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ABSTRACT

In this report, nanocomposites are composed of surface-functionalized multi-

walled carbon nanotubes (f-MWCNTs) and polymers (polyethylene glycol,

chitosan) or silver nanoparticles (AgNPs) were successfully synthesized and

used as nanocarriers for drug delivery. The drug (Ibrutinib, Ibr) encapsulated

with different nanocomposites was used for effective prostate cancer treatment.

The as-prepared bioconjugates were confirmed by Fourier transform infrared

spectroscopy, X-ray diffraction, and Raman spectroscopy. The drug loading

efficiency of 95.5% was achieved for f-MWCNTs/AgNPs composite. The drug

release profile showed that the f-MWCNTs/AgNPs composite released 79% in

84 h at pH 5.5 indicating the sustainable drug release. Further, these Ibr-loaded

nanocomposites were conjugated with T30 oligonucleotides (T30 ODN) for tar-

geting over-expressed prostate-specific membrane antigen in the prostate gland.

The prostate anti-cancer activity was evaluated using PC-3 and MDA-MB-231

cancer cells and the results indicated that the Ibr- loaded nanocomposites con-

jugated with T30 ODN exhibited higher cell killing efficiency compared to the

free Ibr. Therefore, these conjugated nanocomposites are effective drug delivery

systems for prostate cancer disease targeted therapy.
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Introduction

Prostate cancer (PCa) is one of the most leading

cancer observed in men diagnosed in western coun-

tries like the USA and Europe [1–3]. According to the

Globocon survey-2018, the rate of affected people

increased to nearly 4 million wherein the mortality

rate rose to 3.82%. The mortality and prevalence level

of PCa increased due to lifestyle changes, environ-

mental factors, and genetic factors. Therefore, PCa

has become one of the many life-threatening diseases

compared to other cancer diseases [4, 5]. The patho-

physiology of PCa is the over-expression of prostate-

specific membrane antigen (PSMA) in the prostate

gland. The PSMA belongs to the family of the gly-

cosylphosphatidylinositol secured cell surface anti-

gens, which have a high level of prostate specificity

[6]. Moreover, the major drawback is the detection of

PCa. Thus, the level of PSMA has been used as an

indicator for screening the PCa [7, 8].

A broad assortment of various nanoscale drug

delivery vectors has been evaluated for the treatment

of PCa [9–11]. With the advancements in nanotech-

nology, it has become possible to expand the multi-

functional nanostructures like carbon nanotubes

(CNTs) involved in the simultaneous detection and

treatment of cancer diseases by molecular imaging

and therapy technology. Multi-walled carbon nan-

otubes (MWCNTs) have mainly arisen to be a

promising candidate for the competent delivery of

drugs and biomolecules due to their structures and

physicochemical properties [12, 13]. Unique charac-

teristics of MWCNTs such as size, ultra-lightweight,

high surface area, surface chemistry, neutral electro-

static potential, and high drug loading capability

make them excellent vehicles for drug delivery,

notably on targeting sites [14–20]. In addition to this,

they offer probable advantages over the more exten-

sively studied metal complex systems such as effi-

cient drug loading capability, stability, structural

flexibility, prolonged circulation time, and bioavail-

ability of carried drug molecules [21, 22]. The

MWCNTs based nanocomposites have already been

investigated as potential delivery vehicles for intra-

cellular nucleic acids, drug molecules, and proteins.

[23–30].

The MWCNTs can be conjugated with the anti-

cancer drug molecules, either by covalent or non-

covalent interactions [31]. Also, low molecular weight

targeting agents provided high efficiency for nan-

otubes’ internalization into the cells. However, the

first generation of MWCNTs has proven to be inap-

propriate for drug delivery systems as they bear to

agglomerate owing to the poor dispersion in the

aqueous medium that makes them incompatible for

various pharmacological studies like in-vitro and in-

vivo studies. Consequently, to overcome the afore-

mentioned limitations, the modifications of

MWCNTs could be a viable strategy for a therapeutic

approach to increase bioavailability. It is reported

that the functionalization of MWCNTs with car-

boxylic functional groups results in enhanced

adsorption of the drug molecule due to the inter-

molecular hydrogen bonding formed between them

[32]. Sina et al. [33] simulated the effect of alcohol on

the efficiency of doxorubicin (DOX) drug delivery

using single-walled carbon nanotubes (SWCNTs).

They also investigated the mechanical properties of

SWCNTs on DOX adsorption by using molecular

dynamic study [34]. Zare et al. [35] summarized

promising studies on work regarding the numerous

biomedical applications of CNTs as a review. Deb-

nath et al. [36] reported the progress and prospects of

drug delivery with carbon-based nanomaterials as

versatile nanocarriers. Jampilek et al. [37] summa-

rized the latest designed drug delivery nanosystems

based on graphene, graphene quantum dots, gra-

phene oxide, reduced graphene oxide, and carbon

nanotubes, mainly for anticancer therapy. In addi-

tion, MWCNTs coated with synthetic polymers like

poly (phenylacetylene), polyethylene glycol (PEG)

[38–40], and natural polysaccharide polymers like

chitosan (CHI) [41–46] could help in targeted drug

delivery. Although excellent progress has been

achieved using MWCNTs as drug delivery vehicles,

more research is required to promote their capability

to accrue in diseased tissues selectively and release

their toxic effect in a controlled approach.

We successfully synthesized composites of func-

tionalized MWCNTs with different materials such as

PEG, CHI, and silver nanoparticles (AgNPs) for drug

delivery. The MWCNTs were prepared by a chemical

vapor deposition (CVD) technique, which offers

exciting benefits together with large-scale production,

low cost, and eco-friendly followed by surface-func-

tionalized with acid groups. The f-MWCNTs-based

nanocomposites loaded with Bruton tyrosine kinase

inhibitor like Ibrutinib (Ibr) drug conjugated with T30

oligonucleotide (T30 ODN) were used as nanocarriers
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to suppress the PSMA so that it can quickly target

circulating tumor DNA molecules. Subsequently, the

drug incorporation could effectively be administered

to the prostate target site. Also, the targeting andro-

gen receptor could help in delivering the drug and

suppress the PSMA (Fig. 1). The cytotoxicity studies

against PC-3 and MDA-MB-231 cells showed that

these composites kill the cells in the targeting site

with minimum side effects.

Materials and methods

Materials

Ferrocene, xylene, sulphuric acid, nitric acid, sodium

hydrogen phosphate, potassium phosphate, chitosan

(CHI), polyethylene glycol (PEG), oleic acid, silver

nitrate (AgNO3, 99.5%), N, N dimethylformamide

(DMF, 98%), and sodium dodecyl sulfate (SDS, 98%)

were procured from Sigma Aldrich and SD Fine

Chemicals Limited, India. The T30 oligonucleotides

(T30 ODN) were purchased from Bioserve Limited,

Hyderabad, India. The chemicals and solvents used

were of analytical grade and were used as such

without any further purification.

Methods

Synthesis of MWCNTs

A one-step pyrolysis method was employed for the

preparation of MWCNTs using CVD as reported [47].

The schematic diagram is shown in Fig. S1a. The

instrumentation portrays the quartz tube reactor

(80 cm [L] 9 45 cm [ID]) used for the synthesis in

which the temperature profiles were monitored using

an adjustable thermocouple. Before initiating the

reaction, argon gas (2.5 ml min-1) was passed

through the quartz tube for about 10 min to create an

oxygen-free ambiance. The ferrocene and xylene

precursors were placed in front of the quartz tube

reactor where the vaporization of the mixtures gets

initiated. The inert carrier gas was employed to

transport the carbon and catalyst mixtures to the

high-temperature zone ranging from 700 to 1000 �C.
The heating was switched off after an hour and the

system was diminished to room temperature under

controlled argon flow. The black deposits of

Figure 1 The schematic

diagram of Ibr-loaded

MWCNTs-based

nanocomposites with T30

ODN.
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MWCNTs were uniformly deposited at the core

region of the reactor and were collected and subjected

to further purification process. Amorphous carbon

impurities were screened off by heating the collected

material at 450 �C for 2 h, whereas the catalyst metal

trace was removed using acid treatment. Finally, the

product was further washed with an extensive

amount of distilled water until pH 7 is attained and

dried.

Functionalization of MWCNTs

The functionalized MWCNTs were carried out by the

acid reflux method. First, 200 mg of pristine

MWCNTs (diameter * 50–80 nm) were treated

with 100 ml of an acid mixture containing H2SO4 and

HNO3 at 1:3 v/v ratio which was then refluxed at

80 �C for 10 h to produce -COOH functionalized

MWCNTs (f-MWCNTs). The product was filtered,

collected, and washed with double distilled water

until the pH turns to neutral. Finally, it was dried

under vacuum at 120 �C for 5 h.

Preparation of f-MWCNTs/CHI nanocomposite

The f-MWCNTs (30 mg) were dispersed in CHI

solution (60 mg in 60 ml) under sonication for 30 min

and stirred at room temperature for 16 h. The

f-MWCNTs/CHI nanocomposite was collected and

washed with double distilled water by repeated

ultracentrifugation until the unbound CHI was

removed. It was then dried at room temperature.

Preparation of f-MWCNTs/PEG nanocomposite

Initially, 30 mg of f-MWCNTs were well dispersed in

PEG solution (60 mg in 60 ml) using a bath sonicator

for 30 min and stirred at room temperature for 16 h.

The f-MWCNTs/PEG composite was collected and

washed with double distilled water by repeated

ultracentrifugation until the unbound PEG was

removed. Finally, the f-MWCNTs/PEG nanocom-

posite was dried at room temperature.

Preparation of f-MWCNTs/Ag nanocomposite

A chemical reduction method was exploited for the

synthesis of AgNPs during which a stabilizer and a

reducing agent were preferred. At first, 100 mg of

f-MWCNTs were well dispersed in DMF containing

0.1 wt% of SDS under continuous stirring wherein

the pH was adjusted to neutral. To this, 30 ml of

AgNO3 was added drop by drop under continuous

stirring at 40–45 �C followed by sonication for

15 min. The system was kept undisturbed after

which the precipitate was collected, washed with

distilled water multiple times, and subjected to dry-

ing at room temperature to obtain f-MWCNTs/Ag

nanocomposite.

Encapsulation of Ibr drug onto the nanocomposite

materials

The Ibr (15 mg) drug was mixed with different

nanocomposite materials (5 mg) and dispersed in

10 ml of phosphate buffer saline (PBS, pH 74), and

stirred for 16 h at room temperature. The products

were denoted as Ibr/pristine MWCNTs (F1), Ibr/

f-MWCNTs (F2), Ibr/f-MWCNTs/CHI (F3), Ibr/

f-MWCNTs/PEG (F4), and Ibr/f-MWCNTs/AgNPs

(F5). The collected products were washed with PBS

by repeated centrifugation to remove the unbound

Ibr. The amount of unbound Ibr was determined by

the absorbance at 260 nm.

Ibr drug release from the nanocomposite materials

A PBS solution (3.0 ml, pH 5.5, 6.3, and 7.4) con-

taining Ibr-loaded nanocomposite materials (5 mg)

were sealed in a dialysis bag (dialysis membrane-

150). The dialysis bag was incubated with PBS

(7.0 ml) and was allowed to stand at 37 �C under

affable shaking for 120 rpm min-1. The amount of Ibr

released was measured at different time intervals (0,

12, 24, 36, 48, 60, 72, and 84 h) by using UV–Vis

spectrophotometer at 260 nm. All the experiments

were repeated thrice.

Conjugation of T30 ODN to Ibr-loaded nanocomposite

materials

The Ibr encapsulated nanocomposite materials

(10 mg) were suspended in T30 ODN (3 ml) and then

sonicated for 30–120 min. The resulting mixtures

were incubated for 12 h at 4 �C. After the reaction,

combinations of samples were ultracentrifuged for

90 min (1600 rpm) in cold temperature. The product

was collected and washed repeatedly with PBS and

kept at 4 �C. The conjugation of T30 ODN to Ibr-loa-

ded nanocomposite materials was shown in Fig. S1b.
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In-vitro toxicity study

Cell culture

The PC-3 and MDA-MB-231 cells were obtained from

the national center for cell science (NCCS), Pune,

India. The cells were cultured in Dulbecco’s modified

eagle medium (DMEM) and minimum essential

medium (MEM) at 37 ± 1 �C under a 5% carbon

dioxide (CO2) atmosphere. Each cell culture medium

was enhanced with 10% fetal bovine serum (FBS) and

washed with a sterilized PBS.

Cytotoxicity assay

The in-vitro cytotoxicity test method was performed

by MTT (3- (4,5-dimethylthiazole-2-yl)-2,5-diphenyl-

tetra-sodium bromide) cell proliferation assay on PC-

3 and MDA MB-231 cell lines for Ibr-loaded

nanocomposite materials conjugated with T30 ODN.

The cells were trypsinized and counted on a cell

hemocytometer. Approximately 10,000 cells per well

were seeded in 96-well plates and incubated for 24 h.

The culture medium from the PC-3 and MDA MB-

231 cells was replaced with a fresh medium. A test

sample of different concentrations (5, 50, 100, 150,

and 200 lg/ml) were added in triplicates on the cells.

After incubation at 37 ± 1 �C for 18 h, the MTT

(1 mg/1 ml) was added to all the wells and incu-

bated for 4 h. After incubation, DMSO was added to

the wells and read at 570 nm using a photometer.

Cell viability and cytotoxicity were calculated by the

below formula.

Cell viability ¼ Treated

Control

� �
� 100 ð1Þ

Cytotoxicity ¼ Control�Treatedð Þ
Control

� �
� 100 ð2Þ

Apoptosis assay

The apoptosis test was performed by tunnel assay on

PC-3 and MDA MB-231 cancer cell lines for Ibr-loa-

ded nanocomposite materials conjugated with T30

ODN. The cells were grown in MEM and DMEM

medium supplemented with 10% FBS. The cells

(* 10^5/well) were seeded in the 24 well plates and

incubated in CO2 at 37 �C for 24 h. The cells after

reaching the confluence, test samples were added at

different concentrations (5, 50, 100, 150, and 200 lg/

ml) in triplicate. The cells without samples served as

a control. The plate was incubated in a CO2 incubator

at 37 �C for 24 h. At the end of incubation, the

medium was detached from each well, and cells were

washed with PBS (pH 7.4) and established using 80%

ethanol. Additionally, acridine orange/ethidium

bromide (AO/EtBr) dye (1 mg/ml) was added to

each well, incubated for 3–5 min, and imaged the

cells using a Nikon camera connected to an inverted

phase-contrast fluorescent microscope (Radicals

India).

Internalization of the formulation on PC-3 and MDA-

MB-231

Based on the release profile of the formulation the

internalisatrion study using the cell lines PC-3 and

MDA-MB-231 was carried out. The same has been

characterised by using photoluminiscence method.

Characterization

Raman spectra were recorded using a Raman spec-

trometer (Horiba Jobin-LabRam-HR) with an excita-

tion wavelength of 532 nm. An X-ray diffractometer

(XRD, Rigagu-Ultima IV) was used for the analysis of

the samples from 5 to 80�. Fourier transform infrared

spectroscopy (FTIR) was performed using a JASCO

6600 spectrometer. Field emission scanning electron

microscopic (FESEM) pictures were obtained using a

Hitachi S-4300 microscope. Ultraviolet–visible (UV–

vis) spectra were recorded with a Jasco V-650 spec-

trophotometer. Zeta potential analysis was per-

formed using a Malvern Zetasizer Nano instrument

at 25 �C in ultrapure water.

Results and discussion

Characterization of drug-loaded
nanocomposite materials

We synthesized different nanocomposites such as

f-MWCNTs/CHI, f-MWCNTs/PEG, and f-MWCNTs

/Ag and showed good capability as nanocarriers for

drug delivery. The drug encapsulated composites

were confirmed by UV–visible, XRD, FTIR, and

Raman. Figure 2 shows the UV–visible spectra of Ibr-

loaded nanocomposite materials. The Ibr loaded

systems were luminous in color (ash color) than their

18688 J Mater Sci (2021) 56:18684–18696



pioneer. The pure Ibr in water exhibited direct

absorption at 260 nm, whereas the peaks of Ibr-loa-

ded nanocomposite materials were marginally red-

shifted indicating the interaction between Ibr and

MWCNTs with CHI, PEG, and Ag. For comparison,

the UV–visible spectra of pristine MWCNTs and f-

MWCNTs were also given.

XRD patterns of the MWCNTs and f-MWCNTs-

based nanocomposites are shown in Fig. 3a. two

peaks were observed at 2h values of 26.6 � and

43.5 �in the spectrum of c-MWCNTs, which are

attributed to a graphite-like structure which is

attributed to a graphite-like structure [48]. In the case

of f-MWCNTs/CHI and f-MWCNTs/PEG

nanocomposites, a broad polymer peak was observed

at the 2h value of 20–25 � indicating the amorphous

nature of the polymers. A small diffraction peak of

MWCNTs was observed in the nanocomposite,

which may be due to the low amount and relatively

low diffraction intensity of MWCNTs. In addition the

MWCNTs peak position was overlapped with the

polymer peak. In the XRD spectrum of f-MWCNTs/

Ag nanocomposite, all the peaks were assigned to Ag

and f-MWCNTs. With the exception of the diffraction

peak of f-MWCNTs, the peaks at 32.4, 38.2, 44.5, and

64.6 were indexed to the (122), (111), (200), and (220)

crystallographic planes of face-centered cubic (fcc)

Ag NPs, respectively (JCPDS No. 04–0783) [49]. In

additionally, we observed the strong and weak

reflections. The that the strong reflections at 2h of

5.67 �, 12.36 �, 21.61 �, 26.59 � corresponds to (002),

(200), (222) and (400) planes of MWCNTs (JCPDS No

#820,505). The broad peak at 26.59 � indicates the

presence of graphitic carbon originated from

MWCNTs.

The weak reflection at 2h = 16.20 � can be attrib-

uted to Ag’s (100) plane (JCPDS No#893,081). The

examination of 2h = 19.03 � and 10.66 �corresponds
to PEG and CHI, respectively. It can be deduced from

the patterns that no other different peaks are

observed, which implicit the purity of the as-pre-

pared formulations. The decrease in the (222) plane’s

peak intensity depicts effective loading of Ibr into the

formulations. It is observed from the results that the

peak intensity of the (400) plane decreases with the

addition of CHI, PEG and AgNPs with portrays the

successful incorporation of CHI, PEG and AgNPs on

MWCNTs.

The lattice dynamics and vibration characteristics

of carbon-based materials were characterized by

employing Raman spectroscopy. Figure 3b reflects

the Raman spectra of pristine MWCNTs, f-MWCNTs,

and Ibr-loaded nanocomposite materials. The two

significant centered at 1339 and 1568 cm-1 attributed

to D and G bands which arise due to the lattice

defects in the MWCNTs and in-plane vibrations of

sp2 carbon atoms. The degree of structural disorder

in carbon materials could also be assessed from the D

and G band’s intensity ratio, where a higher ratio

indicates a more significant number of defects [50].

The ID/IG ratio for the pristine MWCNTs,

f-MWCNTs, Ibr/pristine MWCNTs, Ibr/f-MWCNTs,

Figure 2 UV–visible absorption spectra of pristine MWCNTs,

f-MWCNTs, Ibr/pristine MWCNTs (F1), Ibr/f-MWCNTs (F2),

Ibr/f-MWCNTs/CHI (F3), Ibr/f-MWCNTs/PEG (F4), and Ibr/

f-MWCNTs/AgNPs (F5).

Figure 3 a X-ray diffraction and b Raman spectra of pristine

MWCNTs, f-MWCNTs, Ibr/pristine MWCNTs (F1), Ibr/f-

MWCNTs (F2), Ibr/f-MWCNTs/CHI (F3), Ibr/f-MWCNTs/PEG

(F4), and Ibr/f-MWCNTs/AgNPs (F5).
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Ibr/f-MWCNTs/CHI, Ibr/f-MWCNTs/PEG, and

Ibr/f-MWCNTs/AgNPs were calculated as 1.080,

1.110, 0.995, 0.980, 0.988, 0.955 and 1.024, respectively.

The drug loading efficiency was enhanced by

increasing the structural disorder such as edges, the

microstructural arrangement of carbon atoms

vacancy, etc. In addition, the f-MWCNTs exhibited

higher active sites for efficient loading of CHI, PEG,

and AgNPs [51]. Moreover, The ID/IG ratio decreases

with the addition of CHI, PEG, and AgNPs, which

implies the successful incorporation of polymers and

metal nanoparticles on the defective site of

f-MWCNTs.

The surface morphologies of MWCNTs,

f-MWCNTs, and f-MWCNTs-based nanocomposites

were examined using FESEM. The pristine MWCNTs

morphology was displayed in Fig. 4a as endless,

tangled, hollow ropes with smooth surface and the

average diameter of each nanotube is less than

30 nm. Figure 4b shows the disentanglement of the

f-MWCNTs and slight reduction in the length of the

nanotubes is observed after oxidation with acid

mixture. Figure 4c and d display the surface

adsorption of drug onto the MWCNTs via p-p
stacking interaction. In Fig. 4e, the CHI was tightly

coated onto the surface of each nanotube and many

neighboring MWCNTs were joined together with the

CHI at a variety of angles. Similarly, the PEG was

also coated on the MWCNTs surface and presented

in Fig. 4e. The FESEM image of f-MWCNTs/Ag

nanocomposite (Fig. 4g) showed that the AgNPs had

a mean diameter of\ 20 nm, and were well dis-

persed in the MWCNTs matrix; however, some

nanoparticle aggregation was evident occasionally.

The chemical composition of the Ibr/f-MWCNTs/Ag

nanocomposite was examined by EDS (Fig. S2). These

results confirmed the presence of C, O, and Ag in the

nanocomposite. The atomic % of the elements is

given as the inset.

FT-IR spectroscopy is one of the versatile charac-

terization techniques obtained by the interaction of IR

radiation with matter, which is used to identify the

functional groups present in the material. The FT-IR

spectra of MWCNTs, f-MWCNTs, Ibr/pristine

MWCNTs, Ibr/f-MWCNTs, Ibr/f-MWCNTs/CHI,

Ibr/f-MWCNTs/PEG, and Ibr/f-MWCNTs/AgNPs

are shown in Fig. 5. For the pristine MWCNTs, the

bands at around 3450 and 1162 cm-1 are attributed to

the presence of hydroxyl groups (–OH) on the surface

of MWCNTs, which could appear either from

ambient moisture bound to the MWCNTs or during

the purification of raw material [52]. For the acid-

functionalized MWCNTs, the peak near 1560 cm-1

corresponds to the IR active phonon mode of the

MWCNTs. The presence of carboxylic acid groups on

MWCNTs was confirmed with a C = O band

stretching that appears at around 1741 cm-1. These

observations clearly indicate the existence of –COOH

groups on the surface of MWCNTs. In the case of

Ibr/f-MWCNTs/CHI nanocomposite, the IR spec-

trum showed both the peaks of f-MWCNTs and CHI.

The band at 3300 cm-1 was due to the stretching

vibrations of -OH and -NH groups of CHI. The peak

at 2855 cm-1 was attributed to the asymmetric

stretching of –CH group in the polymer, 1648 cm-1

indicated the amide I group (C-O stretching along the

N–H deformation), 1584 cm-1 was due to –NH

deformation, 1345 cm-1 was attributed to the COO-

group in carboxylic acid salt and 1045 cm-1 was

assigned to the stretching vibration of C–O–C in

glucose circle [53]. From the FTIR spectrum of

f-MWCNTs/PEG nanocomposite, C = C stretching

mode of the aromatic ring was observed between

1636 cm-1 and 1540 cm-1. The stretching vibration

of[C = O in ester at 1718 cm-1, asymmetric and

symmetric stretching of C-H deformation at 2983 and

2878 cm-1 were also found in the spectrum, which

were not found in the spectrum of the other samples.

It could also be observed that the stretching vibra-

tions of the repeating -OCH2CH2 units of PEG and

-COO bonds were at 1099 cm-1 and 1239 cm-1

respectively, which is proof of a successful formation

of composite. In the case of f-MWCNTs/Ag

nanocomposite, we observed only the f-MWCNTs

peaks[54]. For reference, the FT-IR spectra of pure Ibr,

CHI, PEG, and AgNO3 were given in Fig. S3.

Ibr-loading onto the MWCNTs-based
nanocomposites

The drug loading activities are one of the most

notable characteristics to evaluate DDS. The pristine

and f-MWCNTs can easily adsorb the drugmolecule in

the sidewalls of the MWCNTs owing to the p-p inter-

action. The drug loading into the pristine MWCNTs,

f-MWCNTs, f-MWCNTs/CHI, f-MWCNTs/PEG, and

f-MWCNTs/AgNPs was determined by UV - visible

spectroscopy. The loading was achieved by stirring the

drug with the nanomaterials (f-MWCNTs CHI or PEG

or AgNPs) in PBS, followed by centrifugation, washing

18690 J Mater Sci (2021) 56:18684–18696



with PBS, and freeze-drying. The amount of drug and

the nanomaterials were 15 mg and 5 mg, respectively.

The amount of drug-loaded into the nanomaterial is

shown in Fig. 6a. The drug loading efficiency onto the

nanomaterials was in the given order of pristine

MWCNTs[ f-MWCNTs[ f-MWCNTs/CHI[ f-MW

CNTs/PEG [ f-MWCNTs/AgNPs. The maximum

drug loading efficiency of 95.5% was observed for

f-MWCNTs/Ag nanocomposite. Zeta potential, that is,

surface charge, can greatly influence particle stability in

suspension through electrostatic repulsion between

particles. It mainly aids in the nanoparticle interaction

with any species which is usually negatively charged.

Table 1 shows the zeta potential values of different

nanomaterials.

Figure 4 FESEM images of

a pristine MWCNTs, b f-

MWCNTs, c Ibr/pristine

MWCNTs (F1), d Ibr/f-

MWCNTs (F2), e Ibr/f-

MWCNTs/CHI (F3), f Ibr/f-

MWCNTs/PEG (F4), and

g Ibr/f-MWCNTs/AgNPs (F5).
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Ibr release from MWCNTs-based
nanocomposites

The drug release profiles of Ibr-loaded MWCNTs-

based nanocomposites at 37 �C in PBS at different pH

values (7.4, 6.3, and 5.5) are shown in Fig. 6b-6d. The

pH of 7.4, 6.3, and 5.5 corresponds to the physiolog-

ical and lysosomal pH of the cancer cells, and a

noticeable release of Ibr from all the MWCNTs-based

nanocomposites was observed for 84 h. The drug

release patterns of nanocomposites was slow at pH

7.4 (48 ± 0.6%, 53 ± 0.6%, 61 ± 0.6%, 65 ± 0.6%, and

70 ± 0.6%) and pH 6.3 (54 ± 0.6%, 61 ± 0.6%,

67 ± 0.5%, 68 ± 0.7%, and 75 ± 0.7%) compared to

pH 5.5. The drug release rate was higher at pH 5.5

due to the weakening of the hydrogen bond between

Ibr and MWCNTs. The amount of drug released was

59 ± 0.1%, 67 ± 0.1%, 70 ± 0.6%, 74 ± 0.1%, and

79 ± 0.5% at different time intervals such as 12, 24,

36, 48, 60, 72, and 84 h, respectively. The drug release

experiments were done in triplicate and the mean

standard deviation values were calculated.

Figure 5 FT-IR spectra of pristine MWCNTs, f-MWCNTs, Ibr/

pristine MWCNTs (F1), Ibr/f-MWCNTs (F2), Ibr/f-MWCNTs/

CHI (F3), Ibr/f-MWCNTs/PEG (F4), and Ibr/f-MWCNTs/AgNPs

(F5).

Figure 6 a Drug loading

profile and b–d drug release

profiles at different pH values

(7.4, 6.3, and 5.5). The error

bar represents the SD

(standard deviation) of three

independent experiments.

Table 1 Zeta potential values of MWCNTs-base nanocomposites

S. No Nanomaterials Zeta potential (mV)

1 MWCNTs - 22.7

2 f-MWCNTs - 19.1

3 f-MWCNTs/CHI - 5.2

4 f-MWCNTs/PEG - 2.2

5 f-MWCNTs/AgNPs - 2

18692 J Mater Sci (2021) 56:18684–18696



In-vitro cytotoxicity studies of Ibr-loaded
MWCNTs-based nanocomposites
conjugated with T30 ODN

The sequences of in-vitro studies have been conducted

to determine the cytotoxicity profile of Ibr/pristine

MWCNTs, Ibr/f-MWCNTs, Ibr/f-MWCNTs/CHI,

Ibr/f-MWCNTs/PEG, and Ibr/f-MWCNTs/AgNPs

nanocomposites conjugated with T30 ODN using the

conventional MTT cell proliferation assay (Fig. 7). The

effects of these nanocomposites were evaluated

against two cell lines namely PC-3 (Fig. 7a) and MDA-

MB-231 (Fig. 7b), which are known to be prostate and

breast cancer cells. All the nanocomposites showed

lower cell viability against both the cell lines com-

pared to the pure Ibr in all the concentration ranges (5

to 200 lg ml-1). Moreover, the lower cell viability

(\ 30%) of Ibr/f-MWCNTs/Ag nanocomposite indi-

cates that the cytotoxicity of the nanocomposite was

negligible. The optical images are shown in Fig. S4

indicate that the Ibr rapidly accumulates inside the

cancer cells and targets the particular site. These data

suggest that the Ibr has been released sustainably. The

higher killing ability of Ibr-loaded MWCNTs

nanocomposites against the PC-3 and MDA-MB-231

indicates that these composites delivered more Ibr

which suppresses the over-expressed PSMA [55–57].

Apoptosis assay of Ibr-loaded MWCNTs-
based nanocomposites conjugated with T30

ODN

Apoptosis assay was evaluated to determine the

apoptotic level of Ibr/pristine MWCNTs, Ibr/

f-MWCNTs, Ibr/f-MWCNTs/CHI, Ibr/f-MWCNTs/

PEG, and Ibr/f-MWCNTs/AgNPs nanocomposites

conjugated with T30 ODN by fluorescent tunnel

labeling method. Two different cell lines such as PC-3

and MDA-MB-231 were evaluated. Fig. S5 shows the

positive apoptotic cells for both cell lines. These are

fragmented nuclei due to the fluorescent-labeled and

the viable cells not being labeled. The maximum

concentration of * 200 lg mL-1 of nanocomposites

showed excellent activity at 74 h against both the cell

lines [58, 59].

Internalization of the formulation on PC-3
and MDA-MB-231

The Ibr showed good photoluminescent property

with maximum excitation and emmision wavelength

at 280 nm and 420 nm for both free Ibr and drug-

loaded and it is shown in the below Fig. 8.

As per the relelase studies mentioned in the Sect.

Ibr release from MWCNTs-based nanocomposites it

is apparent that the prepared F5 formulations viz.,

MWCNT formulated composites like MWCNT/Ag

composite shows high drug release at the lysosomal

pH (pH-5.5) when compared to other prepared

composites. Hence we used this formulation to

evaluate the drug internalization. The internalisation

was confirmed with photoluminiscence method.

From the study, it is also clear that the drug itself

exhibits some fluorescence and the same has been

compared with the F5 formulation.

Figure 7 Cell viability of Ibr/pristine MWCNTs (F1), Ibr/f-

MWCNTs (F2), Ibr/f-MWCNTs/CHI (F3), Ibr/f-MWCNTs/PEG

(F4), Ibr/f-MWCNTs/AgNPs (F5), and pure Ibr samples after

treated with a PC-3 cell line and b MDA-MB-231 cell line for

24 h.

Figure 8 Photoluminescent spectra of a Free Ibr, b drug-loaded

F5 nanocomposite on PC-3 and c MDA-MB 231 at the excitation

wavelength of 280 nm.
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Then Ibr loaded MWCNT/Ag nanocomposite

(200 lg/mL) was treated with PC-3 and MDA-MB

231 cells for 12 h. Then the cells were washed 3 times

with PBS buffer and harvested via trypsinization. The

cells were again washed for 3 times with PBS buffer

then analyzed with photoluminescent spectroscopy

at the excitation wavelength of 280 nm with an

emission peak at 420 nm. The result showed that the

F5 drug-loaded nanocomposite treated PC-3 and

MDA-MB 231 cells showed significant peak intensity

of Ibr at 420 nm. This confirms the successful inter-

nalization of drug inside the cell.

Conclusion

Herein, a highly effective DDS based on the

f-MWCNTs and their composites with CHI, PEG, and

AgNPs were prepared and used as nanocarriers.

Among the nanocomposite, the f-MWCNTs/Ag

nanocomposite exhibited higher drug encapsulation

efficiency of 95.5%. The drug release profiles showed

that the f-MWCNTs/Ag nanocomposite released

70%, 75%, and 79% of the drug at different pH values

of 7.4, 6.3, and 5.5, respectively in 84 h. The higher

release of drug at pH 5.5 may be attributed to the fact

that the surface negative charges decrease which

facilitates the fast release of drug from the nanocar-

rier. Besides, the Ibr- loaded nanocomposites easily

conjugated with the T30 ODN and enhanced the

apoptotic cell in over-expression of PSMA. Moreover,

the nanocomposites showed excellent cytotoxicity on

the MDA-MB-231 and PC-3 cancer cell lines. In this

strategy, we conclude that the f-MWCNTs/CHI,

f-MWCNTs/PEG, and f-MWCNTs/Ag nanocom-

posites delivered the drug more effectively than the

pristine MWCNTs and f-MWCNTs. These actual

merits attribute to make further detection and diag-

nosis of the in-vivo system.
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