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ABSTRACT: The rate and extent of drug release under
physiological conditions is a key factor influencing the therapeutic
activity of a formulation. Real-time detection of drug release by
conventional pharmacokinetics approaches is confounded by low
sensitivity, particularly in the case of tissue-targeted novel drug
delivery systems, where low concentrations of the drug reach
systemic circulation. We present a novel fluorescence turn-on
platform for real-time monitoring of drug release from nano-
particles based on reversible fluorescence quenching in fluorescein
esters. Fluorescein-conjugated carbon nanotubes (CNTs) were esterified with methotrexate in solution and solid phase, followed by
supramolecular functionalization with a chemoenhancer (suramin) or/and a stealth agent (dextran sulfate). Suramin was found to
increase the cytotoxicity of methotrexate in A549 cells. On the other hand, dextran sulfate exhibited no effect on cytotoxicity or
cellular uptake of CNTs by A549 cells, while a decrease in cellular uptake of CNTs and cytotoxicity of methotrexate was observed in
macrophages (RAW 264.7 cells). Similar results were also obtained when CNTs were replaced with graphene. Docking studies
revealed that the conjugates are not internalized by folate receptors/transporters. Further, docking and molecular dynamics studies
revealed the conjugates do not exhibit affinity toward the methotrexate target, dihydrofolate reductase. Molecular dynamics studies
also revealed that distinct features of dextran-CNT and suramin-CNT interactions, characterized by π−π interactions between
CNTs and dextran/suramin. Our study provides a simple, cost-effective, and scalable method for the synthesis of nanoparticles
conferred with the ability to monitor drug release in real-time. This method could also be extended to other drugs and other types of
nanoparticles.
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■ INTRODUCTION

The field of novel drug delivery systems has never witnessed a
phase, as today, with new delivery systems being developed to
achieve higher efficacy, reduced toxicity, and targeted delivery.
As new formulations are developed, it becomes imperative to
predict their behavior following their interaction with cells.
One of the key factors that can alter the performance of a
formulation is the drug release under physiological conditions.
An in vitro drug release profile in the dissolution medium of
various pH and ionic strengths, simulating various cellular/
body compartments, is currently employed to predict
formulation behavior in these compartments. However, such
in vitro studies could not accurately predict the drug release
profile in biological compartments as the simulated medium
are devoid of the complex pool of biomolecules present in
biological systems that can alter the release profile.1−3

Novel drug delivery systems present a more technical
challenging situation as compared to conventional formula-
tions because of sustained drug release from the former.2,4 This

leads to low drug concentrations during the initial time
periods, which may be beyond the detection limit of
instruments or the drug signal may be lost in the high
background noise of biological samples. These technical
challenges prevent real-time detection of drug release during
the initial periods. Some studies have attempted to employ
fluorescence-based methods for determining drug release from
formulation. One of these methods relies on fluorescence
activation following release, and subsequent activation, of
nonfluorescent prodrugs or drug conjugates.5−7 Recently, more
intricate systems employing fluorophore pairs, fluorophore-
quencher pairs, and other approaches have also been
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employed.8,9 However, a basic limitation in these studies was
that these reported systems generally employed either
fluorescent drugs8,10,11 or fluorescent dyes12−16 as model
molecules thereby limiting the applicability of the formulation
to a single or a very narrow range of compounds.17,18

The novel drug delivery systems, particularly particulate
systems like nanoparticles (NPs), pose another challenge:
accumulation in organs of the reticuloendothelial system
(RES) such as the liver, lungs, and spleen. As a result of this,
the effective drug concentration available at the target site is
reduced along with a significant increase in drug concentration
at nontarget sites (RES organs), potentially leading to a
decrease in therapeutic activity with a concomitant increase in
toxicity at nontarget sites.19

The evasion of RES uptake has been successfully attempted
using ligands like polyethylene glycol (PEG) or its derivatives.
However, PEG could potentially interfere with the conjugation
of other ligands and drugs due to steric factors arising from its
long chain length. Apart from PEG, there are few other ligands
that could effectively evade RES, thereby limiting the available
arsenal for RES evasion.19 In a previous study, we found that
macrophages, which are major cells responsible for NP uptake
by RES organs, internalize NPs as a function of surface charge.
The cellular uptake of multiwalled carbon nanotubes
(MWCNTs) was found to be dependent on scavenger
receptors (SRs) and inhibited by SR inhibitor, dextran sulfate
(DS); the degree of cellular uptake of MWCNTs in the
presence of DS was comparable to that of PEG-functionalized
MWCNTs.20 Around the same time, another report appeared
whereby the authors have shown by fluorescence microscopy
that DS-coated and PEG-coated single-walled carbon nano-
tubes are not internalized by macrophages due to evasion of
opsonin binding.21 In another study, coadministration of DS
resulted in reduced accumulation of superparamagnetic iron
oxide NPs in RES organs.22 Hence, these studies suggest that
DS is an attractive stealth ligand that has not been
systematically and extensively explored for drug delivery
purposes.
A probable alternate approach to RES evasion is to include

synergistic mixtures that show high activity at the target site
but not at nontarget sites. Chemoenhancers are a class of
compounds that can potentially increase the anticancer activity
of chemotherapeutic agents. Low dose suramin (SU) has been
proposed as a chemoenhancer in cancer chemotherapy and
acts via multiple pathways such as inhibition of fibroblast
growth factor,23 epidermal growth factor,24 Wnt,25,26 G-
protein,25,27 and STAT5 signaling.28 SU also inhibits ATP-
induced cell proliferation29 and inhibits HuR30 and telomer-
ase.31 All of these mechanisms contribute to inhibition of
angiogenesis32 and decrease in tissue invasion and meta-
stasis,29,30 resulting in tumor regression in animal models.31

Further, the combination of SU with drugs has been shown to
enhance the activity of anticancer drugs in animal models33,34

and in Phase I, II, and III clinical trials.35 Despite the fact that
SU inhibits several mechanisms upregulated in tumors and the
success of SU−anticancer drug combinations in clinical trials,
novel drug delivery systems combining SU with anticancer
drugs have not received attention. A nanogel containing
doxorubicin−SU combination34 has been reported to be
effective in a lung metastasis model whereby SU was used as
a chemoenhancer. Apart from this, SU has been employed as a
polyanion for formulation purposes such as heparin−suramin
conjugate for the formulation of nanocomplexes of poly-

ethylene-glycol-protamine for tumor delivery,36 where the
heparin−suramin complex was selected based on its ability to
provide an optimal particle size to the nanocomplex.
Additionally, SU has also been encapsulated in nanoparticles
of an alendronate-conjugated bone-targeted polymer or
treatment of fibrous dysplasia.37

The present study was conducted to develop a system that
can be used as platform technology for real-time drug release
monitoring. We developed a carbon nanotube (CNT)-based
system to determine the release rate of covalently linked drugs.
Additionally, the possibility of employing a chemoenhancer
(SU) and a stealth agent (DS) are explored. CNTs were
chosen as a model delivery system for several reasons: (1)
CNTs are a versatile platform that can be used to attach a wide
range of chemical moieties; (2) the CNT backbone is not
degraded intracellularly, while the attached molecules are
released by cleavage of covalent linkages; (3) CNTs can be
easily separated from the released drug. It is pertinent to
mention here that, although CNTs have been used as a model
NP, the approach can be extended to other nanoparticles as
well. Methotrexate (MET) is a commonly used antineoplastic
drug approved for use in multiple types of cancers. Further,
MET is chemically stable and contains carboxylic groups,
which could be easily esterified with fluorescein. Therefore,
MET was chosen as a model compound for the present study.

■ MATERIALS AND METHODS
Chemicals and Drugs. Bovine serum albumin (BSA),

3,3′-diaminobenzidine (DAB), dichlorotriazinylaminofluores-
cein (DTAF), fluorescein isothiocyanate (FITC), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), rhodamine B isothiocyanate (RBITC), Tween-20,
24-well transwell inserts, and culture medium components
were purchased from HiMedia, India. Aspirin, dimethylami-
nopyridine (DMAP), dicyclohexylcarbadiimide (DCC), DS
(obtained from Leuconostoc sp., MW > 500 000 Da),
glutathione, o-phenylenediamine (OPD), and SU were
obtained from Sigma, India. All other reagents and chemicals
were of synthetic grade.
Rabbit antihuman p53 polyclonal, mouse anti-DNA damage

monoclonal IgG2b, and rabbit antihuman PCNA polyclonal
were purchased from Stress Marq, Canada. Horseradish
peroxidise-conjugated secondary antibodies were from Santa
Cruz.
Carboxyl-functionalized MWCNTs (0.6 μmol, COOH per

mg of CNT), amino-functionalized MWCNTs (1.5 μmol, NH2
per mg of CNT), and graphene (99.9% carbon) were obtained
from United Nanotech Innovation Pvt Ltd., India. Both types
of MWCNTs had an average length of 20 μm and an average
outer diameter of 20 nm as determined by high-resolution
transmission electron microscopy (HRTEM). Graphene
comprised 3−6 layers and measured 5−10 nm in thickness;
the diameter was below 5 μm. Amorphous carbon and total
metal content, determined by thermogravimetry, was <2% w/
w and <1% w/w, respectively, in MWCNTs and undetectable
in grapheme.38

MET was a gift from Venus Remedies, Panchkula.
Mefenamic acid was a gift from Everest Formulation Pvt.
Ltd., Solan, while cetirizine was a gift from Cipla, Baddi.
Chlorpromazine (CPZ) was a gift from SPB Pharma Pvt. Ltd.,
Kumarhatti, and hydroxypropyl-β-cyclodextrin (HPbCD) was
a gift from Roquette. The number of free amino groups was
determined by a p-nitrobenzaldehyde assay.38
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Cells and Cell Culture. Cell lines, purchased from
National Centre for Cell Sciences, Pune, India, were
maintained in 90% v/v Dulbecco’s modified Eagle’s medium
(DMEM) and 10% v/v fetal bovine serum (FBS) under
standard conditions (37 °C, 95% air and 5% carbon dioxide).
DMEM containing phenol red was used in all assays except
when stated otherwise.
Preparation of Fluorescein-Labeled NPs. Amino-

functionalized MWCNTs (200 mg) and FITC (100 mg)
were stirred overnight in 10 mL of carbonate buffer (pH 9.0).
F-MWCNT was separated by filtration and washed several
times with water and acetone to remove the unreacted dye.39

The conjugation was confirmed by the formation of fluorescent
MWCNTs (488 nm excitation/530 nm emission) and
attenuated total reflection (ATR)−Fourier transform infrared
(ATR-FTIR) as described in a later section. Carboxy-
functionalized were conjugated with DTAF (DTAF-
MWCNT) following the same protocol. The yield of F-
MWCNT and DTAF-MWCNT was >95%.
The reaction was monitored by hourly sampling (0.1 mL)

from the carbonate buffer. The reaction mixture was
centrifuged (20 000g; 20 min), and the supernatant obtained
was diluted 100-fold with water. The completion of the
reaction was confirmed when no significant change (<2%
compared to fluorescence intensity at the start of the
experiment) in fluorescence intensity was observed in three
consecutive time points. The complete labeling of amino
groups by FITC was further confirmed by quantification of free
amino groups by a colorimetric p-nitrobenzaldehyde assay.38

No free amino groups were detected after overnight incubation
of CNTs with FITC.
Graphene was acid-refluxed for 30 min and separated by

centrifugation as described previously.20,40 The acid-function-
alized graphene was labeled with DTAF as described above.
Yield > 90%.
Preparation of Drug Conjugates. Liquid-Phase Ester-

ification. F-MWCNT was conjugated with drugs using DCC/
DMAP coupling in dimethylformamide. Briefly, F-MWCNT
(50 mg) and drugs (5 mg) were added in dry DMF and stirred
to dissolve the drug. The reaction mixture was transferred to
ice; DCC (5 mg) was added and stirred for an additional 5
min. DMAP was added in a catalytic amount (1 mg), and the
reaction mixture was stirred overnight at room temperature.
The reaction was carried under nitrogen. The conjugates were
separated by centrifugation (10 000g; 20 min) and washed
with HCl, followed by saturated NaHCO3 solution. The
conjugate was then dried at room temperature. All steps were
performed in the dark. The formation of conjugates (MET-F-
MWCNT) was confirmed by a reduction in fluorescence
intensity and FTIR. The fluorescence intensity of conjugates
was typically 3−4 orders lower than that at the start of the
reaction, and fluorescence was not detectable in MET-F-
MWCNT.
MET was conjugated with DTAF-MWCNT as described for

F-MWCNT. Yield > 95% for all conjugates. Drug loading was
2.8 μmol MET per mg of MET-F-MWCNT and 1.3 μmol
MET per mg of MET-DTAF-MWCNT.
DTAF-graphene was also esterified following the same

procedure. Drug loading was 1.5 μmol MET per mg of MET-
DTAF-graphene.
Aspirin, mefenamic acid, and cetirizine were conjugated to

F-MWCNT as described for MET-F-MWCNT. Yield > 95%

for all conjugates. Drug loading was between 2.5 and 3.0 μmol
drug per mg of the drug-F-MWCNT conjugate.

Solid-Phase Esterification. F-MWCNT (50 mg), MET (5
mg), and phosphorus pentoxide (8 mg) were mixed and
heated at 60 °C for 8 h. The reaction mixture was suspended in
ethyl acetate and filtered through a sintered glass filter. The
reaction mass retained on the filter was washed twice with
saturated NaHCO3 solution and was washed twice with
distilled water. The CNTs retained on the filter were collected
and dried at room temperature. The fluorescence intensity of
the conjugate was approximately 60% lower than that at the
start of the reaction. Yield > 90%. Drug loading was 2.2 μmol
MET per mg of MET-F-MWCNT.

Suramin and Dextran Sulfate Loading. MET-F-MWCNT
(1 mg) was incubated with SU or DS (10 mg) in water (1 mL)
under continuous stirring in the dark for 1 h. SU@MET-F-
MWCNT or DS@MET-F-MWCNT was separated by
centrifugation (20 000g; 10 min) and washed twice with
distilled water (2.5 mL/washing) to remove unbound SU or
DS. The supernatant obtained after centrifugation and the two
washings were combined, and unbound SU was determined as
described elsewhere,41 while unbound DS was determined by
the colorimetric anthrone method as described elsewhere.42

Based on the mass balance deduced from the unbound ligand
content, loading was calculated at 0.1 mg of SU and 0.2 mg of
DS per mg of SU@MET-F-MWCNT and DS@MET-F-
MWCNT, respectively. MET-DTAF-MWCNT was loaded
with SU as described for MET-F-MWCNT. Yield > 90%.
For coloading, various concentrations of SU and DS were

mixed with 1 mg of MET-F-MWCNT in 1 mL of water for 1 h.
The concentrations were selected based on the DOE strategy
as implemented in response surface methodology. DS+SU@
MET-F-MWCNT was separated as described above, and each
of the formulations was analyzed for cytotoxicity in A549 cells
and cellular uptake in RAW 264.7 cells. Cytotoxicity was
determined at 50 nM MET equivalents (ca. 20 μg/mL DS
+SU@MET-F-MWCNT in all formulations), while cellular
uptake was determined at 20 μg/mL DS+SU@MET-F-
MWCNT. The changes in cytotoxicity were normalized to
those observed in MET-F-MWCNT and expressed as fold
change in cytotoxicity compared to MET-F-MWCNT. Cellular
uptake was expressed as a percentage of DS+SU@MET-F-
MWCNT (20 μg/mL) internalized by RAW 264.7 cells.
The optimized formulation was prepared by stirring MET-F-

MWCNT (1 mg), SU (10 mg), and DS (8.1 mg) in water (1
mL) for 1 h. The optimized formulation was separated by
centrifugation and washed twice with distilled water (2.5 mL/
washing) as described above. The supernatant obtained after
centrifugation and the two washings were combined, and two
aliquots (0.5 and 5 mL) were drawn to determine unbound DS
and SU. The first part (0.5 mL) was subjected to the
colorimetric anthrone method as described above to determine
the amount of unbound DS. The second part (5 mL) was
evaporated to dryness on a water bath, and the weight of the
residue was determined. The amount of unbound DS,
calculated by the anthrone method, was deducted from the
weight of dry residue to obtain the amount of unbound SU.
Based on colorimeterical analysis of unbound DS and
gravimetric analysis of SU, 0.08 mg of SU and 0.15 mg of
DS were loaded per mg of DS+SU@MET-F-MWCNT. Yield >
90%.
DS+SU@MET-DTAF-graphene was prepared by stirring

MET-F-MWCNT (1 mg), SU (10 mg), and DS (10 mg) in
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water (1 mL) for 1 h. The separation and quantification of
DS/SU were performed as described for DS+SU@MET-F-
MWCNT. Yield > 90%.
Characterization of Drug Conjugates. An aqueous

suspension of MWCNTs was placed on copper grids, air-
dried, and viewed under HRTEM. An aqueous suspension of
DS+SU@MET-F-MWCNT was placed on a glass coverslip
and air-dried. The coverslip was sputter-coated with gold and
subjected to EDX, attached to a scanning electron microscope,
at 20 keV accelerating voltage. All conjugates were placed on
the diamond crystal of ATR-FTIR, and the spectrum was
recorded without any sample preparation steps.
Hydrolysis of Conjugates. Confluent cultures of A549

cells were trypsinized, and the cell suspension was washed
three times with warm PBS (pH 7.4). The cells were then
dispersed in cold PBS and lysed in a bath sonicator for 5 min.
The lysate was clarified by sequential centrifugation (10 000g;
10 min) and filtration (0.45 μm membrane filter). The protein
content in the lysate was determined by the Bradford method.
The homogenate was then suitably diluted with PBS to obtain
0.1 mg protein/mL.
MET-F-MWCNT, MET-DTAF-MWCNT, or SU@MET-F-

MWCNT were dispersed in PBS (0.2 mg CNT/mL)
immediately before use. PBS (0.1 mL), A549 cell lysate (0.1
mL), or A549 cell lysate containing 2 mM NaF (0.1 mL) were
mixed with conjugates (0.1 mL) in black 96-well plates. The
final concentration of conjugates was 0.1 mg/mL. Fluorescence
intensity (488 nm excitation/530 nm emission) was recorded
at 1 min intervals for 60 min. The rate of hydrolysis was
expressed as the rate of change of fluorescence intensity per
minute.43

Intracellular degradation was determined in A549 cells.
Approximately 10 000 cells/well/200 μL were seeded in black
96-well plates and incubated overnight in 90% DMEM/10%
FBS (v/v). The cells were once washed with sterile PBS and
then replaced with 90% DMEM/10% FBS containing 0.5 mg/
mL of MET-F-MWCNT, MET-DTAF-MWCNT, or SU@
MET-F-MWCNT for 1 h. The cells were extensively washed
with warm PBS to remove extracellular conjugates. The cells
were further incubated for 6 h in a serum-free medium
(DMEM without phenol red). Cells were lysed at 15 min
intervals during the 6 h of incubation (3−6 wells for each
conjugate) as described earlier,20 and the fluorescence intensity
was recorded using a microplate fluorimeter.
To determine the intracellular site of hydrolysis, cells were

trypsinized after 6 h and suspended in cold lysis buffer (pH
7.4) containing 20 mM HEPES, 10 mM KCl, 2 mM MgCl2, 1
mM EDTA, and 1 mM EGTA. Cells were repeatedly passed
through a 26 gauge needle for lysis. The fluorescence intensity
of the lysate was determined as described above. The lysate
was then centrifuged at 1000g for 10 min to separate nuclei
and cell debris. The supernatant was collected and centrifuged
at 10 000g for 5 min to remove lysosomes and mitochondria.
The fluorescence intensity of supernatant (cytosolic fraction)
was determined. The pellet containing lysosomes and
mitochondria was resuspended in lysis buffer and subjected
to fluorimetry. The absence of lysosomes and mitochondria in
the cytosolic fraction was confirmed by the absence of N-
acetyl-β-D-glucosaminidase (lysosomal marker), an monoamie
oxidase (mitochondrial marker) in the cytosolic fraction.44

Correlation between Fluorescence Intensity and
Drug Release. MET-F-MWCNT (10 mg) was mixed with
0.5 mL of PBS and 0.5 mL of A549 cell lysate in 1.5 mL

microcentrifuge tubes. The microcentrifuge tube was in-
cubated at 37 °C in a shaker incubator for up to 2 h, and
aliquots of 0.1 mL were drawn at regular intervals. The aliquots
were diluted to 1.1 mL with the incubation medium (1:1 PBS/
A549 cell lysate v/v) and centrifuged. The supernatant was
collected, and drug release was determined spectrophotometri-
cally at 297 nm using the incubation medium as a blank. The
drug concentration was calculated from a standard plot
prepared using pure drug dissolved in the incubation medium.
The pellet obtained after centrifugation of diluted aliquots was
washed twice with cold water and suspended in 1 mL water
containing 0.1% v/v Tween-80. The suspension was further
diluted to 10 mL with water and transferred to a black 96-well
plate (0.2 mL/well) for fluorescence measurements (488 nm
excitation/530 nm emission). The fluorescence intensity and
drug concentration in aliquots were determined immediately
after sampling.

pH-Dependent Fluorescence Emission. F-MWCNT (1
mg) was mixed with 1 mL of 20 mM HEPES/Tris buffer at
different pH values (pH 6.0, 6.5, 7.0, 7.5, and 8.0). The pH
range was selected to encompass the pH values observed in
normal (slightly basic) and tumor tissues (near neutral to
slightly acidic). After 5 min, aliquots of 0.1 mL were
transferred to black 96-well plates, and fluorescence emission
was determined at 530 nm following excitation at 450 and 490
nm. The ratio of emission at the two excitation wavelengths
(490 nm/450 nm) was determined.45

Preparation of CNT Suspension. For cell-based assays,
the conjugates were prepared under aseptic conditions using
autoclaved/filter-sterilized solutions and reagents. The sterility
was confirmed by spreading or dispersing 1 mg of conjugates
on solid and in liquid media, respectively. Bacterial growth was
determined on nutrient agar and in Mueller−Hinton broth,
while fungal growth was determined on potato dextrose agar
and in YPD broth. No microbial growth was observed in any of
the four media after 72 h of incubation at 37 °C. Further, the
yeast media were also maintained at 25 °C for 72 h without
evidence of any detectable fungal growth.
All conjugates were dispersed at 1 mg/mL in 90% DMEM/

10% FBS by bath sonication for 10 min. The stock solution
was appropriately diluted in a culture medium to obtain
desired concentrations, and each working concentration was
briefly sonicated. The stability of all working concentrations
was assessed visually and by optical microscopy.39 No visual
signs of aggregation or settling were observed up to a
concentration of 0.5 mg/mL in all conjugates except F-
MWCNT; the latter suspension was stable up to 0.1 mg/mL.

DS and SU Desorption. Amino-functionalized MWCNTs
and DS were labeled with RBITC (RBITC-MWCNT) and
DTAF (DS-DTAF), respectively, as described earlier.39 DS
+SU@MET-F-MWCNT, DS-DTAF+SU@MET-F-MWCNT,
or DS-DTAF+SU@RBITC-MWCNT were prepared using DS
or DS-DTAF as described above. DS+SU@MET-F-MWCNT
was incubated in A549 cell extracts as described for hydrolysis
studies. MWCNTs were extracted by centrifugation after 6 h
(10 000g; 20 min). The pellet was extracted several times with
methanol, dried under nitrogen, and dissolved in water. The
fluorescence was recorded at excitation and emission wave-
lengths at 315 and 405 nm, respectively.46 Additionally,
fluorescence was also determined at 360 nm excitation and 400
nm emission.47 The SU concentration was also determined in
the supernatant at 315/405 nm and 360/400 nm excitation/
emission pairs. Similarly, DS-DTAF+SU@MET-F-MWCNT
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were recovered by centrifugation after 6 h of incubation in
A549 cell extracts. The pellet was redispersed in water, and
fluorescence was determined at excitation and emission
wavelengths 488 and 530 nm, respectively. The sorption of
DS on MWCNT was further confirmed by the fluorescence
resonance energy transfer (FRET) as described in a previous
report.39 Briefly, DS-DTAF+SU@RBITC-MWCNT were
recovered by centrifugation after 6 h of incubation in A549
cell extracts, and the pellet was observed under a confocal
microscope using excitation and emission pairs specific for the
donor (fluorescein) and acceptor (rhodamine). The difference
in fluorescence intensity of the acceptor after excitation with a
wavelength specific for acceptor and donor was used to
determine FRET efficiency.
In all analyses, blank samples were run (water alone or A549

cell lysate alone), and blank measurements were subtracted
from standard and sample measurements. The concentration
of SU and DS-DTAF was determined from standard plots
prepared using SU or DS-DTAF in water or A549 cell lysates.
Desorption of DS-DTAF and SU was determined in phenol
red-free DMEM supplemented with 10% FBS or water by
fluorimetry as described above. The mass balance (sorbed on
MWCNT + desorbed and released in cell lysate/culture
medium/water) was >90% in all cases.
DS (10 mg/mL in water; 200 μL) was added in high-

binding, flat-bottom 96-well plates and incubated for 3 h. DS
solution was gently aspirated, and the wells were washed with
water several times until DS was not detected in washings by
the anthrone method. Based on mass balance, DS coating was
ca. 177 ± 28 μg/well. The SU solution (100 μg/mL in water;
200 μL) was added to the wells and incubated for 1 h. The
solution was gently aspirated, and the SU concentration was
determined florimetrically. The recovered SU solution did not
show a positive reaction by the anthrone method, indicating
DS is not desorbed during the course of incubation with SU.
Cellular Uptake Assay. A549, RAW 264.7, MCF-7,

HepG2, Hep3B, PC-12, MOLT-4, NCI-H30, and PLC/
PRF/5 cells (10 000 cells/well/200 μL in 96-well plate)
were incubated with 100 μg/mL of F-MWCNT and MET-F-
MWCNT for 6 h at 37 °C in DMEM containing 10% FCS
(pH 7.2). A549 cells were also incubated with MET-F-
MWCNT for 6 h at 4 °C or at 37 °C in the presence of 100
μM folic acid or 100 μM MET in a routine culture medium
(DMEM containing 10% FCS pH 7.2) or culture medium
acidified with HCl to achieve pH 6.5. A549 and RAW 264.7
cells were also incubated with 100 μg/mL DS@MET-F-
MWCNT for 6 h at 37 °C in DMEM containing 10% FCS
(pH 7.2). After incubation, the cells were washed up to 5 times
with warm PBS to remove extracellular CNTs, and cells were
lysed with 0.1% v/v Tween-80. Cell uptake was determined by
estimating the CNT concentration in cell lysates spectrophoto-
metrically, as described earlier.20 Cell uptake was expressed as
the % of total CNT (100 μg/mL) present in cell lysates.
A549 cells were incubated with 100 μg/mL DS+SU@MET-

F-MWCNT either at 4 °C or in the presence of 3 mg/mL
sodium azide, 10 μg/mL CPZ, or 10 mM HPβCD. Cell uptake
was quantified spectrophotometrically after 6 h.20,48,49 A549
cells incubated with 100 μg/mL DS+SU@MET-F-MWCNT
for 6 h were fixed in 2.5% paraformaldehyde (prepared in PBS)
for 15 min and washed. The nuclei were stained with 25 μg/
mL propidium iodide for 30 min and then observed under a
confocal microscope.

Biocompatibility and Cytotoxicity Assays. Biocompat-
ibility of F-MWCNT was determined by methods described
earlier39 unless specified otherwise. MWCNTs were found to
quench fluorescence even at low concentrations (>10 μg/mL);
therefore, wherever feasible, spectrophotometric methods were
employed and adjusted for interference by MWCNTs as
described earlier.39,50

Cell viability was determined in A549 cells by an MTT
assay. Briefly, approximately 10 000 cells/well/200 μL were
seeded in 96-well plates and incubated with different
concentrations of F-MWCNT (0.01−100 μg/mL), free MET
(0.01−1000 nM), and drug conjugates (equivalent to 0.1−
1000 nM MET) for 72 h. A stock solution of MTT (5 mg/
mL) was added to each well (20 μL/well) and incubated for 3
h. Formazon was then dissolved in 100 μL of 20% w/v sodium
dodecyl sulfate (prepared in 0.01 M hydrochloric acid), and
the absorbance was recorded at 595 nm. Cell viability was
determined by considering the absorbance of the control as
100% viability.39

A549 cells were incubated with 10 μg/mL of MWCNTs
(and free MET, wherever applicable) for 72 h as described
above, except lysosomal and mitochondrial integrity assays,
where cells were incubated for 24 h. Lysosomal and
mitochondrial integrity was determined by neutral red uptake
and safranine O uptake assays.39 Induction of oxidative stress
was determined by a spectrophotometric assay of protein
carbonylation as described elsewhere51 and the formation of
oxidative DNA products (8-hyroxydeoxyguanosine [8-
OHdG]) by whole-cell ELISA as described below. DNA
damage was further confirmed by a diphenylamine assay,39 and
induction of DNA damage response and consequent cell cycle
arrest were determined by p53 and PCNA assays, respectively.
8-OHdG, p53, and PCNA expression was determined by

whole-cell ELISA as described elsewhere.52 Briefly, A549 cells
were treated with free MET or drug conjugates for 72 h. The
culture medium was removed, and cells were washed twice
with 0.01 M PBS (pH 7.2) to remove extracellular CNTs and
debris. The cells were then fixed in 2% w/v paraformaldehyde
(prepared in PBS) at 4 °C for 30 min. The fixed cells were
then incubated in solution A (0.05% v/v Tween-20 dissolved
in PBS) for 2 min. The solution was replaced with solution B
(1% w/v BSA dissolved in PBS) for 2 h, followed by primary
antibodies (1:200 for anti-p53 and anti-PCNA; 1:500 for anti-
8-OHdG) for 1 h. The primary antibodies were diluted to the
desired concentration in solution C (PBS containing 0.05% v/
v Tween-20 and 1% w/v BSA). The primary antibodies were
removed and cells washed 5 times with solution A. The
secondary antibody was diluted 1:300 in solution C and
incubated with cells for 2 h. The cells were extensively washed
with solution A, followed by the OPD solution. Following
color development, the reaction was quenched with acid and
absorbance determined at 492 nm. The acid-quenched OPD
solution was then replaced with methylene blue solution to
determine cell number.52 OPD absorbance was then
normalized to cell number.
The cell migration assay was performed as described

elsewhere with minor modifications.53 Briefly, A549 cells
were suspended in serum-free RPMI-1640 (5 × 105 cells/mL)
and placed in the upper chamber (600 μL). RPMI-1640
supplemented with 10% FBS was placed in the lower chamber
(600 μL). MET (1 μM) or an equivalent amount of MET-F-
MWCNT, DS @MET-F-MWCNT, SU@MET-F-MWCNT,
and DS+SU@MET-F-MWCNT were added in the upper
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chamber. CNT conjugates were dispersed in serum-free RPMI-
1640 by bath sonication to obtain a 100 μg/mL suspension.
The suspensions were adequately diluted with serum-free
RPMI-1640 to obtain the desired concentration in the upper
chamber. Two sets of control were included: CNT-free control
and CNT control. The CNT-free control set contained serum-
free RPMI-1640 in the upper chamber, while the CNT control
contained 50 μg/mL F-MWCNT in the upper chamber.
Following incubation for 24 h, the cells that migrated to the
lower side of the upper chamber were fixed with cold
methanol, stained with crystal violet (0.5% w/v; 30 min),
and gently washed in water to remove excess dye. The dye was
extracted with 1 mL of 10% acetic acid and was determined at
595 nm. The absorbance of control wells was considered
100%, and absorbance in MET/conjugate-treated groups was
expressed as % absorbance relative to the control. The cell
invasion assay was performed as above except that collagen-
coated transwell inserts were employed.54

Computational Analysis. The structure of MET-F-
MWCNT was generated in ChemBioDraw, and energy was
minimized in ChemBio3D using an MMF force field. The
energy minimized structure was saved in mol2 format. The
CNT was modeled as a single layer of (10,10) CNT in an
armchair configuration, and a single MET molecule was
attached to the hydroxyl group of fluorescein. These two
simplifications in the structure of MET-F-MWCNT were
adopted to reduce computational time and artifacts arising due
to nonspecific binding of a more elaborate structure (multi-
layered CNT and two MET per fluorescein). MET-F-linker
was generated by deleting the CNT structure from MET-F-
MWCNT, and the energy-minimized structure was saved in
mol2 format. The crystal structures of FRα (FR1), FRβ (FR2),
and DHFR were obtained from the Protein Data Bank (PDB
entries 5IZQ, 4KN0, and 1U72, respectively). The crystal
structures of RFC and PCFT are not available; hence, their
protein sequences were obtained from UniProt (UniProt IDs
P41440 and Q96NT5, respectively). The homology model was
constructed using a bacterial glycerol-3-phosphate transporter
(PDB entry 1PW4) as a template as described elsewhere55,56

on the SWISS-MODEL server (https://swissmodel.expasy.
org/).44 The ligands (MET-F-MWCNT and MET-F-linker)
and proteins were prepared for docking using the AutoDock-
Tools module in MGLTools. The docking of ligands was
performed in FRα, FRβ, DHFR, RFC, and PCFT using
AutoDock Vina57 available on the Opal2 server (http://nbcr-
222.ucsd.edu/),45,58 and output files were analyzed using
PyMol.
The ligand-based screening was performed using MET

conformation in the DHFR crystal structure (PDB entry
1U72) as a template. Conformations of MET-F-MWCNT and
MET-F-linker were generated using Balloon50,59 and compared
with the template MET conformation using ShaEP.60

The protein-mediated, nontarget interaction of F-MWCNT,
MET-F-MWCNT, and MET-F-linker was determined using
PharmMapper.55,56,61 The mol2 files of F-MWCNT, MET-F-
MWCNT, and MET-F-linker were submitted to PharmMap-
per server (http://www.lilab-ecust.cn/pharmmapper/
submitjob.html). The default options of the server were
selected, which comprised the generation of 300 conformers
for comparison with pharmacophores and an output of 300
best-matched targets. The possible interactions of F-MWCNT,
MET-F-MWCNT, and MET-F-linker with biomolecules were
also determined using the Ultrafast Shape Recognition-Virtual

Screening (USR-VS) server (http://usr.marseille.inserm.fr/).62

This server compares the conformations of the query
compound against a database of 93.9 million 3D conformers
obtained from 23.1 million molecules. The server enables
querying the input structures using two flavors of the database,
the original USR, which compares the shape of the input
structure with a database of conformers.63 USRCAT is an
extension of USR, which incorporates pharmacophoric
information during the comparison process.64

MD Simulations. All input files were generated using
CHARMM-GUI (http://www.charmm-gui.org/).65

DHFR was obtained from PDB (1U72) and MET, and
water was removed using PDB Reader.66 The structure
containing DHFR, along with cofactor NADPH, was prepared
using PDB Reader. The best pose conformation of the MET-F-
linker binding to DHFR (obtained from docking studies) was
prepared using the Ligand Reader and Modeler.67 DHFR, with
bound NADPH, was combined with MET-F-linker using
VMD68 and solvated, and neutralizing ions were added. The
solvated box was equilibrated with the NVT ensemble for
125 000 steps (2 fs/step) using Langevin piston followed by a
production run for 50 ns using the NPT ensemble. The
temperature was kept at 310.15 K. Simulations were performed
using the NAMD and CHARMM force field.69−71

A (6,6) CNT was generated using the Nanomaterial
Modeler available on CHARMM-GUI. The CNT generated
was 36.9 Å long and 8.1 Å in diameter. A single layer of CNT
was generated to reduce the computational cost required to
run the simulations.
DS is a linear polysaccharide composed primarily of α-1,6-

linked D-glucose (ca. 95%) with occasional branching
occurring as 1,2-, 1,3-, and 1,4-linkages. The glucose residues
are mainly disulfated: 2,3-disulfonation is most common, while
3,4- and 2,4-disulfonation occur relatively at lower propor-
tions.72,73 DS was modeled using Glycan Reader and
Modeler.74−76 DS was modeled as a linear decamer of α-1,6-
linked D-glucose72,73 with 2,3-disulfonation at all residues
except 2,4-disulfonation at residue 3 and 3,4-disulfonation at
residue 6.
SU was modeled using the Ligand Reader and Modeler.67

The structure of suramin was obtained from PDB (PDB ligand
ID SVR), and the acid form was converted to the hexaanion
form by removing hydrogen atoms from the six sulfate groups.
The input files generated above were combined using

Multicomponent Assembler available on CHARMM-GUI.
Two systems were generated, with one comprising CNT and
a molecule of DS, while the other comprised CNT and a
molecule of SU. The simulation was run in a box of 50 × 50 ×
50 Å3. The box was solvated with TIP3P water49 and charge
neutralized with an appropriate number of sodium ions (6 Na+

for SU and 20 Na+ for DS). The solvated box was equilibrated
with the NVT ensemble for 125 000 steps (2 fs/step) using
Langevin piston followed by a production run for 50 ns using
the NPT ensemble. The temperature was kept at 310.15 K.
Simulations were performed using the NAMD and CHARMM
force field.69−71 Another system contained one molecule each
of DS and SU, 26 sodium ions, and water molecules. The
equilibration and simulations were performed; for systems
containing CNT, that simulation was run for 150 ns. The
longer simulation was required in the latter system because the
convergence of the system was observed after 50 ns. The data
was postprocessed using CPPTRAJ77 and VMD.68
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Statistical Analysis. Data was converted to the mean and
standard deviation (SD) and expressed as the mean ± SD. The
data for two groups were compared by t-test, while a multiple
group comparison was performed by one-way analysis of
variance followed by post hoc Tukey’s test using SigmPlot. The
differences were considered significant at p < 0.05. Comparison
between predicted and measured drug concentrations by
Bland−Altman, Passing−Bablok, Deming, and Mountain plots
was performed using MedCalc.
In the case of parameters expressed as fold change compared

to the control (protein carbonylation, DNA damage, p53, and
PCNA level), the parameter was determined separately for the
control and treatment groups and converted to mean ± SD.
The mean fold change was calculated as ratios of mean values
in the treatment and control groups. The SD of ratios was
calculated using Taylor’s second-moment expansion:
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where SDT and SDC represent the SD of treatment and control
groups, respectively, meanT and meanC represent the mean of
treatment and control groups, respectively, and R represents
the ratio of meanT and meanC.
The fold difference in the cellular uptake of F-MWCNT and

MET-F-MWCNT in each cell line was determined in a similar
way. Briefly, cellular uptake of F-MWCNT and MET-F-
MWCNT was converted to the mean ± SD for each cell line.
The mean fold difference (R) was calculated as ratios of mean
cellular uptake of MET-F-MWCNT and F-MWCNT. The SD
of ratios was calculated using the following formula:
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where SDM and SDF represent SD of MET-F-MWCNT and F-
MWCNT groups, respectively, meanM and meanF represent
mean cellular uptake of MET-F-MWCNT and F-MWCNT in
a cell line, respectively, and R represents the ratio of meanM
and meanF.
The fold change in cytotoxicity between DS+SU@MET-F-

MWCNT compared to MET-F-MWCNT in A549 cells was
determined in a similar manner.

■ RESULTS AND DISCUSSION
Synthesis of Drug-MWCNT Conjugate and Real-Time

Release Monitoring of Drug Release. The development of
the platform was based on the principle that fluorescence of
fluorescein is quenched following esterification of its phenolic
groups; the fluorescence is recovered following hydrolysis of
the ester group.43 The schematic representation of the
principle is shown in Figure 1. Fluorescein-labeled multiwalled
CNTs (F-MWCNTs) were prepared by reaction of amino-
functionalized MWCNTs with FITC. F-MWCNTs were
conjugated with MET using a liquid-phase and a solid-phase
esterification protocol to obtain MET-F-MWCNT. The liquid-
phase esterification was performed by DMAP/DCC coupling
in dimethylformamide, while solid-phase esterification was
performed using phosphorus pentoxide. The reaction
proceeded to completion in the liquid-phase method, as
evident from the complete loss of fluorescence in the
esterification product (MET-F-MWCNT). On the other

hand, the solid-phase protocol was much less efficient (ca.
60%) and hence not investigated further. MET-F-MWCNT
was therefore synthesized using DMAP/DCC coupling in
dimethylformamide. The formation of MET-F-MWCNT was
confirmed by Fourier transform infrared spectroscopy (Figure
S1). As shown in Figure 2, the HRTEM of MET-F-MWCNT
revealed that the structural integrity of MWCNTs was not
compromised following the formation of conjugates.

To validate the feasibility of employing the fluorescence
turn-on system, hydrolysis of MET-F-MWCNT was monitored
in phosphate-buffered saline (PBS) and A549 cell lysate. The
rate of hydrolysis of the conjugate was negligible in the
presence of PBS, while a significantly higher rate of hydrolysis
was observed in the presence of A549 cell lysate (Figure 3A,
Table 1), suggesting that drug release is faster in intracellular
compartments and that the intracellular drug release rate is
faster than spontaneous hydrolysis observed in PBS. As
observed in Figure 3A, no fluorescence was observed at the
start of the experiment (0 min). This is because covalent
modification of −OH groups of fluorescein with drug molecule
resulted in fluorescence quenching.43,78 With an increase in
incubation time, the intensity of green fluorescence started
increasing, suggesting that the drug molecules have cleaved

Figure 1. Schematic representation of the fluorescence turn-on
platform for real-time monitoring of drug release.

Figure 2. HRTEM of MET-F-MWCNT.
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from the −OH groups of fluorescein, resulting in the recovery
of fluorescence. Quantitative analysis revealed that the rate of
hydrolysis was over 30 times higher in A549 cell lysate
compared to the rate in PBS. Further, a linear correlation (R2 >
0.9) between drug release and fluorescence intensity was also
observed (Figure 3B). The ability to predict drug release from
fluorescence measurements was further verified using residual
plots and regression analysis. Bland−Altman residual plots
revealed an average 2.2% underestimation of drug release

calculated/predicted from fluorescence measurements com-
pared to measured concentrations (Figure 3C). Similarly, the
Passing−Bablok residual plot and regression analysis (Figure
3D) as well as Deming regression (Figure 3E) revealed a good
agreement between predicted and measured drug concen-
trations. The cusum test for linearity indicated no significant
deviation from linearity (p = 0.43) in the Passing−Bablok plot,
while the Deming regression revealed a slope of 0.9774.
Mountain plot revealed an underestimation of about 2% in the

Figure 3. (A) A representative hydrolysis profile of MET-F-MWCNT in phosphate-buffered saline (PBS; pH 7.4) and A549 cell lysate. (B)
Correlation between drug release and fluorescence intensity in the presence of A549 cell lysate. (C−F) Correlation between measured drug release
and drug release predicted from fluorescence measurements in panel B. Panels D and E represent Bland−Altman and Passing−Bablok residual
plots, respectively. The inset in panel D represents the Passing−Bablok regression; the solid black line shows the regression line, the solid gray line
represents the line of equality (slope = 1), and dotted lines show 95% confidence intervals. Panels E and F represent the Deming regression line and
mountain plot, respectively. MET-F-MWCNT were incubated in PBS or A549 cell lysate, and fluorescence intensity was determined at regular
intervals as described in the Materials and Methods section. Drug release was determined spectrophotometrically. The rate of hydrolysis is
expressed as an increase in fluorescence intensity (arbitrary units) per minute. Data is the mean ± SD of triplicate samples per data point in panel
B.
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50th percentile and an underestimation of more than 5% in the
17th percentile (Figure 3F). These results suggest a good
agreement between the measured drug concentrations and the
concentrations predicted from fluorescence measurements.
Intracellular hydrolysis in A549 cells appears to occur at a

much lower rate compared to A549 cell lysate (Table 1). This
is not surprising given the fact that only a fraction of MET-F-
MWCNT could enter the cells and are accessible for action by
the intracellular hydrolytic enzymes. On the other hand, the
entire bulk of MET-F-MWCNT is accessible to esterases in
cell lysates resulting in a higher rate of hydrolysis.
The intracellular hydrolysis of CNTs is expected to be

mediated by the action of nonspecific esterases. To verify the
involvement of esterases in accelerated drug release under
intracellular conditions, MET-F-MWCNT was incubated with
A549 cell lysate in the presence of an esterase inhibitor
(sodium fluoride; 1 mM final concentration).79,80 The drug
release was significantly reduced in the presence of NaF and
was similar to that observed in PBS suggesting that only
spontaneous hydrolysis contributes to drug release in the
presence of NaF (0.3 ± 0.1 ΔF/min). However, NaF did not
affect drug release in CNTs incubated with PBS alone,
suggesting that NaF reduces drug release by acting on cellular
components (0.2 ± 0.1 ΔF/min). Fractionation of cellular
components revealed that cytoplasm was the site of hydrolysis
since 85 ± 6% of total cellular fluorescence was present in the
cytoplasmic fraction while <10% of total cellular fluorescence
was detected in the organelle fraction. This small fraction of
fluorescence could be attributed to entrapment of F-MWCNT
in the pellet rather than actual trafficking in these organelles.
The cytoplasmic trafficking of F-MWCNTs was further
confirmed by microscopy (data not shown).
Fluorescein and its derivatives, either free or conjugated to

macromolecules, are known to exhibit pH-dependent changes
in fluorescence spectral properties. This property has often
been employed to determine cytoplasmic and organelle pH
using fluorescein derivatives and fluorescein-conjugated
dextrans. This is based on the principle that the emission
intensity of fluorescein at 530 nm is proportional to the pH of
the medium following excitation at 450 nm but pH-
independent following excitation at 490 nm. Hence, the ratio
of emission intensities at 530 nm following excitation at both
the wavelengths (490 nm/450 nm) provides an estimate of the
pH.45 The 490/450 nm ratios at pH 6.0, 6.5, 7.0, 7.5, and 8.0
were 2.4 ± 0.1, 4.0 ± 0.1, 4.4 ± 0.4, 4.9 ± 0.1, and 5.0 ± 0.2,

respectively (mean ± SD of triplicate samples). It is an
established fact that the extracellular pH in tumor tissues is
slightly acidic compared to a slightly basic extracellular pH of
the corresponding normal tissues, with a pH difference of 0.3−
0.7 units. In contrast, the intracellular pH of tumor cells is
similar or slightly more basic compared to corresponding
normal tissues.81 F-MWCNT could, thus, not only reveal the
spatial and temporal nature of drug release due to fluorescence
turn-on mechanism but also provide information on the milieu
at the site of drug release due to its “pH-reporter” properties.
The 490/450 nm ratios could thus be exploited to determine
the site of drug release in tumor tissues (acidic extracellular
versus slightly basic intracellular).

Cytotoxicity of Drug Conjugate and Modulation by
Suramin. CNT-based platforms have been reported to be
cytotoxic and enhance the activity of anticancer drugs.38,82

Therefore, in vitro cytotoxic activity of F-MWCNT and MET-
F-MWCNT was determined in a human lung cancer cell line
(A549). The IC50 values of MET-F-MWCNT (equivalent to
the amount of MET loaded on MET-F-MWCNT) were found
to be almost half of that observed with free MET (Table 2;
Figure 4A). The IC50 of F-MWCNT was >100 μg/mL (Figure
4B), suggesting the biocompatible nature of the theranostic
platform.

Further, F-MWCNT showed a decrease in mitochondrial
integrity (86.6 ± 5.8%) compared to the control (100.0 ±
6.8%; p < 0.05 by t-test). This was accompanied by a
statistically significant increase in protein carbonylation (1.4 ±
0.1-fold) compared to the control (1.0 ± 0.1-fold; p < 0.05 by
t-test). A concomitant increase in oxidative DNA damage
compared to the control (1.2 ± 0.1 vs 1.0 ± 0.1-fold; p < 0.05
by t-test) was also observed, suggesting induction of free
radical production. DNA damage was further confirmed by the
diphenylamine assay (Table 3). p53, commonly referred to as
“guardian of the genome”, is an important transcription factor
activated in response to DNA damage and is a key regulator of
apoptosis and cell cycle arrest. p53 levels were found to be
elevated in F-MWCNT-treated cells, suggesting activation of
DNA damage response. Proliferating cell nuclear antigen
(PCNA) is an important marker of cell cycle and is decreased
in cells undergoing cell cycle arrest. A decrease in expression of
PCNA following incubation with FITC-MWCNT suggested

Table 1. Hydrolysis of Conjugates in Phosphate-Buffered
Saline (PBS; pH 7.4), A549 Cell Lysate, and A549 Cellsa

rate of hydrolysis (ΔF/min)

conjugate PBS A549 cell lysate A549 cells

MET-F-MWCNT 0.2 ± 0.0 6.0 ± 0.6c 1.1 ± 0.1b

SU@MET-F-MWCNT 0.2 ± 0.0 5.1 ± 0.6c 1.2 ± 0.1b

MET-DTAF-MWCNT 0.2 ± 0.0 6.5 ± 0.5c 1.1 ± 0.1b

aMET-F-MWCNT were incubated in PBS, A549 cell lysate, or A549
cells, and fluorescence intensity was determined at regular intervals as
described in the Materials and methods section. The rate of hydrolysis
is expressed as an increase in fluorescence intensity (arbitrary units)
per minute. Data is the mean ± SD of 3−6 samples per treatment
group. bp < 0.05 with respect to hydrolysis in PBS by one-way
ANOVA followed by post hoc Tukey’s test. cp < 0.001 with respect to
hydrolysis in PBS by one-way ANOVA followed by post hoc Tukey’s
test.

Table 2. Cytotoxicity of Conjugates in Cell Linesa

IC50 (nM)

conjugate A549 MCF-7 MOLT-4

free MET 35.6 ± 5.8 123.5 ± 11.0 14.6 ± 2.3
MET-F-MWCNT (2.8)b 15.8 ± 2.6d 56.9 ± 6.5d 6.6 ± 1.0d

SU@MET-F-MWCNT
(2.5)b

6.8 ± 1.4d 36.6 ± 4.6d 3.3 ± 0.5d

MET-DTAF-MWCNT
(1.3)b

18.6 ± 3.3d

SU@MET-DTAF-
MWCNT (1.2)b

7.7 ± 2.4d

aCells were incubated with free MET or drug conjugates for 72 h, and
cell viability was determined by an MTT assay. The IC50 of drug
conjugates is expressed in terms of the amount of conjugated MET
added to cells. Data is the mean ± SD of 2 experiments (n = 3 per
concentration/treatment group). bValues in parentheses indicate the
amount of MET (in μmol) per mg of the conjugate. dp < 0.001 with
respect to free MET by one-way ANOVA followed by post hoc
Tukey’s test.
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induction of the cell cycle, probably due to activation of DNA
damage response via p53 upregulation. Interestingly, free MET
did not significantly increase DNA damage or p53 expression,
and only slightly decreased PCNA levels, while a significant
increase in DNA damage and p53 expression with a
concomitant decrease in PCNA levels was observed (Table
3). A plausible explanation for these observations is that MET
is a folate antimetabolite and inhibits DNA synthesis. When
tethered to MWCNTs, intracellular MET concentrations are
expected to be higher than those achieved with free MET.
MWCNTs could damage DNA by oxidative and nonoxidative
mechanisms resulting in activation of a DNA damage response,
leading to p53 activation. In the presence of MET, the DNA
damage may be further enhanced along with decreased
efficiency of DNA repair due to antimetabolite characteristics
of the drug. This is clearly evident in Table 3, whereby DNA
damage is the highest in MET-F-MWCNT compared to F-
MWCNT or MET alone. MET alone could increase p53
expression,52,83 resulting in decreased expression and activity of
PCNA.84,85 Therefore, MWCNT and MET could synergisti-
cally enhance p53 expression and induce cell cycle arrest via a
decrease in PCNA expression. MET-F-MWCNT with a
supramolecular assembly of SU (SU@MET-F-MWCNT)
exhibited an even lower IC50 compared to MET-F-MWCNT.
This was accompanied by higher p53 expression and DNA
damage with a concomitant decrease in PCNA expression,
suggesting SU loading further enhanced antiproliferative

activity of MET. A similar trend of cytotoxicity of MWCNT
conjugates was also observed in human breast cancer (MCF-7)
and leukemia (MOLT-4) cells (Table 2).
CNTs are often decorated with several different types of

functional groups, while the fluorescence turn-on platform
reported in the present study utilizes only amino-function-
alized CNTs, apparently limiting the applicability of the
platform to only those CNTs harboring a free amino group. In
order to demonstrate the wide applicability of the platform,
carboxy-functionalized CNTs were conjugated with another
fluorescein derivative, DTAF. DTAF-labeled MWCNT
(DTAF-MWCNT) and FITC-labeled MWCNTs (F-
MWCNT) only differed in the composition of the linker
group between MWCNT and fluorescein. It is expected that
both linkers (thiourea and dichlorotriazinyl) would not
significantly contribute to biological activity for two reasons:
first, the linker is not hydrolyzed in the biological environment,
and second, the length of the linker is too small and potentially
has no role in cell−CNT interactions. To prove this assertion,
MET was esterified with DTAF-MWCNTs by DMAP/DCC
coupling to yield MET-DTAF-MWCNT; the ATR-FTIR
spectrum of MET-DTAF-MWCNT was similar to the
spectrum of MET-F-MWCNT (spectrum not shown). MET-
DTAF-MWCNT and MET-F-MWCNT exhibited comparable
rates of hydrolysis in PBS (p > 0.05) and in A549 cell lysate (p
> 0.05) as well as cytotoxicity (p > 0.05; Table 1). Similarly,
cytotoxicity of SU@MET-DTAF-MWCNT and SU@MET-F-
MWCNT was also comparable (p > 0.05; Table 2).
The increase in cytotoxicity of CNT-conjugated drugs is

generally attributed to a Trojan horse, whereby intracellular
delivery of drugs is increased due to CNT uptake. MET is
internalized by a reduced folate carrier (RFC) at a
physiological pH and by folate receptors (FR) and a proton-
coupled folate transporter (PCFT) at an acidic pH.58,61 Since
extracellular pH values in tumors range from slightly basic to
slightly acidic,81 it may be anticipated that MET could
potentially increase the cellular uptake of MWCNTs and
synergistically enhance cytotoxic activity. Quantitative analysis
of cellular uptake revealed that F-MWCNT and MET-F-
MWCNT were internalized to the same extent by A549 cells.
The cellular uptake of F-MWCNT and MET-F-MWCNT was
inhibited at 4 °C, suggesting the involvement of an active
carrier process, but neither folic acid nor MET inhibited
cellular uptake at pH 7.2, suggesting FRs and RFC,
respectively, are not involved in cellular uptake (Figure 5A).

Figure 4. Cytotoxicity of free MET and drug conjugates (A) and F-MWCNT (B) in A549 cells. Cells were incubated with free MET, drug
conjugates, or F-MWCNT for 72 h, and cell viability was determined by an MTT assay. The dashed line in panel A represents 50% cell viability.
Data is the mean ± SD of 2 experiments (n = 3 per concentration/treatment group).

Table 3. Effect on Cellular and Molecular Parameters in
A549 Cellsa

treatment DNA damage p53 level PCNA level

control 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1
F-MWCNT 1.3 ± 0.1b 1.2 ± 0.1 0.8 ± 0.2
MET-F-MWCNT 1.8 ± 0.1d 1.5 ± 0.1c 0.7 ± 0.1
SU@MET-F-MWCNT 2.1 ± 0.2d 1.8 ± 0.3b 0.6 ± 0.2c

free MET 1.1 ± 0.1 1.1 ± 0.1 0.9 ± 0.1
aCells were incubated with free MET, drug conjugates, or F-
MWCNT for 72 h. DNA damage was determined by the
diphenylamine assay and p53/PCNA levels by whole-cell ELISA.
Data is the mean ± SD of 3−5 samples per treatment group. The
values represent fold change compared to the control. bp < 0.05
compared to the control by one-way ANOVA followed by post hoc
Tukey’s test. cp < 0.01 compared to the control by one-way ANOVA
followed by post hoc Tukey’s test. dp < 0.001 compared to the control
by one-way ANOVA followed by post hoc Tukey’s test.
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Further, cellular uptake at pH 6.5 was also not inhibited by
folic or MET, indicating an FR- and PCFT-independent
mechanism of cellular uptake (data not shown). In order to
verify these findings, docking studies were performed using
folate receptor α (FRα) and β (FRβ), RFC, and PCFT. MET-
F-MWCNT did not efficiently dock into any of these proteins,
suggesting that these receptors/carriers are not involved, as
evident from the comparison of the docked conformation of
MET in FRβ or suggested interactions of MET in FRα, RFC,
and PCFT. In several docking poses, the structure of CNT was
found to interact nonspecifically with nonpolar amino acid
residues in the receptors/carriers, which are consistent with
previous studies suggesting a π−π stacking mechanism of
CNT−protein interactions. It appears plausible here that
interactions of MET at the active site of receptors/carriers may
be masked due to software bias toward the more prominent
amino acid−CNT interactions. This software bias seems
logical given the fact that only one site in MET-F-MWCNT
could interact with the active site (MET), while the bulky
CNT structure contains scores of potential amino acid-
interacting sites (aromatic rings). Therefore, to rule out this
potential bias, docking was performed by removing the CNT
structure from MET-F-MWCNT (referred to as MET-F-
linker). As observed with MET-F-MWCNT, MET-F-linker
also exhibited inefficient docking at the target sites (Figure
6A−D). These observations suggested that the structure of
MET-F-linker was probably unable to attain the requisite
conformation required to bind target proteins. This assertion is
complemented by experimental findings that the uptake of
MET-F-MWCNT was similar to F-MWCNT, and the cellular
uptake was not inhibited by folic acid or MET as well as a lack
of docking in the active sites. Another probable reason for
increased cytotoxicity could be the efficient interaction of
MET-F-MWCNT with the MET target, dihydrofolate
reductase (DHFR). As observed with other receptor/carrier
proteins, MET-F-MWCNT and MET-F-linker interactions
with DHFR, probed by docking studies, were also inefficient
(Figure 6E). The binding poses of MET-F-linker were not
superimposable on binding conformation in the DHFR crystal
structure (PDB entry 1U72) (Figure 6F). Ligand-based virtual
screening of MET-F-linker was also performed to confirm
observations in structure-based virtual screening (docking
studies). Multiple conformations of MET-F-linker super-
imposed on DHFR-bound conformation of MET also revealed
the inability of MET-F-linker to attain the desired

conformation (Figure 6G). Similar observations were also
encountered, while comparing crystal/docked conformations
of MET in FRα, FRβ, RFC, and PCFT with MET-F-MWCNT
and MET-F-linker by ligand-based virtual screening (data not
shown). Molecular dynamics (MD) simulations were
performed to further verify the observations in structure-
based and ligand-based virtual screening methods. MD
simulations revealed that MET-F-linker docked in the active
site of DHFR (Figure 6H) moved out of the binding pocket
(Figure 6I). Root mean square deviation (RMSD) analysis of
MD trajectories over 20 ns revealed that dissociation of the
MET-F-linker was very fast, and a near plateau was observed in
6 ns (Figure 6J; Video S1).
CNTs are known to interact with a wide range of tissues,

and small changes in surface chemistry can have a profound
effect on cell−CNT interactions culminating in alterations in
therapeutic and toxicological profiles. Although our knowledge
on in vitro and in vivo toxicity of CNTs continues to expand,
there is still a dearth of understanding of the molecular
mechanisms involved in cell−CNT interactions. Therefore, it
becomes imperative to decipher and understand the
biomolecular mechanisms that dictate cell−CNT interactions.
Experimental demonstration of molecular (=receptor/trans-
porter proteins) interactions with CNTs are confounded by
nonspecific protein binding with a CNT backbone; hence,
computational methods could be a rescue. Molecular docking
and molecular dynamics studies could be employed to
understand protein−CNT interactions using crystal and
solution structures of proteins or homology models but are
limited by computational costs. Hence, pharmacophore-based
models are rapidly growing, which compare the query
molecule with a database of known ligands for a given protein
and, based on comparison of structural features between query
molecule and database, determine the ability of the query
ligand to interact with a set of proteins. PharmMapper is the
largest pharmacophore database that screens the query
molecule by comparing it with a database of known
pharmacophores and identifies potential protein targets
(receptors, enzymes, etc.). The data set consists of 23 236
proteins corresponding to 16 159 druggable pharmacophore
models and 52 431 pharmacophore models, which screen the
query molecule against 450 indications and 4800 molecular
functions.55,56,61 The top 20 targets identified by PharmMap-
per did not include receptors or transporters involved in folate
or MET uptake, thus complementing observations from

Figure 5. (A) Quantitative cellular uptake of F-MWCNT and MET-F-MWCNT in the presence of 100 μM MET and 100 μM folic acid and at 4
°C (pH 7.2). (B) Relative cellular uptake in cell lines expressed as the ratio of cellular uptake of MET-F-MWCNT and F-MWCNT. A549 cells
were incubated with 100 μg/mL F-MWCNT and MET-F-MWCNT for 6 h, and cellular uptake was determined spectrophotometrically. Data is the
mean ± SD of 3−5 samples per treatment group. cp < 0.001 compared to the control by one-way ANOVA followed by post hoc Tukey’s test.
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docking studies that MET-F-MWCNT (and MET-F-linker)
does not interact with folate or MET carriers. Further, most of
the pharmacophores identified by PharmMapper were
comparable in MET-F-MWCNT and F-MWCNT, suggesting
that the MWCNT portion is the major interacting moiety. The
detailed results of druggable pharmacophore models for F-
MWCNT and MET-F-MWCNT can be assessed in Data S1
and S2, respectively. The detailed results of pharmacophore
models for F-MWCNT and MET-F-MWCNT can be assessed

in Data S3 and S4, respectively. The noninvolvement of folate
transporters in uptake was further corroborated by observa-
tions that the cellular uptake of F-MWCNT and MET-F-
MWCNT was comparable in a range of cell lines (Figure 5B).
Therefore, the cellular uptake of MWCNTs in A549 cells
appears to be mediated by a mechanism distinct from that
involved in folate/MET uptake. Further, the addition of CNTs
in the culture medium could result in the formation of protein
corona on the CNT surface due to the sorption of proteins

Figure 6. Docking of MET-F-MWCNT in folate receptor α (A), folate receptor β (B), reduced folate carrier (C), proton-coupled folate transporter
(D), and dihydrofolate reductase (E). The left and right panels show docking results for MET-F-MWCNT and MET-F-linker, respectively. The
structure of MET-F-MWCNT and MET-F-linker is shown at the top. Panel F shows a comparison of conformation of MET in DHFR (PDB entry
1U72) and docked conformation of MET-F-linker in panel A. (G) Ligand similarity of MET-F-linker with DHFR-bound conformation of MET in
DHFR (PDB entry 1U72). Molecular dynamics simulation of the interaction between DHFR at the start of the simulation (H) and after 20 ns of
simulation (I). (J) RMSD plot of molecular dynamics simulation (1 frame = 0.1 ns).
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from FBS, which could also interfere with the interaction of
MET with receptor/transporter proteins.86,87

Biological Activity of Drug Conjugate and Modu-
lation by Dextran Sulfate. RES uptake is a stumbling block
in the successful therapeutic application of NPs since this
phenomenon decreases bioavailability at the target site with a
concomitant increase in drug concentration in RES organs.
The magnitude of this issue assumes even more importance
when cytotoxic compounds are sequestered in RES, thereby
implicating a need to rein in on the potential untoward effects
in these organs. Therefore, as the first step, quantitative uptake
of MET-F-MWCNT and MET-F-MWCNT with the supra-
molecular assembly of DS (DS@MET-F-MWCNT) was
compared in A549 cells and a macrophage cell line (RAW
264.7). Quantitative cellular uptake revealed a significantly
higher cellular uptake of MET-F-MWCNT in RAW 264.7 cells
compared to A549 cells. This observation is in line with the
natural functions of macrophages, efficient engulfment of
foreign bodies. In contrast, cellular uptake of DS@MET-F-
MWCNT in RAW 264.7 cells was significantly reduced, while
a small, but insignificant, increase in uptake was observed in
A549 cells (Figure 7). Cytotoxicity was determined by an

MTT assay to verify if the changes observed in cellular uptake
also translate into toxicity in A549 and RAW 264.7 cells. The
IC50 values of MET-F-MWCNT and DS@MET-F-MWCNT
were found to be similar in A549 cells (15.8 ± 2.6 nM and 11.4

± 2.6 nM, respectively), while a significant (p < 0.05; t-test)
increase in IC50 was observed in RAW 264.7 cells after DS
functionalization (25.6 ± 3.5 nM versus 135 ± 20.2 nM).
These results corroborate and verify cell uptake data, whereby
a decrease in cell uptake is expected to decrease cytotoxicity
(or increase IC50).

Biological Activity of the Drug Conjugate with
Suramin and DS. Motivated by the above results, we sought
to combine the chemosensitizer and the stealth agent in a
single system with real-time drug release monitoring proper-
ties. The rationale here was to develop a system that exhibits
synergistic enhancement of drug activity together with a
reduction in RES uptake. An obvious issue that can arise
during simultaneous supramolecular functionalization with
both agents is competition for binding on the MWCNT
surface, culminating in lower efficiency of the binding process
for both agents due to lesser availability of surface area and
displacement. This could, at least theoretically, lower the
overall efficiency of supramolecular functionalization of one or
both of these agents. Hence, there is a need to optimize the
concentration/proportion of both these agents such that a
balance between synergistic enhancement of anticancer activity
by SU in A549 cells and a decrease in cellular uptake by RAW
264.7 cells is achieved.
Traditional approaches applied in such conditions involve

varying one parameter at a time (concentration of one agent),
while other parameters remain constant (concentration of the
second agent in this case). This one-factor-at-a-time (OFAT)
approach has been challenged in recent years due to its
oversimplification of the processes and limited relevance to the
complex processes occurring under real-life situations. The
design of the experiment (DOE) approach has been developed
as an effective alternative to OFAT approaches, which allows
simultaneous variations in two or more parameters to develop
a mathematical model describing the multiparameter complex
processes. The popularity and relevance of DOE can be gauged
from the fact that the United States Food and Drug
Administration and several other regulatory agencies have
mandated quality by design (QbD) approaches for regulatory
submissions.79,81 The umbrella term QbD comprises a plethora
of approaches of which DOE is an important component.
Therefore, we optimized the concentration of SU and DS using
response methodology, a method of DOE.80 The objective was
to determine a concentration of SU and DS with an aim to
maximize cytotoxic activity in A549 cells and minimize cellular
uptake in RAW 264.7 cells. The concentration of both agents
was varied between 1 and 10 mg/mL, while the MET-F-
MWCNT concentration and total volume were kept constant

Figure 7. Quantitative cellular uptake of MET-F-MWCNT and DS@
MET-F-MWCNT in A549 and RAW 264.7 cells. Cells were
incubated with 100 μg/mL of MET-F-MWCNT and DS@MET-F-
MWCNT for 6 h, and cellular uptake was determined spectrophoto-
metrically. Data is the mean ± SD of 3−5 samples per treatment
group. cp < 0.001 compared to MET-F-MWCNT in the same cell line
by the t-test.

Table 4. Model Fitting Parameters of Response Surface Methodologya

cytotoxicity (fold change)

model type SD R2 adjusted R2 predicted R2 PRESS BIC AICc

linear 0.3689 0.8250 0.7901 0.6368 2.82
2FI 0.3251 0.8777 0.8369 0.5852 3.23
quadratic 0.1169 0.9877 0.9789 0.9603 0.3088 −11.57 −0.9563

Cellular Uptake (%)
linear 1.05 0.8660 0.8392 0.7528 20.42 42.49 43.46
2FI 1.11 0.8664 0.8218 0.5692 35.58
quadratic 1.17 0.8845 0.8020 0.0200 80.94

aAbbreviations: SD = standard deviation; PRESS = predicted residual error sum of squares; BIC = Bayesian information criterion; AICc =
corrected Akaike information criterion; 2FI = two-factor interaction
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at 1 mg/mL and 10 mL, respectively. The cytotoxicity of SU
and DS cofunctionalized MET-F-MWCNT (DS+SU@MET-
F-MWCNT) in A549 cells was expressed as fold change (=fold
increase) compared to MET-F-MWCNT (without SU) at a
single concentration of 20 μg/mL DS+SU@MET-F-MWCNT.
Similarly, cellular uptake of DS+SU@MET-F-MWCNT in
RAW 264.78 cells was expressed as a percentage of DS+SU@
MET-F-MWCNT uptake at 20 μg/mL. The screening was
performed at a single DS+SU@MET-F-MWCNT concen-
tration because the statistical model allows only one value to
be added per response parameter (one value each for
cytotoxicity and cellular uptake) for every factor combination
(different blends of SU and DS). The concentration of 20 μg/
mL was selected since it provided a significant signal to
determine cytotoxicity and cellular uptake.
The model fitting parameters are shown in Table 4, and

lack-of-fit statistics are shown in Table 5. As observed in Table

4, the quadratic model was apparently the best-fit model to
describe the enhancement of cytotoxicity by SU due to the

highest R2 value and lowest standard deviation. The model
fitting, analyzed by analysis of variance (ANOVA), resulted in
an F-value of 112.38 and p < 0.0001 with an adequate
precision of 31.105, suggesting an excellent model fitting. This
is further corroborated by the lowest sum of squares and F-
value along with the highest p-value in the quadratic equation
in lack-of-fit tests (Table 5). Similarly, the linear model best
described the reduction in cellular uptake by DS (Tables 4 and
5). ANOVA revealed an F-value of 32.32, p < 0.0001, and
adequate precision of 31.042, suggesting excellent model
fitting. The response surfaces are shown in Figure 8A,B.
The correlation between concentration of both agents and

cytotoxicity/cellular uptake was described by following
equations:

= + × + × − ×
× − × − ×

cytotoxicity (fold change)

0.491 0.437 SU 0.174 DS 0.016 SU
DS 0.014 SU 0.014 DS2 2

= − × − ×

cellular uptake (%)

12.822 0.126 SU 0.741 DS

where SU and DS represent the concentration of SU and DS in
mg/mL, respectively.
Optimization of the statistical model was performed under

two constraints: maximization of cytotoxicity in A549 cells and
minimization of cellular uptake in RAW 264.7 cells. As
expected on theoretical considerations, cofunctionalization of
MET-F-MWCNT with DS and SU resulted in a decrease in
cytotoxicity in A549 cells as well as an increase in uptake by
RAW 264.7 cells. In none of the solutions obtained, the
cytotoxicity in A549 cells or reduction in cellular uptake in
RAW 264.7 cells was comparable to that obtained with SU
alone (3.5-fold increase) or DS alone (3.3%), respectively. The

Table 5. Lack-of-Fit Parameters of Response Surface
Methodology

cytotoxicity (fold change)

model type sum of squares mean square F-value p-value

linear 1.35 0.2246 67.64 0.0006
2FIa 0.9379 0.1876 56.50 0.0008
quadratic 0.0824 0.0275 8.28 0.0344

Cellular Uptake (%)
linear 10.04 1.67 6.50 0.0457
2FIa 10.01 2.00 7.78 0.0345
quadratic 8.51 2.84 11.03 0.0210

a2FI = Two-factor interaction.

Figure 8. Response surface methodology for the effect of SU and DS concentrations on cytotoxicity in A549 cells (A) and cellular uptake in RAW
264.7 cells. Panel C shows the desirability of the model at different SU and DS concentrations. The upper panel shows data as a three-dimensional
surface plot, and the lower panel shows the same data in the two-dimensional contour plot. Cells were incubated with 20 μg/mL of DS+SU@MET-
F-MWCNT, and cytotoxicity was determined by the MTT assay after 72 h incubation, while cellular uptake was determined spectrophotometrically
after 6 h of incubation.
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optimized concentrations were determined using the desir-
ability function, which ranges between 0 and 1, where
desirability values close to 1 indicate ideal values. The highest
desirability value was found to be 0.73 for a combination
containing 10 mg/mL SU and 8.1 mg/mL DS, which resulted
in a 2.7-fold increase in cytotoxicity in A549 cells compared to
MET-F-MWCNT and cellular uptake of 5.6% (55% reduction
compared to MET-F-MWCNT; 170% higher compared to
DS@MET-F-MWCNT). The desirability values at different
SU and DS ratios are shown in Figure 8C. The model was
further confirmed by postanalysis, whereby three independent
data points were evaluated and found to exhibit good fit (p <
0.0001).
Physicochemical characterization of the optimized formula-

tion revealed SU and DS loading of 0.08 mg SU and 0.15 mg
DS per mg of DS+SU@MET-F-MWCNT. This was confirmed
by ATR-FTIR, which revealed a peak around 1000 cm−1,
corresponding to the α-glucan moiety in DS. This peak
overlaps with the S−O stretching vibration of SU. Further, the
amide band of SU around 1550 cm−1 also overlaps with the
amide band of MET. Hence, the two characteristic IR features
of SU were obscured by coloaded molecules. Energy-dispersive
X-ray spectroscopy also revealed a predominant S Kα peak
corresponding to sulfate groups present in DS and SU. The Ni
peaks correspond to the residual heavy metal present in
MWCNTs and contribute to <1% w/w of MWCNTs.

HRTEM analysis revealed the structure of MWCNT was not
altered during the preparation steps (Figure 9).
The in vitro rate of hydrolysis of DS+SU@MET-F-MWCNT

was comparable (p > 0.05; one-way ANOVA followed by
Tukey’s test) with MET-F-MWCNT in PBS and A549 cells
(0.2 ± 0.0 vs 0.2 ± 0.0 and 0.6 ± 0.2 vs 1.1 ± 0.1 ΔF/min,
respectively) but significantly lower (p < 0.001) in A549
lysates (4.6 ± 0.5 vs 6.0 ± 0.6 ΔF/min). The mechanism of
cellular uptake was determined by coincubation of DS+SU@
MET-F-MWCNT with inhibitors of active uptake (4 °C,
sodium azide), clathrin- (CPZ) and caveolin-mediated
endocytosis (HPbCD). Cellular uptake was significantly
inhibited by all inhibitors suggesting an active uptake
mechanism involving clathrin- and caveolin-mediated endocy-
tosis. Considering the length of MWCNTs (∼20 μm) and
incomplete inhibition of cellular uptake by endocytosis
inhibitors, the role of other mechanisms, such as phagocytosis
or macropinocytosis, also appears plausible.77 Further, confocal
microscopy revealed cytosolic localization of the formulation,
suggesting that MET is released in the cytoplasm (Figure
10A). A closer examination of the confocal image revealed that
the cytoplasmic fluorescence was diffused in nature, suggesting
that CNTs are not localized in cell organelles since lysosomal
or mitochondrial localization results in the punctuate
appearance of fluorescence. The cytoplasmic distribution of
CNTs was restricted to the perinuclear region since the
fluorescence from CNT (green fluorescence due to fluo-

Figure 9. Characterization of DS+SU@MET-F-MWCNT by ATR-FTIR (A) and EDX (B). Inset shows the HRTEM image of DS+SU@MET-F-
MWCNT.
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rescein) did not overlay with the nuclear fluorescence (red
fluorescence from a nuclear stain, propidium iodide). These
results suggest that, following uptake, DS+SU@MET-F-
MWCNT is trafficked to the cytosolic compartment where
MET is hydrolyzed.
Methotrexate is approved for the treatment of breast cancer

and lymphoma in addition to lung cancer. Therefore, the

activity of DS+SU@MET-F-MWCNT in cell lines represent-
ing lung cancer (A549), breast cancer (MCF-7), and
lymphoma (MOLT-4) was determined. Cell viability analysis
by the MTT assay, following incubation with DS+SU@MET-
F-MWCNT, exhibited IC50 values of 7.7, 41.5, and 3.6 nM in
A549, MCF-7, and MOLT-4 cells, respectively. These values
were slightly lower than those observed with SU@MET-F-
MWCNT but were comparable (p > 0.05; ANOVA). On the
other hand, these values were about 2-fold lower compared to
MET-F-MWCNT and over 3-fold higher compared to free
MET (Table 2). Similarly, oxidative DNA damage and p53
levels in A549 cells were increased to 2.0- and 1.6-fold
compared to the control, while the PCNA level was decreased
to 0.6-fold compared to the control. These values are
comparable to those observed in SU@MET-F-MWCNT (p
> 0.05; t-test) (Table 3). In contrast to these, the IC50 value of
the conjugate was increased in RAW 264.7 cells (128 ± 14.8
nM) compared to MET-F-MWCNT (25.6 ± 3.5 nM) but was
comparable to DS@MET-F-MWCNT (135 ± 20.2 nM).
DS has been shown to inhibit metastasis and endothelial−

mesenchymal transition transformation under in vitro and in
vivo conditions,88,89 similar to those observed in other
polyanionic SR ligands.90 This inhibitory action of DS could
be attributed, at least in part, to inhibition of SR-binding
properties.91 Therefore, it appears plausible that DS+SU@
MET-F-MWCNT could inhibit cell migration in an in vitro
assay. Transwell migration and invasion assays are commonly
employed to mimic in vivo cell migration;53 hence, these assays
were adopted. As expected, DS@MET-F-MWCNT and DS
+SU@MET-F-MWCNT significantly reduced cell migration
and cell invasion. DS@MET-F-MWCNT appeared to be
relatively more effective in reducing cell migration and invasion
compared to DS+SU@MET-F-MWCNT, but the difference
was insignificant (p > 0.05) in both assays. In contrast, MET
and MET-F-MWCNT appeared to slightly increase migration
and invasion of A549 cells (Figure 10B). This is in agreement
with earlier studies demonstrating an increase in the
invasiveness of A549 cells following MET treatment.92,93

Numerous studies have documented the role of alternatively
activated M2 macrophages in cancer and are commonly known
as tumor-associated macrophages (TAMs). These macro-
phages produce anti-inflammatory molecules and help in
cancer survival and tissue invasion. Due to their central role in
cancer survival, TAMs have emerged as an important
therapeutic target in recent years.94,95 TAMs highly express
an SR, CD163, and the specific expression of this receptor has
been exploited as a molecular marker for TAM identifica-
tion.94,95 Additionally, TAMs have also been demonstrated to
express SR-A and MARCO at higher levels compared to
normal macrophages, and their inhibition has been related to
cancer regression in animal models.96−98 The multitude of
potential molecular and cellular targets in tumors, along with
RES evading properties, affirms the potential of DS as an
adjuvant in novel drug delivery systems for tumor therapy.
A pertinent question that arises here is if DS and SU

adsorbed on MET-F-MWCNT are desorbed under physio-
logical conditions. To answer this question, the desorption of
DS and SU was determined in A549 cell lysates. Fluorescence
measurements revealed no detectable sorption of SU on
MWCNTs recovered after 6 h of incubation in A549 cell
lysates, while >90% SU was observed in the lysates. DS does
not possess fluorescent properties, which posed a major
problem in analysis. The high molecular weight (>500 000 Da)

Figure 10. (A) Quantitative cellular uptake of DS+SU@MET-F-
MWCNT in the presence of inhibitors of active uptake (4 °C, sodium
azide), clathrin- (CPZ) and caveolin-mediated endocytosis
(HPbCD). Inset shows a confocal micrograph of cells after 6 h
incubation showing cytosolic localization of MWCNTs (green
fluorescence due to F-MWCNT); red fluorescence shows the nucleus
(propidium iodide). (B) In vitro cell migration and cell invasion assay
of free MET and CNT conjugates. Scale bar = 50 μm A549 cells were
incubated with 100 μg/mL of DS+SU@MET-F-MWCNT for 6 h,
and cellular uptake was determined spectrophotometrically. Data is
the mean ± SD of 5−6 samples per treatment group. A549 cells were
incubated with MET (1 μM) or an equivalent amount of MET-F-
MWCNT, DS @MET-F-MWCNT, SU@MET-F-MWCNT, and DS
+SU@MET-F-MWCNT for 24 h. The F-MWCNT concentration
was 50 μg/mL. Cell migration was determined in uncoated transwells,
while cell invasion was determined in collagen-coated transwells. Data
is the mean ± SD of 4−6 samples per treatment group. ap < 0.05, bp <
0.01, cp < 0.001 compared to the control by one-way ANOVA
followed by post hoc Tukey’s test. NaN3 = Sodium azide, CPZ =
chlorpromazine, HPβCD = hydroxypropyl-b-cyclodextrin.
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combined with low concentration made reliable quantification
by extraction of DS impractical due to losses during the
extraction and sample derivatization procedures (required for
chromatographic detection). Therefore, DS was labeled with
DTAF (DS-DTAF) to enable easy, reliable, and sensitive
detection of DS. Preliminary studies suggested that SU loading
was approximately 6% lower when DS-DTAF was used instead
of DS. Fluorescence measurements revealed nearly one-fourth
(28%) of DS-DTAF was detectable on MWCNTs, and nearly
one-third (67%) was detectable in the cell lysate. The binding
of DS to CNTs was also confirmed by FRET using fluorescein
(DS-DTAF) as a donor and rhodamine (RBITC-labeled
amino-functionalized MWCNTs) as an acceptor. The
recovered MWCNTs exhibited FRET when observed under
a fluorescence microscope (Figure 11), corroborating fluo-
rescence data indicating sorption of DS-DTAF on MWCNTs.
Desorption measurements performed in the culture medium
revealed that <10% of SU and DS-DTAF were released in the
culture medium after 6 h of incubation while <5% of both
sorbents were released in water over the same duration.
The nature of interactions between CNT and DS/SU was

studied using MD simulations. Although MWCNTs were used
in the present experiments, MD simulations were performed
using a single-walled CNT (SWCNT). This simplification was
adopted to reduce the total number of atoms in simulation and
the computational cost. This is because modeling an MWCNT
would increase the number of CNT atoms by several orders of
magnitude, and a 30−50-mer saccharide was required instead
of the decamer used in the current study. A corresponding
increase in the water box size and the number of water
molecules was also required. We believe that this simplification
does not have a significant bearing on the nature of

interactions because the chemical composition of the CNT
surface is similar in SWCNT and MWCNT. Based on 50 ns of
MD simulations, both DS and SU were found to interact with
CNTs through specific and directional π−π stacking
interactions (Figure 12A,B; Figure S2; Videos S2 and S3).
DS binds to CNT through one of its ends, as the molecule is
stiff enough that the entropic penalty to completely bind the
CNT is too large. The average distance of each of the 10
residues, averaged over the last 10 ns of the simulation, is
shown in Figure 12C, while the average angle between the axis
of the CNT and the vector normal to the monosaccharide ring
is shown in Figure 12D. The residues are ordered from
adjacency to CNT; i.e., residue 1 is nearest to the CNT
surface, and residue 10 is the farthest. The distance and angle
to the CNT over the entire simulation run (50 ns) are shown
in Figure S3. It is interesting to note that, once residue 1 binds
to the CNT surface, it does not unbind. The mode of
interaction appears to be π−π stacking interactions since the
distance between two adjacent planes (aromatic rings in CNT
and monosaccharide units in DS) is lower than 4.8 Å, and the
angle between the axis of the CNT and the vector normal to
the hexagonal ring is within 90 ± 30°. These results suggest
that DS can tether to the CNT surface, and the polysaccharide
chain could extend into the aqueous environment. In the case
of longer polysaccharide chains, it is expected that the
polysaccharide chain would form coils to attain thermody-
namic stability and thus interact with CNTs via a wrapping
mechanism, which is in agreement with previous atomic force
microscopy results.99

MD simulations of SU showed that, unlike DS, which binds
from one end, SU tends to bind CNT from the middle.
Residues 1 and 8 are the disulfonated aromatic rings, and

Figure 11. Interaction between fluorescein-labeled DS and rhodamine-labeled MWCNTs determined by FRET. (A) Fluorescein (donor)
fluorescence after excitation of the donor, (B) rhodamine (acceptor) fluorescence after excitation of both donor and acceptor excitation, (C)
acceptor fluorescence following excitation of the acceptor, and (D) differential interference contrast image of MWCNT. Panel E shows FRET
efficiency at different locations on the MWCNT agglomerate, while panel F shows the distance between donor and acceptor at different locations.
FRET is noticed only at the edges of the bundle due to fluorescence quenching in the bulk of MWCNTs. Scale bar = 50 μm
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residues 2 and 7 are the monosulfonated aromatic rings of the
naphthalene moieties. The other rings are numbered serially,
moving from one end (residue 1) to the other end (residue 8)
of the SU molecule. SU was also found to interact with CNTs
via π−π interactions since the distance between two adjacent
aromatic planes (aromatic rings in CNT and aromatic rings in
SU) is lower than 4.8 Å, and the angle between the axis of the

CNT and the vector normal to the aromatic ring is within 90 ±
30° (Figure 12E,F; Figure S4). A similar π−π stacking
mechanism of interaction has been reported in other aromatic
compounds as well.100,101 An interesting observation in SU was
that the residues 1 and 8 (disulfonated aromatic ring in the
naphthalene systems) did not effectively interact with the CNT
surface since the distance was >5 Å and the angles were

Figure 12. MD simulations showing the interaction of CNTs with dextran sulfate (DS) and suramin (SU). (A) Binding configuration of DS+
CNT. (B) Binding configuration of SU + CNT. The conformations of these molecules are shown after 50 ns of equilibration near CNTs. Note that
the CNTs are uncharged; however, molecules containing aromatic groups, like DS and suramin, are capable of achieving noncovalent
functionalization by forming specific and directional π−π stacking interactions. (C) Average distance of the residues of DS to the CNT (average
performed over the last 10 s). (D) Average angle between the axis of the CNT and the vector normal to the hexagonal ring of DS (average
performed over the last 10 s). (E) Average distance of the residues of SU to the CNT (average performed over the last 10 s). (F) Average angle
between the axis of the CNT and the vector normal to the hexagonal ring of SU (average performed over the last 10 s). A (6,6) CNT (length 36.9
Å and diameter 8.1 Å) was solvated in a 50 × 50 × 50 Å3 box with TIP3P water and sodium ions to neutralize the charge. The system was
equilibrated for 125 000 steps (2 fs/step; NVT ensemble) followed by simulation for 50 ns using the NPT ensemble at 310.15 K. DS was modeled
as a decamer, and simulation was performed using NAMD and the CHARMM36 force field.
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relatively higher for the two naphthalene rings compared to the
phenyl rings (residues 3−6). This may be attributed to the
anionic character on the naphthalene rings (due to
sulfonation), which results in repulsion between electron-rich
aromatic rings of CNTs and the anionic naphthalene rings.
This is further supported by π−π interaction mapping of DS
and SU with CNTs (Figure S5). Apart from the differences in
binding modes of DS (binding from one end) and SU (binding
from the middle) on the CNT surface, another interesting
difference between the nature of the interaction of these
molecules with CNT was revealed by end-to-end distance
measurements. The end-to-end distance of DS alone and in
combination with CNT was comparable so that DS remains as
a linear chain and its conformation is not significantly altered
after binding to CNTs (Figure S6). This assertion is
complemented by microscopic observations suggesting that
DS with a molecular weight of 5 kDa (ca. 30 glucose residues)
remains close to a linear molecule in water.99 In contrast to
DS, the end-to-end length of SU appears to increase the
following binding with CNT. This suggests that SU tends to
stretch along the CNT, presumably to maximize the number of
π−π interactions between CNT and SU, resulting in a more
stable complex. A similar phenomenon has also been reported
in DNA sorbed on carbonaceous NPs86,87 and silicon oxide.102

RMSD plots of the two systems show that DS binding to CNT
is relatively faster and that a stable conformation is reached in a
few ns. On the other hand, SU binds relatively slowly, and the

system stabilizes after about 15 ns of simulation (Figure S7).
The relatively faster association kinetics of DS could be
explained by two observations in the MD simulation: first, DS
binds on the CNT through one of its two ends, while SU binds
via multiple sites, and second, DS behaves as a rigid molecule,
while SU extends after binding to the CNT surface.
It may be argued that the MD simulations are an

oversimplification of the processes occurring on the CNT
surface in DS@MET-F-MWCNT, and under real-life
situations, DS and SU could also interact, resulting in
enhanced loading of SU. We conducted 150 ns MD
simulations of a mixture of DS and SU and showed an
insignificant interaction between DS and SU (Video S4 and
Figure S8). In addition, the sorption of SU on DS-coated
microtiter plates was tested experimentally to prove the
assertion. Interestingly, >95% of SU was detected in solution,
suggesting an insignificant interaction between DS and SU.
These results provide circumstantial evidence that DS and SU
bind to CNTs independently of each other. A plausible
mechanism of coloading DS and SU thus entails a wrapping
mechanism of DS around CNTs, while SU may bind to the
remaining unoccupied area on the CNT surface. Further, in
the presence of DS, a molecularly crowded environment may
not allow interaction of all aromatic rings of SU with CNT, but
such lower degrees of interaction may not have an adverse
impact on the overall loading efficiency of SU on the CNT
surface. This is confirmed by the observation that SU and DS

Figure 13. (A) HRTEM image of DS+SU@MET-DTAF-graphene at a low magnification. Panel B shows the same field at a higher magnification.
(C) Quantitative cellular uptake of DS+SU@MET-F-MWCNT in the presence of inhibitors of active uptake (4 °C, NaN3), clathrin- (CPZ) and
caveolin-mediated endocytosis (HPbCD). (D) Quantitative cellular uptake of MET-DTAF-graphene and DS+SU@MET-DTAF-graphene in A549
and RAW 264.7 cells. Cells were incubated with 100 μg/mL of indicated conjugates, in the absence (control) or presence of inhibitors, for 6 h, and
cellular uptake was determined spectrophotometrically. Data is the mean ± SD of 5−6 samples per treatment group. cp < 0.001 compared to the
control by one-way ANOVA followed by post hoc Tukey’s test in panel C. cp < 0.001 compared to MET-DTAF-graphene in the same cell line by t-
test (D). NaN3 = Sodium azide, CPZ = chlorpromazine, HPβCD = hydroxypropyl-b-cyclodextrin.
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loading was 0.08 mg and 0.15 mg per mg of DS+SU@MET-F-
MWCNT compared to 0.10 mg of SU and 0.21 mg of DS per
mg of SU@MET-F-MWCNT and DS@MET-F-MWCNT,
respectively. Similar observations have also been reported with
CNTs coloaded with chitosan with doxorubicin and paclitaxel
on CNTs, whereby chitosan was shown to wrap around the
CNT while doxorubicin and paclitaxel adsorbed on the
remaining CNT surface.48

Extension of the Real-Time Fluorescence Monitoring
Platform to Other NPs. As outlined earlier, a large number
of NP-based systems enabling real-time drug release
monitoring have been developed but are at a disadvantage
because not all drugs possess the desired physicochemical and
fluorescent properties8,10−16 or the systems have been tailored
for a single or extremely small range of compounds.17,18

However, the system described in this study has the potential
to be extended to other types of NPs since the system only
requires a free carboxylic group in the drug molecule.
Therefore, graphene was chosen as another NP. Acid-
functionalized graphene was conjugated with DTAF followed
by esterification with MET. HRTEM images show that the
structure of graphene was intact in MET-DTAF-graphene
(Figure 13). DS+SU@MET-DTAF-graphene was prepared by
mixing equal amounts of DS and SU (10 mg each) without
following the elaborate response surface methodology. As
observed in DS+SU@MET-F-MWCNT, coloading of DS and
SU on MET-DTAF-graphene resulted in a relative decrease in
the rate of hydrolysis compared to unloaded MET-DTAF-
graphene (Table 6). It seems plausible to assume that the long
chains of DS could sterically hinder the access of cytoplasmic
esterases to esterified MET, resulting in a decrease in the rate
of hydrolysis in A549 cell lysates and in A549 cells. On the
other hand, the activity of DS+SU@MET-DTAF-graphene was
found to be significantly higher than MET-F-MWCNT or free
MET. This increase in cytotoxicity could be attributed to
increased cytosolic delivery of MET due to conjugation with
graphene, along with the synergistic activity of SU (Table 6).
Quantitative uptake revealed that cellular uptake of DS

+SU@MET-DTAF-graphene in A549 cells was mediated by an
active process as evident from a decrease in uptake at a low
temperature (4 °C) and in the presence of sodium azide.
Further, inhibitors of clathrin- and caveolin-mediated uptake
mechanisms also significantly inhibited cellular uptake,
suggesting a major role of both pathways in cellular uptake.
Additionally, cellular uptake of DS+SU@MET-DTAF-gra-
phene was significantly lower (p < 0.001 by t-test) compared
to uptake of MET-DTAF-graphene in RAW 264.7 cells. On
the other hand, cellular uptake of DS+SU@MET-DTAF-

graphene and MET- DTAF-graphene was found to be
comparable (p > 0.05 by t-test) in A549 cells (Figure 13).
These observations are in accordance with those observed in
DS+SU@MET-F-MWCNT, suggesting RES evading proper-
ties of DS+SU@MET-DTAF-graphene.

Expanding the Scope of the Real-Time Fluorescence
Monitoring Platform to Other Diseases and Drugs.
CNTs and other NPs tend to accumulate in conditions with a
leaky vasculature, such as cancer and inflammation, by a
phenomenon called enhanced permeation and retention
(EPR). EPR effect has been frequently employed for passive
targeting NPs to tumors and inflammatory conditions and
found to increase the availability of drug conjugates at such
sites. Since MET is approved for an autoimmune disorder like
arthritis and lupus, it seems logical to assume that MET-F-
MWCNT could be used in such inflammatory conditions. It
may be argued here that evasion of macrophage uptake, due to
DS, could occur in resident tissue macrophages and infiltrating
macrophages, resulting in a decrease in therapeutic response.
We believe that this argument might not hold well because,
even if the conjugates do not enter the cells, their
concentration at the inflammation site will be higher than
the concentrations achieved by the free drug. The extracellular
hydrolysis of the ester bond could release the drug, resulting in
an increased local concentration.103 Additionally, DS acts as an
inhibitor of pattern recognition receptors, notably the
scavenger receptor-A (SR-A) and macrophage receptor with
a collagenous domain (MARCO). Further, the presence of SU
can also enhance the anti-inflammatory activity of MET due to
the inhibition of purinergic receptors.
Another advantage that such a system will offer is the lower

concentration at nontarget sites. For example, cetirizine, a
commonly used antiallergic drug, possesses excellent blood−
brain barrier penetration, which results in sedation due to
central anticholinergic effects. Since CNTs, in the absence of a
brain-targeting agent, could not enter the brain, it is expected
that cetirizine conjugated to CNTs could not access the central
nervous system and will concentrate at the inflammation site.
Further, several drugs are actively metabolized by the liver and
excreted quickly in urine, which results in a reduction in drug
available in circulation. CNT−drug conjugates are expected to
evade RES due to DS coating and urinary excretion due to
their physical characteristics resulting in longer circulation time
and hence lower dose requirements. We conjugated two
nonsteroidal anti-inflammatory drugs (aspirin and mefenamic
acid) and an antihistaminic drug (cetirizine) as support to the
wider application of the platform described here. The in vitro
hydrolysis results are presented in Table 7. In vitro drug release

Table 6. Hydrolysis and Cytotoxicity of Conjugatesa

rate of hydrolysis (ΔF/min) IC50 (nM)

conjugate PBS A549 cell lysate A549 cells A549 MCF-7 MOLT-4

free MET 35.6 ± 5.8 123.5 ± 11.0 14.6 ± 2.3
MET-DTAF-graphene (1.5)b 0.1 ± 0.0 5.5 ± 1.3e 0.8 ± 0.1 25.5 ± 1.8c 75.6 ± 8.1e 7.8 ± 0.8
DS+SU@MET- DTAF-graphene (1.1)b 0.1 ± 0.0 3.8 ± 0.6e 0.5 ± 0.1 11.3 ± 1.1e 52.8 ± 3.3e 3.5 ± 0.5d

aMET-DTAF-graphene and DS+SU@MET-DTAF-graphene were incubated in PBS, A549 cell lysate, or A549 cells, and fluorescence intensity was
determined at regular intervals. The rate of hydrolysis is expressed as an increase in fluorescence intensity (arbitrary units) per minute. Cells were
incubated with free MET or drug conjugates for 72 h, and cell viability was determined by the MTT assay. The IC50 of drug conjugates is expressed
in terms of the amount of conjugated MET added to cells. Data is the mean ± SD of 3−6 samples per treatment group. bValues in parentheses
indicate the amount of MET (in μmol) per mg of the conjugate. cp < 0.05 with respect to hydrolysis in PBS by one-way ANOVA followed by post
hoc Tukey’s test. dp < 0.01 with respect to hydrolysis in PBS by one-way ANOVA followed by post hoc Tukey’s test. ep < 0.001 with respect to
hydrolysis in PBS by one-way ANOVA followed by post hoc Tukey’s test.
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in the presence of A549 cell lysate exhibited a linear correlation
(R2 > 0.9) between drug release and fluorescence intensity.

In conclusion, we report a novel fluorescence turn-on
theranostic platform based on MWCNTs in which the
fluorescence is quenched due to the covalent linkage of drug
molecules to the fluorophore via ester bonds. The hydrolysis of
ester bonds by the action of intracellular esterases results in
activation of fluorescence; the ensuing increase in fluorescence
intensity correlates with the amount of drug released. Several
diseases are characterized by overexpression of specific
enzymes at the target site and a careful selection of drugs,
fluorophores, and linkage bonds can aid in site-specific
cleavage and delivery of the payload, while also allowing
monitoring of drug release. Supramolecular functionalization
with SU could increase the activity of anticancer compounds,
while DS could evade RES, thereby suggesting their potential
application as a chemoenhancer and a stealth agent,
respectively. Although MWCNTs have been employed as
model nanoparticles and MET as a model in the present study,
the general chemistry reported here could be extended to other
nanoparticles as well as exemplified by graphene. Similarly, the
generic nature of the platform makes it amenable for the
extension to other drugs and diseases. The platform is limited
in application and may not be suitable for imaging of deep
tissues due to scattering and quenching of fluorescence
emission as well as interference due to autofluorescence arising
from biomolecules. These issues could be addressed if
fluorescein is replaced with a near-infrared-emitting dye.
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