
cytotoxicity studies. Curcumin induced cell death analysis of cancerous cells shows a 
time dependent increase in the number of dead cells, establishing the chemotherapeu-
tic potency of curcumin loaded f-MWCNTs/PPy nanocomposite. These results suggest 
that f-MWCNTs/PPy nanocomposite of the present work, synthesized through green 
approaches can be used as an ideal and effective carrier to deliver hydrophobic drugs 
like curcumin, and thus offers great promise in drug delivery applications.
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