
This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. B , 2020, 8, 3123--3137 | 3123

Cite this: J. Mater. Chem. B, 2020,

8, 3123

Glycopolymer decorated multiwalled carbon
nanotubes for dual targeted breast cancer
therapy†

Pinar Sinem Omurtag Ozgen, *a Sezen Atasoy,b Belma Zengin Kurt,c

Zehra Durmus, d Gulsah Yigite and Aydan Dag *cf

Carbon-based nanomaterials (CNMs) have attracted great attention in biomedical applications such as
cancer imaging and therapy. CNMs, which are currently used in a wide range of applications, suffer from
drawbacks of toxicity and low biocompatibility. Either noncovalent or covalent functionalization of
CNMs with hydrophilic and biocompatible polymers which help to block hydrophobic interactivity
between CNMs and cells can greatly increase their biocompatibility by eliminating their probable toxicity
towards living organisms. In this report, we present a comparison of both noncovalent and covalent
functionalization approaches in order to introduce a biocompatible glycoblock copolymer onto multi-
walled carbon nanotubes (CNTs) in order to enhance their potential in therapies. An anticancer drug
(doxorubicin, Dox) was conjugated with two different end functionalized poly(1-O-methacryloyl-b-D-
fructopyranose-b-(2-methacryloxyethoxy))benzaldehyde glycoblock copolymers, which were synthesized via

reversible addition–fragmentation chain transfer (RAFT) polymerization, by either noncovalent or covalent
tethering. CNTs were coated separately with the synthesized drug-conjugated glycoblock copolymers and
folic acid (FA) to obtain an efficient drug delivery platform for dual-targeting of glucose transporter protein
(GLUT5) and folic acid receptors (FR) in breast cancer. A library of synthesized monomers, polymers and
prepared glycoblock copolymer coated CNTs (hybrid-CNTs) using both approaches were comprehensively
characterized by various techniques. Transmission electron microscopy measurements showed the
homogeneous, smooth morphology of the prepared Dox-conjugated glycoblock copolymer coating of
CNTs and confocal laser scanning microscopy images displayed successful cellular internalization
of hybrid-CNTs in the MCF-7 and MDA-MB-231 human breast cancer cell lines. This research
demonstrates the potential of hybrid-CNTs as a biocompatible drug delivery system as well as in vitro

use of Dox-conjugated vehicles for dual receptor mediated breast cancer therapy.

Introduction

Mortality as a result of cancer is growing enormously world-
wide. According to the latest report of the International Agency
for Research on Cancer, breast cancer is the most frequently
diagnosed cancer type among women; about 3.06 million
diagnosed female breast cancer cases across all age groups will
be expected in 2040.1–3

Chemotherapy is one of the most common treatment
strategies for breast cancer. Among several Food and Drug
Administration (FDA) approved drugs, clinical studies show
that doxorubicin (Dox) is a useful antineoplastic drug for breast
cancer therapy. The working principle is that Dox kills cancer
cells by DNA chelation, inhibition of topoisomerase II and
hydroxyl radicals.4–6 Despite evidence of its therapeutic response,
the chemotherapeutic drug can only be effective once it has
accumulated in the right place with an appropriate therapeutic

a Department of Analytical Chemistry, Faculty of Pharmacy, Istanbul Medipol

University, 34815, Istanbul, Turkey. E-mail: psozgen@medipol.edu.tr
b Department of Biochemistry, Faculty of Pharmacy, Bezmialem Vakif University,

34093, Istanbul, Turkey
c Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Bezmialem Vakif

University, 34093, Istanbul, Turkey. E-mail: adag@bezmialem.edu.tr
d Baglar Mah., Gunesli Konutlar, No: 38, D-24, 34212, Istanbul, Turkey
e Department of Biotechnology, Institute of Health Sciences, Bezmialem Vakif

University, 34093, Istanbul, Turkey
f Drug Application and Research Center, Bezmialem Vakif University, 34093,

Istanbul, Turkey

† Electronic supplementary information (ESI) available: The materials section,
the characterization procedures, NMR, FT-IR, UV-vis, GPC, TEM, DSC, Dox-
release, fluorescence intensity, MTT, cell apoptosis and cell cycle distribution
data. See DOI: 10.1039/c9tb02711d

Received 29th November 2019,
Accepted 4th March 2020

DOI: 10.1039/c9tb02711d

rsc.li/materials-b

Journal of
Materials Chemistry B

PAPER

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

1/
18

/2
02

5 
7:

23
:0

2 
A

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-2493-9664
http://orcid.org/0000-0002-0463-4292
http://orcid.org/0000-0002-1552-8030
http://crossmark.crossref.org/dialog/?doi=10.1039/c9tb02711d&domain=pdf&date_stamp=2020-03-24
http://rsc.li/materials-b
https://doi.org/10.1039/c9tb02711d
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB008015


3124 | J. Mater. Chem. B, 2020, 8, 3123--3137 This journal is©The Royal Society of Chemistry 2020

concentration. However, it is certainly difficult for the free
chemotherapeutic drug to reach and locate specifically the
tumor site by itself, and this causes serious side effects and
ineffective chemotherapy.

Targeted drug delivery systems based on polymeric nano-
carriers can overcome these challenges due to their capability
to perform efficient delivery and sustained release of thera-
peutics to specific target areas. Several innovative nano-carrier
systems or drug conjugates, including liposomes, micelles,
capsules, dendrimers, and polymeric nanoparticles, have been
identified as useful for their applications as targeted drug
delivery systems.7,8 Such systems can be used together with
carbon-based nanomaterials (CNMs), thanks to their unique
high surface area to volume ratio for combination with mole-
cules during drug delivery applications.9–12

Beyond the application of drug delivery systems, the usage
of CNMs has been enlarged to a versatile platform of multiple
therapeutic modalities with enhanced anticancer activity
and reduced side effects. However, one of the significant
drawbacks of CNMs is the highly hydrophobic nature of their
carbon structure, which limits their biocompatibility, aqueous
dispersibility and stability when delivered into the biological
environment. Therefore, the application of novel biocompatible,
biodegradable and multifunctional polymers together with
CNMs enables the facile and controlled incorporation of a wide
range of therapeutics.13–15

Among CNMs, carbon nanotubes (CNTs) can provide
specific interaction with cancer cells by simply tuning the
backbone of polymeric chains which are physically or chemi-
cally tethered on their surfaces. There are several reported
synthetic procedures for the noncovalent and covalent functio-
nalization of CNTs with small/macro molecules, in order to
enhance the dispersibility and make them feasible for both
therapy and early detection of cancer cells/tumors.16–22

Once their surface is hybridized, CNTs are found to be
optimal nanocarriers and intermediaries for multimodal
cancer therapies. Moreover, even simple surface functionaliza-
tion can increase the therapeutic efficacy of the current treat-
ment modalities.23,24 Also, the literature reported that the
needle-like shape of CNTs provides an extra advantage in their
uptake into cells.25 However, it is still a challenge to prepare a
biocompatible hybrid system with a prolonged blood circula-
tion time, enhanced tumor accumulation of anticancer drugs
and effective anticancer efficacy.

Therefore, increased attention has been paid to creating
drug-conjugated hybrid-CNTs by increasing the solubility/dis-
persibility of both drug molecules and CNTs in order to
facilitate their smart response stimulation by specified actions,
including the redox process, hypothermia, light and the pH
level.14,26 Among biologically significant functionalities for the
aqueous dispersion of CNTs, sugars in different configurations
have proven to be particularly valuable, with the resulting sugar-
functionalized carbon nanotubes exhibiting unusual features in
their interactions with biological species.27–29

In essence, sugar-functionalized CNTs can be selectively
internalized into cancer cells via glucose transporter (GLUT)

receptor-mediated pathways, without them being internalized
into normal cells. Among all of the isoforms of GLUTs, GLUT5
is a membrane protein that transports fructose into the cyto-
plasm and is primarily responsible for fructose absorption/
metabolism.30,31 Moreover, many fructose-based glycopolymers
are employed in bio-recognition systems. Zhao et al. prepared
fructosylated diblock glycopolymers and fructosylated micelles,
which could be selectively recognized by overexpressed GLUT5
receptors on the surfaces of breast cancer cells.32 Recently, a
fructosylated polymer was grafted onto a nanodiamond via an
amide bond followed by physical adsorption of Dox. According
to 3D spheroid model studies, this hybrid system showed
increased anticancer activity compared to free Dox after 8 days
of incubation.33 As a consequence of the GLUT5 targeting
ability of fructose moieties on the surface of CNTs, carbon
nanomaterials can act as drug delivery vehicles with targeting
functions that may enhance recognition, internalization and
ligand transfer through a series of intracellular compartments
towards breast cancer tissue.

Besides sugar molecules, folic acid (FA) is also a promising
molecule to actively target the FA receptors overexpressing on
the surface of breast cancer cells. A large number of studies
have demonstrated that folic acid receptors (FR) are over-
expressed in a variety of solid epithelial tumors, including
breast cancer.34,35 Additionally, the heterogeneous expression
of the FR in cancer tissues and its absence in non-neoplastic
tissues makes FR a good target.36,37 Previously, it was shown
that FA grafted CNTs have an increased cellular uptake through
FR-mediated endocytosis, a highly regulated process of binding
and internalization.38 In another study, Mehra et al. have show
the in vitro and in vivo cancer targeting efficiency of a dual
targeted delivery system for Dox that employs FA and estrone
functionalized PEGylated multiwalled carbon nanotubes
(MWCNTs).39 These studies outline the feasibility of folate deco-
rated CNTs as an advancing area in breast cancer therapy.40,41

We hypothesized that the synergistic advantages of either
noncovalent or covalent functionalized CNTs with biocompa-
tible glycoblock copolymers that promote effective stimuli
drug release could address the challenge of breast cancer cell
recognition while simultaneously allowing dual-targeting
breast cancer therapy.

Herein, we have introduced a novel combination of
Dox-conjugated glycoblock copolymers with CNTs via one-step
noncovalent or covalent functionalization strategies in order to
design an efficient route for the nano-carrier system through a
targeted drug delivery approach. Thus, the carboxylic acid-modified
CNT surface was functionalized with poly(1-O-methacryloyl-b-D-
fructopyranose-b-(2-methacryloxyethoxy)benzaldehyde)-Py/Dox
via p–p stacking interactions or the alkynyl group decorated
CNT surface with poly(1-O-methacryloyl-b-D-fructopyranose-b-
(2-methacryloxyethoxy)benzaldehyde)-N3/Dox via a copper cata-
lyzed azide alkyne click reaction (CuAAC) (Scheme 1). The goal
was to improve the water solubility and biocompatibility as well
as interactions between glycoblock copolymer decorated CNTs
(hybrid-CNTs) and cancer cells. The hybrid-CNTs prepared by
utilizing two different strategies were further coated individually
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with FA to investigate the possibility of using these systems in
dual receptor mediated breast cancer therapy (Scheme 2). The
hybrid-CNTs with tethered fructose and FA moieties presum-
ably deliver anticancer drugs more efficiently into the cancer

cell lines (MCF-7 and MDA-MB-231) after recognizing and
binding selectively to their corresponding receptors. To the
best of our knowledge, the functionalization of the CNT surface
with an anticancer drug-carrying fructosylated glycoblock copolymer

Scheme 1 Schematic pathway for the synthesis of the Dox-conjugated glycoblock copolymers.

Scheme 2 Schematic pathway for the modification of CNTs via p–p stacking and CuAAC click reaction strategies.
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Both of the purified glycoblock copolymers were characterized
by nuclear magnetic resonance (1H-NMR) and gel permeation
chromatography (GPC) measurements (details are given in the
ESI,† Fig. S19 and S23).

Deprotection of the glycoblock copolymers

The deprotection of the glycoblock copolymers was carried out
as described by Dag et al.49 After the reaction, the polymer
solution was dialyzed against Milli-Q water for 2 days (MWCO
3500) and then the deprotected polymers were freeze-dried. The
resulting polymers (P5 and P6) were characterized by following
the disappearance of characteristic isopropylidene signals by
1H-NMR (d 1.2–1.6 ppm, Fig. S20 and S24, ESI†). The character-
istic signals corresponding to the MAEBA block still exist,
indicating that the aldehyde groups remain intact under this
hydrolysis condition.

Preparation of the glycoblock copolymer–Dox conjugates

The primary amine of doxorubicin (Dox, 8 equiv.) was covalently
linked to the aldehyde group of the glycoblock copolymers
(1 equiv.) in the presence of triethylamine (Et3N) in dimethyl
sulfoxide (DMSO).50 The obtained Dox-conjugated glycoblock
copolymers P(FruMA-b-MAEBA)-Py/Dox and P(FruMA-b-MAEBA)-
N3/Dox are named P7 and P8, respectively.

Protocol for p–p stacking between CNT-COOH and P(FruMA-b-
MAEBA)-Py/Dox: (CNT/P7)

Noncovalent attachment between CNT-COOH and P(FruMA-b-
MAEBA)-Py/Dox (P7) was carried out according to previous
literature reports with slight modifications.30 Briefly, 70 mg of
CNT-COOH was dispersed in 210 mL of dimethylformamide
(DMF) : ultrapure (UP) water (1 : 2, v/v) in an ultrasonic bath.
After 10 minutes of dispersion, 350 mg Dox-conjugated pyrene
end-functionalized glycoblock copolymer (P7) was added, and
the mixture was stirred at ambient temperature for 96 h. The
dispersion was filtered through a filter (PTFE membrane filter;
pore size: 0.2 mm), to remove unloaded copolymer. The residual
solid on the filter was sonicated using an excess amount of
fresh ethanol and the solid filtered again until the unloaded
copolymer could not be detected in the solvent (monitored by
UV-vis). The recovered black powder was dried under a vacuum.

Protocol for the CuAAC click reaction between CNT-alkyne and
P(FruMA-b-MAEBA)-N3/Dox: (CNT/P8)

70 mg of CNT-alkyne was dispersed in 210 mL of DMF : UP
water (1 : 2, v/v) in an ultrasonic bath. After 10 minutes of
dispersion, the Dox-conjugated azido end-functionalized glyco-
block copolymer (P8, 350 mg), sodium ascorbate (10 mg), and
CuSO4�5H2O (50 mg) were added, and the mixture was stirred at
ambient temperature for 48 h after degassing with 3 freeze–
pump–thaw cycles. The dispersion was filtered through a filter
(PTFE membrane filter; pore size: 0.2 mm) to remove unreacted
copolymer. The residual solid on the filter was sonicated using
an excess amount of fresh ethanol and the solid filtered again
until the unreacted copolymer could not be detected in the

solvent (monitored by UV-vis). The recovered black powder was
dried under a vacuum.

General protocol for FA loading of CNT/P7 and CNT/P8

20 mg of previously modified CNTs (CNT/P7, CNT/P8) were
dispersed in 60 mL of DMF in an ultrasonic bath. After
10 minutes of dispersion, FA (100 mg) was added, and the
mixture was stirred at ambient temperature for 48 h. The
dispersion was filtered through a filter (PTFE membrane filter;
pore size: 0.2 mm), to remove unloaded FA.51 The residual solid
on the filter was sonicated using an excess amount of fresh
ethanol and the solid filtered again until the unloaded FA could
not be detected in the solvent (monitored by UV-vis). The
recovered black powder was dried under a vacuum. The
obtained FA-loaded carbon-based nanomaterials are named
CNT/P7/FA and CNT/P8/FA.

In vitro cell culture

Human breast cancer cell lines MCF-7 and MDA-MB-231 were
obtained from the American Tissue Culture Collection. The
cancer cell lines were grown in Dulbecco’s modified Eagle’s
medium: nutrient mixture F-12 (DMEM/F12) supplemented
with 10% fetal bovine serum (FBS) and 100 U mL�1 of peni-
cillin–streptomycin at 37 1C in a humidified incubator with
5% CO2. After reaching 80% confluency, the cells were detached
using 0.25% trypsin–ethylene diamine tetra acetic acid (EDTA).
For further experiments, the cells were resuspended in the
growth medium after collection and centrifugation.

Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to assess cell viability as previously
described.52 Briefly, 5 � 103 cells were seeded in flat-bottomed
96-well plates with growth medium. After 24 h incubation, treatment
was performed with ten different decreasing doses of Dox, FA, P7,
P8, CNT-COOH, CNT-alkyne, CNT/P7, CNT/P7/FA, CNT/P8, and
CNT/P8/FA for 24 h and MTT assay was conducted. The absorbance
value was read at 540 nm using a microplate reader. The relative
%cell viability was calculated from the absorbance values according
to following equation: relative percent cell viability = (test/control) �
100%. All experiments were carried out in triplicate; results are
presented as means � standard deviation (SD).

Cellular internalization

The cellular uptake behavior of the hybrid-CNTs was measured
using confocal laser scanning microscopy (Leica DMi8/SP8
TCS, CLSM) and flow cytometry. Cells were seeded at a density
of 2 � 105 cells per dish for microscopy, and in 6-well plates at a
density of 2 � 105 cells per well for flow cytometry. Following
24 h incubation with a working concentration of Dox, P7,
CNT/P7, CNT/P7/FA, CNT/P8, and CNT/P8/FA, the cells were
washed with phosphate buffered saline (PBS) and the cellular
uptake was observed using CLSM. 40,6-Diamidino-2-phenylindole
(DAPI) staining was used for nuclei visualization. The determina-
tion of the total fluorescence intensity was described in a previous
study.52 Briefly, fifteen images of internalized hybrid-CNTs
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molecular weight distributions of the P5 and P6 glycoblock
copolymers indicate that no degradation or any side reactions
occurred after TFA hydrolysis (Fig. S27, ESI†).

The condensation reaction of a primary amine with an
aldehyde under mild conditions is well-known in organic
chemistry and was used to conjugate the anticancer drug Dox
onto P5 and P6 via an acid-labile imine linkage one by one.50

1H-NMR analysis was performed on P(FruMA-b-MAEBA)-Py/Dox
(P7) and P(FruMA-b-MAEBA)-N3/Dox (P8) to elucidate the
chemical composition of the aldehyde and Dox units in the
copolymers. The number of conjugated Dox units was
found to be 5 and 6, respectively. Besides the particular proton
signals of the MAEBA and fructose units, the aromatic proton
signals of Dox at 7.94–8.04 ppm and the methine proton signal
(CHQN) at 8.16–8.34 ppm are shown in Fig. 1 and 2. The FT-IR
spectra of P7 and P8 revealed the stretching vibration bands
of O–H at 3500 and 3300 cm�1 (Fig. S21B and S25, ESI†),
respectively.

The molecular weight characteristics of the glycoblock
copolymers and their precursors are outlined in Table 1. An
increase in molecular weight and narrow monomodal distribu-
tions are evident from the GPC traces (Fig. S26 and S27 and
Table 1), which highlight the successful synthesis of the glyco-
block copolymer–Dox conjugates.

Characterization of glycoblock copolymer Dox-conjugate
decorated CNTs

P7 and P8 were utilized to cover CNT-COOH and CNT-alkyne
separately via p–p stacking and a CuAAC click reaction, respectively,
as described in the Experimental section.

FT-IR spectra of p-MWCNTs and CNT-COOH are shown in
Fig. S28 (ESI†). The FT-IR spectrum of p-MWCNTs shows
characteristic peaks of CQC and C–C bonds at 1582 cm�1

and 1160 cm �1, respectively.24 In the spectrum of CNT-COOH,
peaks at 1705 cm�1 and 1638 cm�1 are present and can be
assigned to carbonyl groups in the ester and ring structures. In

Table 1 Molecular weight characteristics of the homopolymers and glycoblock copolymers

Entry Polymer Conv.c (%) Mn,theo
e (kDa) Mn,NMR (kDa) Mn,GPC (kDa) Ð

P1a P(MAEBA)15-Py 36 3.30 4.20 f 2.95 1.13
P2a P(MAEBA)19-N3 38 4.05 4.80 f 3.50 1.06
P3a P(ipFruMA152-b-MAEBA15)-Py 55 49.35 54.10 f 22.30 1.15
P4a P(ipFruMA234-b-MAEBA19)-N3 85 74.55 81.60 f 40.00 1.21
P5b P(FruMA152-b-MAEBA15)-Py 99d 37.30 42.05g 81.20 1.33
P6b P(FruMA234-b-MAEBA19)-N3 99d 56.00 63.05g 64.10 1.25
P7b P(FruMA152-b-MAEBA10)-Py/Dox5 62d 40.00 44.75g 90.80 1.48
P8b P(FruMA234-b-MAEBA13)-N3/Dox6 75d 59.25 66.30g 91.00 1.26

a Molecular weight (Mn) and Ð determined by THF-GPC. b Mn and Ð values determined by DMF-GPC (MALS/RI/UV/dQLS detection). c Polymeriza-
tion conversion determined gravimetrically. d Deprotection conversion determined based on integral ratios of distinct protons by 1H-NMR in
DMSO-d6. e Mn,theo = ([M]0/[I]0)�conversion %�MW of monomer + MW of initiator. f Determined on the basis of the integral ratios of distinct
protons by 1H-NMR in CDCl3. g Determined on the basis of the integral ratios of distinct protons by 1H-NMR in DMSO-d6.

Fig. 1 1H-NMR spectrum of P(FruMA-b-MAEBA)-Py/Dox (P7) in CDCl3 (500 MHz).
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the FT-IR spectrum of CNT-alkyne, the new signals at
1775 cm�1 (CQO of ester), 2170 cm�1 (CRC stretch of alkyne),
2845 cm�1 (aliphatic hydrogens), and 2920 cm�1 (RC–H
stretch of alkyne) prove the attachment of alkyne groups via
carboxylic groups onto the edges of the CNTs.57

After the glycopolymer conjugation of CNTs with P7 and P8,
the main absorption band characteristic of sugars was observed
at 3300 cm�1, corresponding to the stretching vibration of the
O–H bond, implying the successful functionalization of the CNTs.

The aromatic stretching of four-fused benzene rings, which
consist of a pyrene unit, appears at 880 cm�1 as a fingerprint
band in the spectra of P7 and CNT/P7. The absorptions at 1183
and 754 cm�1 are assigned to the out-of-plane vibrations of
C–H bonds and the peaks at 1375 and 1602 cm�1 are associated
with the CQC bonds of the pyrene unit, which appear in both
the P7 and CNT/P7 spectra (Fig. S29, ESI†).58 The FT-IR spectra
of P2, P4, P6, and P8 showed the appearance of a band
at around 2100 cm�1, which is associated with the azide group
(C–N3) (Fig. S25, ESI†). The CuAAC click reaction of the azido-
terminated Dox-conjugated glycoblock copolymer (P8) to CNT-
alkyne was confirmed by the disappearance of the azide and
alkyne moieties at 2160–2150 cm�1 and the appearance of the
triazole ring at 1636 and 1457 cm�1 in the overlayed FT-IR
spectra of CNT/P8 in Fig. S30 (ESI†).59,60

To ascertain that glycoblock copolymers were successfully
synthesized and covered onto CNTs in a noncovalent and
covalent manner, the resulting hybrid-CNTs were examined to
confirm the quantitative functionalization via two strategies
through thermogravimetric analysis (TGA). Fig. 3 shows the
thermal degradation profiles of the untreated CNTs, acid-
functionalized CNTs (CNT-COOH), and alkyne-functionalized
CNTs (CNT-alkyne) together with those of the glycoblock
copolymer and FA-modified hybrid-CNTs from room tempera-
ture to 700 1C at a heating rate of 10 1C min�1 in a nitrogen

atmosphere. For all analysis of the CNTs, the initial weight loss
of up to 150 1C is based on the removal of adsorbed water. The
weight loss of p-MWNTs was 2% at 700 1C, which might arise
from the decomposition of impurities. According to the TGA
thermograms, significant weight loss occurs for both CNT/P7
and CNT/P8 higher than 250 1C.

The TGA profile for CNT/P8 shows a weight loss of 28% at
700 1C, which is less than that of CNT/P7 (69 wt%). Thus, the
TGA data verifies that noncovalent attachment of glycoblock
copolymers to CNTs is more effective than the click reaction
between azido end-functionalized glycoblock copolymers and
alkyne functionalized CNTs. Afterwards, the thermal behaviour
of the FA loaded hybrid-CNTs (CNT/P7/FA, CNT/P8/FA) showed
more thermal stability than their precursors. This behaviour
associated with the FA structure improves the thermal stability of
the hybrid carbon nanotubes.61 Table 2 summarizes the thermo-
gravimetric profiles of all hybrid-CNTs and their precursors.

The compatibility of the hybrid-CNTs and the Dox containing
precursor polymer is also evaluated by differential scanning
calorimetry analysis (DSC). The thermal properties provide insight
into the interaction between components in the hybrid-CNTs.
DSC curves of CNT/P7 and its precursors are shown in Fig. 3C and
Fig. S31 (ESI†). Dox shows an endothermic peak at 156.9 1C
(Fig. S31, ESI†) which was previously reported as reorganization of
the Dox anhydrous phase62 and the melting temperature (Tm) was
found to be 226.7 1C (Fig. 3C). The DSC thermogram of P7 shows
several endothermic processes, which are attributed to the glass
transition (Tg) of P7 at 176.7 1C, melting process of Dox at 250.9 1C
and Tm of P7 at 372.3 1C. Similarly, two peaks can be found at
182.4 and 369.3 1C for CNT/P7 (Fig. 3C and Fig. S31, ESI†).
It can be deduced that there is a good compatibility between
Dox-conjugated glycoblock copolymer and CNT/P7.

The surface properties of hybrid-CNTs are also important
parameters for good dispersion as well as cellular interaction.

Fig. 2 1H-NMR spectrum of P(FruMA-b-MAEBA)-N3/Dox (P8) in CDCl3 (500 MHz).
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The MFI value of free Dox at 24 h was 5–6 times lower than for
CNT/P7, and 4–5 times lower than that of CNT/P7/FA. Addition-
ally, the MFI values for CNT/P7 and CNT/P7/FA were 1.2 times
higher for MDA-MB-231, and 1.1 times higher for MCF-7. These
results are consistent with the CLSM analyses. Our findings
indicate that hybrid-CNTs with fructose and FA units possess
good breast cancer cell internalization ability, could effectively
release Dox and improve cytotoxicity, and thus would be an
efficient drug delivery platform for breast cancer therapy.

Transportation of fructose and FA through the cell
membrane into the cytoplasm is regulated by membrane
located receptors, which are upregulated in the MCF-7 and
MDA-MB-231 cell lines.32,34,35 To understand the mechanism of
receptors involved in fructose and FA moiety intake, we also
performed fructose and FA competition assay. For this assay,
MCF-7 and MDA-MB-231 cells were treated with either CNT/P7
or CNT/P7/FA in the presence of free fructose and/or FA for
24 h. As shown in Fig. 7C, recognition of MCF-7 and MDA-MB-231
cells which had been exposed to 2.0 mM free fructose caused a
considerable decrease in cellular internalization of CNT/P7,
exhibiting GLUT5-dependent recognition. In the folate compe-
tition studies, a slightly lower intracellular uptake of CNT/P7/FA
was observed in MDA-MB-231 cells after incubation with free
fructose in the same conditions. In addition, the cellular uptake
of CNT/P7/FA in MDA-MB-231 cells was significantly lower than
that seen in MDA-MB-231 after incubation with only free FA
and/or fructose for the same period. This could be explained by
the presence of sugar and FA layers on the outside of the CNTs,
which increases the impassibility of the cell surface. Thus, the
differences observed in the levels of cellular uptake could be
induced directly by the binding of fructose/FA to GLUT5/FR.
Consistently, it is notable that the free fructose and/or FA were
shown to reduce the levels of cellular internalization of CNT/P7
and CNT/P7/FA.

Cell apoptosis and cell cycle analysis

For further evaluation of the efficacy of CNT/P7 and CNT/P7/FA,
apoptosis and cell cycle analysis were conducted. Laser-based
fluorescence detection using a cell analyzer was used for

investigation of apoptotic cells and phases of the cell cycle.
After 4 h treatment with free Dox, CNT/P7 and CNT/P7/FA, a
major cell population displayed elevated percentages of apop-
tosis. 70.07% of MCF-7 and 63.36% of MDA-MB-231 cells were
apoptotic after CNT/P7/FA treatment (Table 3). Besides, 24 h
incubation further proved that the tested compounds pro-
gressed apoptosis in both cell lines (Table 3 and Fig. S38, ESI†).
After treatment with CNT/P7 and CNT/P7/FA for 24 h in the
MDA-MB-231 cell line, the total apoptotic cells were signifi-
cantly higher than cells treated with free Dox ( p o 0.0107 and
p o 0.0038, respectively). It was clearly shown that treatment
with CNT/P7/FA decreased viability by leading cells to apoptosis.
CNT/P7/FA exhibited enhanced toxicity, particularly in MDA-MB-
231 for 24 h treatment, demonstrating that fructose and FA units
improve transportation of Dox into the cells, causing boosted
effects of the chemotherapeutic drug.

We also performed cell cycle analysis based on the DNA
content of the cells treated with free Dox, CNT/P7 and CNT/P7/FA.
The cell cycle distributions of the untreated cell lines showed
that 49.6% of MCF-7 cells were in G0/G1, 28.1% in S, and 16.6%
in G2/M phases while 39.2% of MDA-MB-231 cells were in G0/G1,
30.4% in S, and 20.5% in G2/M phases. As shown in Fig. 8, in
both cell lines treatment with CNT/P7 and CNT/P7/FA caused
accumulation of cells in the S phase by allowing Dox to inter-
calate DNA, leading to an increase in apoptosis.73 The cells
progressing into the S phase increase their DNA synthesis and
energy metabolism, which are necessary for cell proliferation.
For tissue growth and homeostasis, doubling the amount of
DNA via cell cycle progression is essential.74,75 The differences
between the untreated and treated cells indicated that the
hybrid-CNTs with fructose and FA units were lethal for the
demonstrated cell lines and increased the number of cells
arrested in the S phase (39.5% and 39.6% for MCF-7 and
32.1% and 39.2% for MDA-MB-231, respectively) and also
decreased the proportion of cells in the G2/M phase. Delaying
or inhibiting the progression of the G2/M phase of the cell cycle
with CNT/P7 and CNT/P7/FA was significantly more effective
than the free Dox for both cell lines (p o 0.0217 and p o 0.0237,
respectively, for MCF-7 and p o 0.0352 and p o 0.0412,

Fig. 7 (A) Mean fluorescence intensity (MFI) determined by flow cytometry and normalized to non-treated cells of MCF-7 and MDA-MB-231.
Competition studies of (B) CNT/P7/FA in the presence of free FA and/or fructose in MDA-MB-231 cells and (C) CNT/P7 in the presence of free fructose
in MCF-7 and MDA-MB-231 cells.
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respectively, for MDA-MB-231). From this data, it can be seen
that the drug conjugated hybrid-CNTs were related to either
significant blockage of the G2/M transition or a delay in the S
phase during the cell cycle. As shown in Fig. 8 and Fig. S39
(ESI†), the Dox-loaded CNTs consistently had superior harmful
effects on the cancer cell lines than the free Dox. Our findings
indicate that hybrid-CNTs with fructose and FA units possess
good breast cancer cell internalization ability, could effectively
release Dox and improve cytotoxicity, and thus would be an
efficient drug delivery platform for breast cancer therapy.

Conclusion

We have used noncovalent and covalent approaches to produce
new hybrid-CNTs by combining them with two different Dox-
conjugated glycoblock copolymers. The strategy involves two
major steps: first, Dox-conjugated pyrene-end functionalized
glycoblock copolymers are attached onto CNTs via p–p stacking.
Second, alkyne functionalized CNTs are clicked with Dox con-
jugated azido end-functionalized glycoblock copolymers by a
CuAAC click reaction. The prepared hybrid-CNTs were further
coated with FA to investigate both GLUT5 and FR mediated
targeting. The obtained hybrid-CNTs (CNT/P7/FA and CNT/P8/FA)
show excellent stability under various physiological conditions.
By targeting dual receptors, the prepared hybrid-CNTs enhanced
the stability of both the CNTs and anticancer drugs along with
increasing the accumulation of Dox in the tumor tissue, thereby
increasing the anticancer efficacy. The effective cellular uptake

demonstrates the promise of hybrid-CNTs for co-targeted drug
delivery to breast cancer cells.
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