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ABSTRACT:The rate and extent of drug release under
physiological conditions is a key factarencing the therapeutic, A
activity of a formulation. Real-time detection of drug release%\ =—
conventional pharmacokinetics approaches is confounded by low.-{
sensitivity, particularly in the case of tissue-targeted novel drdﬁ\*
delivery systems, where low concentrations of the drug reach
systemic circulation. We present a nowetescence turn-on
platform for real-time monitoring of drug release from nano-
particles based on reversilierescence quenching uorescein

esters. Fluorescein-conjugated carbon nanotubes (CNTs) weeg @gtariethotrexate in solution and solid phase, followed by
supramolecular functionalization with a chemoenhancer (suramin) or/and a stealth agent (dextran sulfate). Suramin was found
increase the cytotoxicity of methotrexate in A549 cells. On the other hand, dextran sulfate exkitlited oytatoxicity or

cellular uptake of CNTs by A549 cells, while a decrease in cellular uptake of CNTs and cytotoxicity of methotrexate was observec
macrophages (RAW 264.7 cells). Similar results were also obtained when CNTs were replaced with graphene. Docking stud
revealed that the conjugates are not internalized by folate receptors/transporters. Further, docking and molecular dynamics stuc
revealed the conjugates do not exhibiitp toward the methotrexate target, dihydrofolate reductase. Molecular dynamics studies
also revealed that distinct features of dextran-CNT and suramin-CNT interactions, characterizerbgtions between

CNTs and dextran/suramin. Our study provides a simple, extstes 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
nanoparticles.

KEYWORDS: uorescence, nanopatrticles, real-time drug release, carbon nanotubes

INTRODUCTION leads to low drug concentrations during the initial time
edriods, which may be beyond the detection limit of
siruments or the drug signal may be lost in the high

achieve higher eacy, reduced toxicity, and targeted deliver .ackground noise of b|.olog|cal sgmples. These technlgal
allenges prevent real-time detection of drug release during

As new formulations are developed, it becomes imperative initial iods. S dies h d |
predict their behavior following their interaction with celisth® Initial periods. Some studies have attempted to employ

One of the key factors that can alter the performance of Eyoresct_ance—based methods for determining drug release from
formulation is the drug release under physiological conditior](g.rr_nm"_"t'on' Ong of these methods relies \mrescence
An in vitrodrug release pre in the dissolution medium of activation following release, and _subsequent activation, of
various pH and ionic strengths, simulating various cellulaf{o" uorescent prodrugs or_drug conwg?afd_%ecently, more
body compartments, is currently employed to predic'tntrlcate syste_ms employingorophore pairs, uorophore-
formulation behavior in these compartments. However, sugyencher pairs, and other approaches have also been

in vitrostudies could not accurately predict the drug releass

pro le in biological compartments as the simulated mediurieceived: July 13, 2020

are devoid of the complex pool of biomolecules present Revised: November 13, 2020

biological systems that can alter the releade’pro Accepted: November 16, 2020
Novel drug delivery systems present a more technicgHPlished: December 21, 2020

challenging situation as compared to conventional formula-

tions because of sustained drug release from the’fofimisr.

The eld of novel drug delivery systems has never witnessefl
phase, as today, with new delivery systems being develope
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employed® However, a basic limitation in these studies wasthylene-glycol-protamine for tumor delffemyhere the
that these reported systems generally employed -eitheeparin suramin complex was selected based on its ability to
uorescent drug¥'' or uorescent dy&s'® as model provide an optimal particle size to the nanocomplex.
molecules thereby limiting the applicability of the formulatioMdditionally, SU has also been encapsulated in nanoparticles
to a single or a very narrow range of compoGHds. of an alendronate-conjugated bone-targeted polymer or
The novel drug delivery systems, particularly particulateeatment of brous dysplasia.
systems like nanoparticles (NPs), pose another challengeThe present study was conducted to develop a system that
accumulation in organs of the reticuloendothelial systegan be used as platform technology for real-time drug release
(RES) such as the liver, lungs, and spleen. As a result of thignitoring. We developed a carbon nanotube (CNT)-based
the e ective drug concentration available at the target site &ystem to determine the release rate of covalently linked drugs.
reduced along with a sigrant increase in drug concentration Additionally, the possibility of employing a chemoenhancer
at nontarget sites (RES organs), potentially leading to (®U) and a stealth agent (DS) are explored. CNTs were
decrease in therapeutic activity with a concomitant increasednosen as a model delivery system for several reasons: (1)
toxicity at nontarget sites. CNTs are a versatile platform that can be used to attach a wide
The evasion of RES uptake has been successfully attemptnpe of chemical moieties; (2) the CNT backbone is not
using ligands like polyethylene glycol (PEG) or its derivativedegraded intracellularly, while the attached molecules are
However, PEG could potentially interfere with the conjugatioreleased by cleavage of covalent linkages; (3) CNTs can be
of other ligands and drugs due to steric factors arising from #asily separated from the released drug. It is pertinent to
long chain length. Apart from PEG, there are few other ligand®ention here that, although CNTs have been used as a model
that could eectively evade RES, thereby limiting the availabldP, the approach can be extended to other nanoparticles as
arsenal for RES evasioin a previous study, we found that well. Methotrexate (MET) is a commonly used antineoplastic
macrophages, which are major cells responsible for NP uptakeg approved for use in multiple types of cancers. Further,
by RES organs, internalize NPs as a function of surface chaMjgT is chemically stable and contains carboxylic groups,
The cellular uptake of multiwalled carbon nanotubewhich could be easily ested with uorescein. Therefore,
(MWCNTs) was found to be dependent on scavengeMET was chosen as a model compound for the present study.
receptors (SRs) and inhibited by SR inhibitor, dextran sulfate
(DS); the degree of cellular uptake of MWCNTs in the  MATERIALS AND METHODS
presence of DS was comparable to that of PEG-functionalizedChemicals and Drugs. Bovine serum albumin (BSA),
MWCNTsZ® Around the same time, another report appeared 3-diaminobenzidine (DAB), dichlorotriazinylaminces-
whereby the authors have shownumyescence microscopy cein (DTAF), uorescein isothiocyanate (FITC), 3-(4,5-
that DS-coated and PEG-coated single-walled carbon na@emethylthiazol-2-yl)-2,5phenyltetrazolium bromide
tubes are not internalized by macrophages due to evasion(0fTT), rhodamine B isothiocyanate (RBITC), Tween-20,
opsonin binding: In another study, coadministration of DS 24-well transwell inserts, and culture medium components
resulted in reduced accumulation of superparamagnetic irgere purchased from HiMedia, India. Aspirin, dimethylami-
oxide NPs in RES organsience, these studies suggest thatnopyridine (DMAP), dicyclohexylcarbadiimide (DCC), DS
DS is an attractive stealth ligand that has not beefobtained fromLeuconostosp., MW > 500000 Da),
systematically and extensively explored for drug delivajjutathione,o-phenylenediamine (OPD), and SU were
purposes. obtained from Sigma, India. All other reagents and chemicals
A probable alternate approach to RES evasion is to includere of synthetic grade.
synergistic mixtures that show high activity at the target siteRabbit antihuman p53 polyclonal, mouse anti-DNA damage
but not at nontarget sites. Chemoenhancers are a classn@dnoclonal 1gG2b, and rabbit antihuman PCNA polyclonal
compounds that can potentially increase the anticancer actiwiigre purchased from Stress Marq, Canada. Horseradish
of chemotherapeutic agents. Low dose suramin (SU) has bgssroxidise-conjugated secondary antibodies were from Santa
proposed as a chemoenhancer in cancer chemotherapy @rdz.
acts via muItiépe pathways such as inhibitiorbrablast Carboxyl-functionalized MWCNTs (Os@ol, COOH per
growth factof® epidermal growth factdr, Wnt?**° G- mg of CNT), amino-functionalized MWCNTs (Infol, NH,
protein;>*’ and STAT5 signaliig.SU also inhibits ATP-  per mg of CNT), and graphene (99.9% carbon) were obtained
induced cell proliferatithand inhibits HUR and telomer-  from United Nanotech Innovation Pvt Ltd., India. Both types
ase’' All of these mechanisms contribute to inhibition ofof MWCNTSs had an average length of @0and an average
angiogenesis and decrease in tissue invasion and metasuter diameter of 20 nm as determined by high-resolution
stasis,° resulting in tumor regression in animal mdtlels. transmission electron microscopy (HRTEM). Graphene
Further, the combination of SU with drugs has been shown tmmprised 36 layers and measured1® nm in thickness;
enhance the activity of anticancer drugs in animal fiddels the diameter was below . Amorphous carbon and total
and in Phase |, II, and IIl clinical tridl®espite the fact that metal content, determined by thermogravimetry, was <2% w/
SU inhibits several mechanisms upregulated in tumors and theand <1% w/w, respectively, in MWCNTs and undetectable
success of Slanticancer drug combinations in clinical trials,in graphem@&
novel drug delivery systems combining SU with anticancerMET was a gift from Venus Remedies, Panchkula.
drugs have not received attention. A nanogel containingefenamic acid was a gift from Everest Formulation Pvt.
doxorubicinSU combinatiotf has been reported to be Ltd., Solan, while cetirizine was a gift from Cipla, Baddi.
e ective in a lung metastasis model whereby SU was usedCidorpromazine (CPZ) was a gift from SPB Pharma Pvt. Ltd.,
a chemoenhancer. Apart from this, SU has been employed a@uaarhatti, and hydroxypropydyclodextrin (HPbCD) was
polyanion for formulation purposes such as heparamin a gift from Roquette. The number of free amino groups was
conjugate for the formulation of nanocomplexes of polydetermined by p-nitrobenzaldehyde as¥ay.
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Cells and Cell Culture. Cell lines, purchased from for all conjugates. Drug loading was between 2.5 anaoB.0
National Centre for Cell Sciences, Pune, India, werdrug per mg of the drug-F-MWCNT conjugate.
maintained in 90% v/v Dulbetxoodied Eagls medium Solid-Phase Estecation. F-MWCNT (50 mg), MET (5
(DMEM) and 10% v/v fetal bovine serum (FBS) undermg), and phosphorus pentoxide (8 mg) were mixed and
standard conditions (3T, 95% air and 5% carbon dioxide). heated at 68C for 8 h. The reaction mixture was suspended in
DMEM containing phenol red was used in all assays exceghyl acetate andtered through a sintered glaker. The

when stated otherwise. reaction mass retained on thier was washed twice with
Preparation of Fluorescein-Labeled NPs.Amino- saturated NaHCQsolution and was washed twice with

functionalized MWCNTs (200 mg) and FITC (100 mg) distilled water. The CNTSs retained on tier were collected

were stirred overnight in 10 mL of carbonaterbipH 9.0). and dried at room temperature. Therescence intensity of

F-MWCNT was separated biration and washed several the conjugate was approximately 60% lower than that at the
times with water and acetone to remove the unreactéd dyestart of the reaction. Yield > 90%. Drug loading wamal2

The conjugation was comed by the formation ofiorescent ~ MET per mg of MET-F-MWCNT.

MWCNTs (488 nm excitation/530 nm emission) and Suramin and Dextran Sulfate LoadingET-F-MWCNT
attenuated total rection (ATR) Fourier transform infrared (1 mg) was incubated with SU or DS (10 mg) in water (1 mL)
(ATR-FTIR) as described in a later section. Carboxyundef continuous stirring in the dark for 1 h. SU@MET-F-
functionalized were conjugated with DTAF (DTAF-MWCNT or DS@MET-F-MWCNT was separated by
MWCNT) following the same protocol. The yield of F- centrifugation (200@0 10 min) and washed twice with
MWCNT and DTAF-MWCNT was >95%. distilled water (2.5 mL/washing) to remove unbound SU or

The reaction was monitored by hourly sampling (0.1 mLPS- The supernatant obtained after centrifugation and the two
from the carbonate ber. The reaction mixture was Washings were combined, and unbound SU was determined as

centrifuged (20 0g020 min), and the supernatant obtained described elsewhéfayhile unbound DS was determined by
was diluted 100-fold with water. The completion of thdhe colorimetric anthrone method as described elsé%vhe_re.
reaction was cormed when no sigmiant change (<2% Based on the mass balance deduced from the unbound ligand
compared to uorescence intensity at the start of the content, loading was calculated at 0.1 mg of SU and 0.2 mg of

experiment) in uorescence intensity was observed in thre 3VCF:)|SI[I' mg of ?UE@MEE_:_:['\)A&E’\"\;W%WT DS@'\fEL'Fd
consecutive time points. The complete labeling of amin » TEeSpectively. _ N was loade

groups by FITC was further camed by quanttation of free with SU as described for MET-F-MWCNT. Yield > 90%.

: ; ;s For coloading, various concentrations of SU and DS were
amino groups by a colorimetpinitrobenzaldehyde asay. ; . ' ;
: L -mixed with 1 mg of MET-F-MWCNT in 1 mL of water for 1 h.
N:gﬁ? amllr;]o'%[%ps were detected after overnight mcubaﬂ%e concentra'si]ons were selected based on the DOE strategy
0 S wit .

Graphene was aciduged for 30 min and separated by &3 implemented in response surface methodology. DS+SU@
Aphen : ; Separat Y MET-F-MWCNT was separated as described above, and each
centrifugation as described previéti$lyThe acid-function-

. . X of the formulations was analyzed for cytotoxicity in A549 cells
alized graphene was labeled with DTAF as described aboé(ﬁd cellular uptake in RAV>\// 264.7 é/ells Cy¥otoxicity was
: o . .
Yield > 90%. determined at 50 nM MET equivalents (ca. @L DS

Preparation of Drug Conjugates. Liquid-Phase Ester- = ; ; ;
i cation.F-MWCNT was conjugated with drugs using DCC/ ;ps)tgk@eMvI\E/;sF d'\ila\t/Z?n,:li;eldn gt” ;%D%Ta%ogfguvg;\lﬂe’zﬁgtjlar

DMAP coupling in dimethylformamide. BrieF-MWCNT WCNT. The chan : . .
: _ . ges in cytotoxicity were normalized to
(50 mg) and drugs (S mg) were added in dry DMF and stirréqynse ghserved in MET-F-MWCNT and expressed as fold

to dissolve the drug. The reaction mixture was transferred (T:?lange in cytotoxicity compared to MET-F-MWCNT. Cellular
ice; DCC (5 mg) was aplded and §tirred for an additional %ptake was expressed as a percentage of DS+SU@MET-F-
min. DMAP was added in a catalytic amount (1 mg), and thgyywcNT (20 g/mL) internalized by RAW 264.7 cells.
reaction mixture was stirred overnight at room temperature.tpe optimized formulation was prepared by stirring MET-F-
The reaction was carried under nitrogen. The conjugates WeygycNT (1 mg), SU (10 mg), and DS (8.1 mg) in water (1
separated by centrifugation (100D min) and washed L) for 1 h. The optimized formulation was separated by
with HCI, followed by saturated NaHC®bolution. The  centrifugation and washed twice with distilled water (2.5 mL/
conjugate was then dried at room temperature. All steps W&{@shing) as described above. The supernatant obtained after
performed in the dark. The formation of conjugates (MET-Fcentrifugation and the two washings were combined, and two
MWCNT) was conrmed by a reduction inuorescence  galiquots (0.5 and 5 mL) were drawn to determine unbound DS
intensity and FTIR. Theuorescence intensity of conjugatesand SU. The rst part (0.5 mL) was subjected to the
was typically 34 orders lower than that at the start of the colorimetric anthrone method as described above to determine
reaction, and uorescence was not detectable in MET-F-the amount of unbound DS. The second part (5 mL) was
MWCNT. evaporated to dryness on a water bath, and the weight of the

MET was conjugated with DTAF-MWCNT as described fotresidue was determined. The amount of unbound DS,
F-MWCNT. Yield > 95% for all conjugates. Drug loading wagalculated by the anthrone method, was deducted from the
2.8 mol MET per mg of MET-F-MWCNT and 1.8l weight of dry residue to obtain the amount of unbound SU.
MET per mg of MET-DTAF-MWCNT. Based on colorimetericahalysis of unbound DS and

DTAF-graphene was also esterifollowing the same gravimetric analysis of SU, 0.08 mg of SU and 0.15 mg of
procedure. Drug loading was Iriol MET per mg of MET- DS were loaded per mg of DS+SU@MET-F-MWCNT. Yield >
DTAF-graphene. 90%.

Aspirin, mefenamic acid, and cetirizine were conjugated toDS+SU@MET-DTAF-graphene was prepared by stirring
F-MWCNT as described for MET-F-MWCNT. Yield > 95%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 queation of microcentrifuge tubes. The microcentrifuge tube was in-
DS/SU were performed as described for DS+SU@MET-REubated at 37C in a shaker incubator for up to 2 h, and
MWCNT. Yield > 90%. aliquots of 0.1 mL were drawn at regular intervals. The aliquots
Characterization of Drug Conjugates. An aqueous  were diluted to 1.1 mL with the incubation medium (1:1 PBS/
suspension of MWCNTs was placed on copper grids, aib49 cell lysate v/v) and centrifuged. The supernatant was
dried, and viewed under HRTEM. An aqueous suspension @fllected, and drug release was determined spectrophotometri-
DS+SU@MET-F-MWCNT was placed on a glass coverslgally at 297 nm using the incubation medium as a blank. The
and air-dried. The coverslip was sputter-coated with gold addug concentration was calculated from a standard plot
subjected to EDX, attached to a scanning electron microscopegpared using pure drug dissolved in the incubation medium.
at 20 keV accelerating voltage. All conjugates were placedTdre pellet obtained after centrifugation of diluted aliquots was
the diamond crystal of ATR-FTIR, and the spectrum wawashed twice with cold water and suspended in 1 mL water
recorded without any sample preparation steps. containing 0.1% v/v Tween-80. The suspension was further
Hydrolysis of Conjugates. Con uent cultures of A549 diluted to 10 mL with water and transferred to a black 96-well
cells were trypsinized, and the cell suspension was wasptate (0.2 mL/well) for uorescence measurements (488 nm
three times with warm PBS (pH 7.4). The cells were themexcitation/530 nm emission). Theorescence intensity and
dispersed in cold PBS and lysed in a bath sonicator for 5 marug concentration in aliquots were determined immediately
The lysate was cleed by sequential centrifugation (1000 after sampling.
10 min) and Itration (0.45 m membranelter). The protein pH-Dependent Fluorescence EmissionF-MWCNT (1
content in the lysate was determined by the Bradford methoohg) was mixed with 1 mL of 20 mM HEPES/Triseloiat
The homogenate was then suitably diluted with PBS to obtaéh erent pH values (pH 6.0, 6.5, 7.0, 7.5, and 8.0). The pH
0.1 mg protein/mL. range was selected to encompass the pH values observed in
MET-F-MWCNT, MET-DTAF-MWCNT, or SU@MET-F- normal (slightly basic) and tumor tissues (near neutral to
MWCNT were dispersed in PBS (0.2 mg CNT/mL) slightly acidic). After 5 min, aliquots of 0.1 mL were
immediately before use. PBS (0.1 mL), A549 cell lysate (Otfansferred to black 96-well plates, aimlescence emission
mL), or A549 cell lysate containing 2 mM NaF (0.1 mL) weravas determined at 530 nm following excitation at 450 and 490
mixed with conjugates (0.1 mL) in black 96-well plates. Them. The ratio of emission at the two excitation wavelengths
nal concentration of conjugates was 0.1 mg/mL. Fluorescen@90 nm/450 nm) was determiried.
intensity (488 nm excitation/530 nm emission) was recorded Preparation of CNT SuspensionFor cell-based assays,
at 1 min intervals for 60 min. The rate of hydrolysis wathe conjugates were prepared under aseptic conditions using
expressed as the rate of changeiarescence intensity per autoclavediter-sterilized solutions and reagents. The sterility
minute?® was conrmed by spreading or dispersing 1 mg of conjugates
Intracellular degradation was determined in A549 cellsn solid and in liquid media, respectively. Bacterial growth was
Approximately 10 000 cells/well/2Q0were seeded in black determined on nutrient agar and in MueH#nton broth,
96-well plates and incubated overnight in 90% DMEM/10%vhile fungal growth was determined on potato dextrose agar
FBS (v/v). The cells were once washed with sterile PBS arhd in YPD broth. No microbial growth was observed in any of
then replaced with 90% DMEM/10% FBS containing 0.5 mgthe four media after 72 h of incubation at@7Further, the
mL of MET-F-MWCNT, MET-DTAF-MWCNT, or SU@ yeast media were also maintained 4C2fer 72 h without
MET-F-MWCNT for 1 h. The cells were extensively washedvidence of any detectable fungal growth.
with warm PBS to remove extracellular conjugates. The cell®All conjugates were dispersed at 1 mg/mL in 90% DMEM/
were further incubated for 6 h in a serum-free medium0% FBS by bath sonication for 10 min. The stock solution
(DMEM without phenol red). Cells were lysed at 15 minwas appropriately diluted in a culture medium to obtain
intervals during the 6 h of incubation §3wells for each  desired concentrations, and each working concentration was
conjugate) as described eaffiand the uorescence intensity brie y sonicated. The stability of all working concentrations

was recorded using a microplaigrimeter. was assessed visually and by optical microstapyisual
To determine the intracellular site of hydrolysis, cells weggns of aggregation or settling were observed up to a
trypsinized after 6 h and suspended in cold lyses (aH concentration of 0.5 mg/mL in all conjugates except F-

7.4) containing 20 mM HEPES, 10 mM KCI, 2 mM MdCI  MWCNT; the latter suspension was stable up to 0.1 mg/mL.
mM EDTA, and 1 mM EGTA. Cells were repeatedly passed DS and SU Desorption. Amino-functionalized MWCNTs
through a 26 gauge needle for lysis. Theescence intensity and DS were labeled with RBITC (RBITC-MWCNT) and
of the lysate was determined as described above. The lydafAF (DS-DTAF), respectively, as described €aries.

was then centrifuged at 18@@r 10 min to separate nuclei +SU@MET-F-MWCNT, DS-DTAF+SU@MET-F-MWCNT,
and cell debris. The supernatant was collected and centrifugedS-DTAF+SU@RBITC-MWCNT were prepared using DS
at 10 00@ for 5 min to remove lysosomes and mitochondriaor DS-DTAF as described above. DS+SU@MET-F-MWCNT
The uorescence intensity of supernatant (cytosolic fractionyas incubated in A549 cell extracts as described for hydrolysis
was determined. The pellet containing lysosomes arsfudies. MWCNTs were extracted by centrifugation after 6 h
mitochondria was resuspended in lysisrband subjected (10 00@ 20 min). The pellet was extracted several times with
to uorimetry. The absence of lysosomes and mitochondria inethanol, dried under nitrogen, and dissolved in water. The

the cytosolic fraction was coned by the absence Mf uorescence was recorded at excitation and emission wave-
acetyl--p-glucosaminidase (lysosomal marker), an monoamiengths at 315 and 405 nm, respecfiehdditionally,
oxidase (mitochondrial marker) in the cytosolic fraétion. uorescence was also determined at 360 nm excitation and 400

Correlation between Fluorescence Intensity and nm emissiofi’ The SU concentration was also determined in
Drug Release.MET-F-MWCNT (10 mg) was mixed with the supernatant at 315/405 nm and 360/400 nm excitation/
0.5 mL of PBS and 0.5 mL of A549 cell lysate in 1.5 mlemission pairs. Similarly, DS-DTAF+SU@MET-F-MWCNT
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were recovered by centrifugation after 6 h of incubation in Biocompatibility and Cytotoxicity Assays. Biocompat-
A549 cell extracts. The pellet was redispersed in water, ahdity of F-MWCNT was determined by methods described
uorescence was determined at excitation and emissiearliet’ unless spead otherwise. MWCNTSs were found to
wavelengths 488 and 530 nm, respectively. The sorption g@dench uorescence even at low concentrations G/hiL);
DS on MWCNT was further camed by the uorescence therefore, wherever feasible, spectrophotometric methods were
resonance energy transfer (FRET) as described in a previemployed and adjusted for interference by MWCNTs as
report’® Briey, DS-DTAF+SU@RBITC-MWCNT were described earligt>°
recovered by centrifugation after 6 h of incubation in A549 Cell viability was determined in A549 cells by an MTT
cell extracts, and the pellet was observed under a confoaasay. Brig, approximately 10000 cells/well/200 were
microscope using excitation and emission paircdpethe  seeded in 96-well plates and incubated withredit
donor ( uorescein) and acceptor (thodamine). Therdhce ~ concentrations of F-MWCNT (0.0100 g/mL), free MET
in uorescence intensity of the acceptor after excitation with(8.:01 1000 nM), and drug conjugates (equivalent to 0.1
wavelength speci for acceptor and donor was used to 1000 nM MET) for 72 h. A stock solution of MTT (5 mg/
determine FRET eiency. mL) was added to each well (20well) and incubated for 3
In all analyses, blank samples were run (water alone or A5&g-ormazon was then dissolved in 106f 20% w/v sodium
cell lysate alone), and blank measurements were subtraciéglecyl sulfate (prepared in 0.01 M hydrochloric acid), and
from standard and sample measurements. The concentratfBf @bsorbance was recorded at 595 nm. Cell viability was
of SU and DS-DTAF was determined from standard p|ot§eterm|neq_by considering the absorbance of the control as
prepared using SU or DS-DTAF in water or A549 cell lysates00% viability” _ _
Desorption of DS-DTAF and SU was determined in phenol A249 cells were incubated with IfmL of MWCNTs
red-free DMEM supplemented with 10% FBS or water b{@nd free MET, wherever applicable) for 72 h as described
uorimetry as described above. The mass balance (sorbed®}pVe: except lysosomal and mitochondrial integrity assays,

MWCNT + desorbed and released in cell Iysate/culturé(w_1ere cells were incubated for 24 h. Lysosomal and
medium/water) was >90% in all cases. mitochondrial integrity was determined by neutral red uptake

DS (10 mg/mL in water; 200L) was added in high- and safranine O uptake asSay=luction of oxidative stress

binding, at-bottom 96-well plates and incubated for 3 h. pgvas determined by a_spectrop\%ﬁtometric assay of protein
solution was gently aspirated, and the wells were washed Vﬁﬂggo?ylatl%nNaAs desg”b?d egsi arel dthe format|or_1 of 8
water several times until DS was not detected in washings ative products (8-hyroxydeoxyguanosine [8-

the anthrone method. Based on mass balance, DS coating ama(\;])e VBZS‘;‘m?A‘Z}ngneEé-LSAa SIS hdeiS(I:z;ira?r?e Zglgow.dDNA
ca. 17% 28 g/well. The SU solution (10@/mL in water; o229 y a dipheny ay)
induction of DNA damage response and consequent cell cycle

200 L) was added to the wells and incubated for 1 h. The rrest were determined by p53 and PCNA assays, respectivel
solution was gently aspirated, and the SU concentration W%%-OHdG 53 and PC>I/\IpA expression was d%afermiﬁed b y
determined orimetrically. The recovered SU solution did nOtWhoIe—ceII ,EEISA as described gse\%Brke y, A549 cells y
show a positive reaction by the anthrone method, indicati ere treated with free MET or drug conjuga{es for 72 h. The
DS is not desorbed during the course of incubation with S ulture medium was removed, and cells were washed twice
H CeGII;IaL' U%tgkepésf;y-@gﬁ_, 4RA'\|V24| ZH%%Y I\/LCI;ZC/ with 0.01 M PBS (pH 7.2) to remove extracellular CNTs and
eplos, hepsp, Fl-ls, -4, NGRS, an debris. The cells were therd in 2% w/v paraformaldehyde
PRF/5 cells (10000 cells/well/20Q. in 96-well plate)  (,enared in PBS) at % for 30 min. The xed cells were
were incubated with 10g/mL of F-MWCNT and MOET'F' then incubated in solution A (0.05% v/v Tween-20 dissolved
MWCNT for 6 h at 37°C in DMEM containing 10% FCS j, PBS) for 2 min. The solution was replaced with solution B
(pH 7.2). AS49 cells were also incubated with MET-Fyj0 vy BSA dissolved in PBS) for 2 h, followed by primary
MWCNT for 6 h at #C or at 37°C in the presence of 100  gntipodies (1:200 for anti-p53 and anti-PCNA; 1:500 for anti-
M folic acid or 100M MET in a routine culture medium g oHqG) for 1 h. The primary antibodies were diluted to the
(DMEM containing 10% FCS pH 7.2) or culture medium gegjred concentration in solution C (PBS containing 0.05% v/
acidi ed with HCl to achieve pH 6.5. A549 and RAW 264.7, Tween-20 and 1% w/v BSA). The primary antibodies were
cells were also incubated with 1@mL DS@MET-F-  removed and cells washed 5 times with solution A. The
MWCNT for 6 h at 37C in DMEM containing 10% FCS secondary antibody was diluted 1:300 in solution C and
(pH 7.2). After incubation, the cells were washed up to 5 timggcubated with cells for 2 h. The cells were extensively washed
with warm PBS to remove extracellular CNTs, and cells wefgth solution A, followed by the OPD solution. Following
lysed with 0.1% v/v Tween-80. Cell uptake was determined ¥lor development, the reaction was quenched with acid and
estimating the CNT concentration in cell lysates spectrophotghsorbance determined at 492 nm. The acid-quenched OPD
metrically, as described eaffi@ell uptake was expressed assolution was then replaced with methylene blue solution to
the % of total CNT (100g/mL) present in cell lysates. determine cell numbgf. OPD absorbance was then
A549 cells were incubated with 1§0nL DS+SU@MET- normalized to cell number.
F-MWCNT either at £C or in the presence of 3 mg/mL  The cell migration assay was performed as described
sodium azide, 1@/mL CPZ, or 10 mM HPCD. Cell uptake  elsewhere with minor modations> Briey, A549 cells
was quanted spectrophotometrically after ©%i"° A549  were suspended in serum-free RPMI-1640L(8 cells/mL)
cells incubated with 10@/mL DS+SU@MET-F-MWCNT  and placed in the upper chamber (6Q). RPMI-1640
for 6 h werexed in 2.5% paraformaldehyde (prepared in PBS3upplemented with 10% FBS was placed in the lower chamber
for 15 min and washed. The nuclei were stained witly 25 (600 L). MET (1 M) or an equivalent amount of MET-F-
mL propidium iodide for 30 min and then observed under IWCNT, DS @MET-F-MWCNT, SU@MET-F-MWCNT,
confocal microscope. and DS+SU@MET-F-MWCNT were added in the upper
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chamber. CNT conjugates were dispersed in serum-free RPtreening (USR-VS) servet(://usr.marseille.inserm)if?

1640 by bath sonication to obtain a 180nL suspension. This server compares the conformations of the query
The suspensions were adequately diluted with serum-freempound against a database of 93.9 million 3D conformers
RPMI-1640 to obtain the desired concentration in the uppesbtained from 23.1 million molecules. The server enables
chamber. Two sets of control were included: CNT-free contrejuerying the input structures using teamors of the database,
and CNT control. The CNT-free control set contained serumthe original USR, which compares the shape of the input
free RPMI-1640 in the upper chamber, while the CNT controdtructure with a database of conforfetdsSRCAT is an
contained 50 g/mL F-MWCNT in the upper chamber. extension of USR, which incorporates pharmacophoric
Following incubation for 24 h, the cells that migrated to thénformation during the comparison progéss.

lower side of the upper chamber wexed with cold MD Simulations. All input les were generated using
methanol, stained with crystal violet (0.5% w/v; 30 min)CHARMM-GUI (ttp://www.charmm-gui.orjf®

and gently washed in water to remove excess dye. The dye WIHFR was obtained from PDB (1U72) and MET, and
extracted with 1 mL of 10% acetic acid and was determined\giter was removed using PDB Ré&d€he structure
595 nm. The absorbance of control wells was considerg@ntaining DHFR, along with cofactor NADPH, was prepared
100%, and absorbance in MET/conjugate-treated groups Wgsing PDB Reader. The best pose conformation of the MET-F-
expressed as % absorbance relative to the control. The galter binding to DHFR (obtained from docking studies) was
invasion assay was performed as above except that collageghared using the Ligand Reader and MGA8IBIER, with
coated transwell inserts were empityed. bound NADPH, was combined with MET-F-linker using
Computational Analysis. The structure of MET-F- y\pe and solvated, and neutralizing ions were added. The
MWCNT was generated in ChemBioDraw, and energy wag)vated box was equilibrated with the NVT ensemble for
minimized in ChemBio3D using an MMF fore#l. The 155000 steps (2 fs/step) using Langevin piston followed by a
energy minimized structure was saved in mol2 format. Tl;s‘ﬁoduction run for 50 ns using the NPT ensemble. The
e

CNT was modeled as a single layer of (10,10) CNT in aiennerature was kept at 310.15 K. Simulations were performed
armchair corguration, and a single MET molecule Wassing the NAMD and CHARMM forceld®® 7*

attached to the hydroxyl group aforescein. These two A (6,6) CNT was generated using the Nanomaterial

simpli cations in the structure of MET-F-MWCNT were y;ojer ayailable on CHARMM-GUI. The CNT generated
adopted to reduce computational time and artifacts arising dW%s 36.9 A long and 8.1 A in diameter. A single layer of CNT

to nonspect binding of a more elaborate structure (multi- - :
layered CNT and two MET peuorescein). MET-F-linker V\ﬁsﬂ?: r;?r;alfa(:i ;cr)lsreduce the computational cost required to

was generated by deleting the CNT structure from MET-F- DS is a linear ; P
S . polysaccharide composed primariy, &f
MWCNT, and the energy-minimized structure was saved Ithked b-glucose (ca. 95%) with occasional branching

mol2 format. The crystal structures of 1), FR (FR2), . : .
and DHFR were ob¥ained from the Pg[a;ir? Data(Ban?( (PDIQCCUWWg as 1,2, 13-, anq 1,4—I|nk_age§s. The glucose res@ues
re mainly disulfated: 2,3-disulfonation is most common, while

entries 51ZQ, 4KNO, and 1U72, respectively). The cryst 4- and 2,4-disulfonation occur relatively at lower propor-
structures of RFC and PCFT are not available; hence, th (r:)ns7273 D'S was modeled using Gl zan Readee {End
protein sequences were obtained from UniProt (UniProt ID : 74 76 deled gl y q )
P41440 and Q96NT5, respectively). The homology model wi odeler. D%%as modeled as a linear decam Cﬁ
constructed using a bacterial glycerol-3-phosphate transpoftaf€d -glucose™™ with 2,3-disulfonation at all residues

(PDB entry 1PW4) as a template as described el$&ihere except 2,4-disulfonation at residue 3 and 3,4-disulfonation at

on the SWISS-MODEL serverttps://swissmodel. . residue 6. . .
org)).* The ligands (MET-F-\II\/IWgSI\ITSV;/:]SdSHI\]/IOE'?-Fe-)I(iEi?r/) SU was modeled using the Ligand Reader and Mddeler.

and proteins were prepared for docking using the AutoDocDe Structure of suramin was obtained from PDB (PDB ligand
Tools module in MGLTools. The docking of ligands wadD SVR), and the acid form was converted to the hexaanion
performed in FR FR, DHFR, RFC, and PCFT using form by removing hydrogen atoms from the six sulfate groups.

AutoDock Vin¥ available on the Opal2 senety(//nbcr- The input les generated above were combined using
222.ucsd.ed)yf>*® and output les were analyzed using Multicomponent Assembler available on CHARMM-GUI.
PyMol. Two systems were generated, with one comprising CNT and

The ligand-based screening was performed using MEGr molecule of DS, while the other comprised CNT and a
conformation in the DHFR crystal structure (PDB entrymolecule of SU. The simulation was run in a box>0b86
1U72) as a template. Conformations of MET-F-MWCNT and0 A. The box was solvated with TIP3P Watend charge
MET-F-linker were generated using Bali6dand compared ~ neutralized with an appropriate number of sodium ions (6 Na
with the template MET conformation using SRAEP. for SU and 20 Nidor DS). The solvated box was equilibrated

The protein-mediated, nontarget interaction of F-MWCNTWith the NVT ensemble for 125000 steps (2 fs/step) using
MET-F-MWCNT, and MET-F-linker was determined usingLangevin piston followed by a production run for 50 ns using
PharmMappér>%®* The mol2 les of F-MWCNT, MET-F-  the NPT ensemble. The temperature was kept at 310.15 K.
MWCNT, and MET-F-linker were submitted to PharmMap-Simulations were performed using the NAMD and CHARMM
per server Kttp://www.lilab-ecust.cn/pharmmapper/ force eld®® " Another system contained one molecule each
submitjob.htr)] The default options of the server were of DS and SU, 26 sodium ions, and water molecules. The
selected, which comprised the generation of 300 conformeguilibration and simulations were performed; for systems
for comparison with pharmacophores and an output of 30@ntaining CNT, that simulation was run for 150 ns. The
best-matched targets. The possible interactions of F-MWCNIDBnger simulation was required in the latter system because the
MET-F-MWCNT, and MET-F-linker with biomolecules wereconvergence of the system was observed after 50 ns. The data
also determined using the Ultrafast Shape Recognition-Virtweds postprocessed using CPPTR# VMD®®
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Statistical Analysis.Data was converted to the mean and
standard deviation (SD) and expressed as thetnganThe

data for two groups were comparetilgt, while a multiple > —
group comparison was performed by one-way analySiS  Fyorescence Fluorescence
variance followed Ippst hoTukeys test using SigmPlot. The ON OFF §

di erences were considered sggmit ap < 0.05. Comparison
between predicted and measured drug concentrations
Bland Altman, Passin@ablok, Deming, and Mountain plots
was performed using MedCalc.

In the case of parameters expressed as fold change comp ;
to the control (protein carbonylation, DNA damage, p53, anlv’ 2L
PCNA level), the parameter was determined separately for t<_:
control and treatment groups and converted to tnezD.

The mean fold change was calculated as ratios of mean va
in the treatment and control groups. The SD of ratios wa
calculated using Tayksecond-moment expansion:

PRy PPN e
e Ee VDA

2 2

SD; SOy

D= R\/ ea i"‘ ea Figure 1. Schematic representation of theorescence turn-on
R & platform for real-time monitoring of drug release.

where SPand S represent the SD of treatment and control
groups, respectively, meand meagnrepresent the mean of
treatment and control groups, respectivelyRargresents
the ratio of megnand meag

hand, the solid-phase protocol was much lesené (ca.

60%) and hence not investigated further. MET-F-MWCNT

was therefore synthesized using DMAP/DCC coupling in
The fold di erence in the cellular uptake of F-MWCNT and dimethylformamide. The formation of MET-F-MWCNT was

MET-F-MWCNT in each cell line was determined in a similaf®n fmed by Fourier transform infrared spectroséopyre

way. Briey, cellular uptake of F-MWCNT and MET-F- ). As shown irrigure 2the HRTEM of MET-F-MWCNT

MWCNT was converted to the meaisD for each cell line. revealed that the structural integrity of MWCNTs was not

The mean fold derence R) was calculated as ratios of mean compromised following the formation of conjugates.
cellular uptake of MET-F-MWCNT and F-MWCNT. The SD
of ratios was calculated using the following formula:

o= 2] 2]

where SR and S represent SD of MET-F-MWCNT and F-
MWCNT groups, respectively, mgamd meanrepresent 7
mean cellular uptake of MET-F-MWCNT and F-MWCNT in #%&
a cell line, respectively, ddepresents the ratio of mgan
and mean 7

The fold change in cytotoxicity between DS+SU@MET-F/4
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 ReleaseThe development of
the platform was based on the principle thatescence of To validate the feasibility of employing therescence

uorescein is quenched following est#ion of its phenolic  turn-on system, hydrolysis of MET-F-MWCNT was monitored
groups; the uorescence is recovered following hydrolysis ah phosphate-bered saline (PBS) and A549 cell lysate. The
the ester group. The schematic representation of the rate of hydrolysis of the conjugate was negligible in the
principle is shown irigure 1Fluorescein-labeled multiwalled presence of PBS, while a sinitly higher rate of hydrolysis
CNTs (F-MWCNTSs) were prepared by reaction of amino-was observed in the presence of A549 cell lifgaies( 3,
functionalized MWCNTs with FITC. F-MWCNTs were Table ), suggesting that drug release is faster in intracellular
conjugated with MET using a liquid-phase and a solid-phasempartments and that the intracellular drug release rate is
esterication protocol to obtain MET-F-MWCNT. The liquid- faster than spontaneous hydrolysis observed in PBS. As
phase estedation was performed by DMAP/DCC coupling observed irfFigure &, no uorescence was observed at the

in dimethylformamide, while solid-phase eston was  start of the experiment (O min). This is because covalent
performed using phosphorus pentoxide. The reactiomodi cation of OH groups of uorescein with drug molecule
proceeded to completion in the liquid-phase method, a®sulted in uorescence quenchifi¢® With an increase in
evident from the complete loss aforescence in the incubation time, the intensity of greemrescence started
esterication product (MET-F-MWCNT). On the other increasing, suggesting that the drug molecules have cleaved

Figure 2.HRTEM of MET-F-MWCNT.
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Figure 3.(A) A representative hydrolysis peoof MET-F-MWCNT in phosphate-laned saline (PBS; pH 7.4) and A549 cell lysate. (B)
Correlation between drug release andescence intensity in the presence of A549 cell lys&pC@relation between measured drug release

and drug release predicted framrescence measurements in panel B. Panels D and E represeXitrBemednd PassinBablok residual

plots, respectively. The inset in panel D represents the Feslioigregression; the solid black line shows the regression line, the solid gray line
represents the line of equality (slope = 1), and dotted lines show 98namtervals. Panels E and F represent the Deming regression line and
mountain plot, respectively. MET-F-MWCNT were incubated in PBS or A549 cell lysateeseehce intensity was determined at regular
intervals as described in tflaterials and Methodection. Drug release was determined spectrophotometrically. The rate of hydrolysis is

expressed as an increasedanescence intensity (arbitrary units) per minute. Data is the: IBBrof triplicate samples per data point in panel
B.

from the OH groups of uorescein, resulting in the recovery calculated/predicted fronmuorescence measurements com-

of uorescence. Quantitative analysis revealed that the ratepafed to measured concentratigriguie €). Similarly, the
hydrolysis was over 30 times higher in A549 cell lysattassingBablok residual plot and regression analyjgis €

compared to the rate in PBS. Further, a linear correRétion ( 3D) as well as Deming regressioiy(ire &) revealed a good

0.9) between drug release andrescence intensity was also agreement between predicted and measured drug concen-

observedKigure B). The ability to predict drug release from trations. The cusum test for linearity indicated no cagi
uorescence measurements was furthezdresing residual  deviation from linearitp & 0.43) in the PassinBablok plot,

plots and regression analysis. Blalichan residual plots while the Deming regression revealed a slope of 0.9774.

revealed an average 2.2% underestimation of drug relelsmintain plot revealed an underestimation of about 2% in the
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Table 1. Hydrolysis of Conjugates in Phosphate-&ed respectively (meath SD of triplicate samples). It is an
Saline (PBS; pH 7.4), A549 Cell Lysate, and A549 €ells established fact that the extracellular pH in tumor tissues is
slightly acidic compared to a slightly basic extracellular pH of

rate of hydrolysis F/min) the corresponding normal tissues, with a pétetice of 0.3

conjugate PBS A549 cell lysate  A549 cells (0.7 units. In contrast, the intracellular pH of tumor cells is
MET-F-MWCNT 0.2+ 0.0 6.0t 0.6° 1.1+ 0. similar or slightly more basic compared to corresponding
SU@MET-F-MWCNT 0.2 0.0 5.1+ 0.6° 12+ 0.7 normal tissués.F-MWCNT could, thus, not only reveal the
MET-DTAF-MWCNT 0.2+ 0.0 6.5t 0.5° 11+ 0. spatial and temporal nature of drug release duergscence

3AMET-F-MWCNT were incubated in PBS, A549 cell lysate, or A5484rn-on mechanism but also provide information on the milieu
cells, anduorescence intensity was determined at regular intervals asthe site of drug release due tégté-reporter properties.
described in thiglaterials and methosection. The rate of hydrolysis The 490/450 nm ratios could thus be exploited to determine
is expressed as an increaseidmescence intensity (arbitrary units) the site of drug release in tumor tissues (acidic extracellular
per m'ggte- g%tg‘ IS'ttk?e meﬂrts? OI‘; 3;'6 IsamPJeSP%esr tt;eatment versus slightly basic intracellular).
group. p < 9.05 with respect o hydrolysis in = y oneé-way  cytotoxicity of Drug Conjugate and Modulation by
ANOVA followed bpost hotukeys testp < 0.001 with respectto g, min “CNT-based platforms have been reported to be
ng_rOIyS's in PBS by one-way ANOVA followgabbyhog ukeys cytotoxic and enhance the activity of anticancer>gfttigs.
Thereforein vitrocytotoxic activity of F-MWCNT and MET-
F-MWCNT was determined in a human lung cancer cell line
50th percentile and an underestimation of more than 5% in t{8549). The |G, values of MET-F-MWCNT (equivalent to
17th percentile Higure &). These results suggest a good the amount of MET loaded on MET-F-MWCNT) were found
agreement between the measured drug concentrations and thée almost half of that observed with free MEDIE 2
concentrations predicted fromorescence measurements.  Figure A). The I1G, of F-MWCNT was >100g/mL (Figure
Intracellular hydrolysis in A549 cells appears to occur at48), suggesting the biocompatible nature of the theranostic
much lower rate compared to A549 cell lySatel¢ ). This platform.
is not surprising given the fact that only a fraction of MET-F
MWCNT could enter the cells and are accessible for action @able 2. Cytotoxicity of Conjugates in Cell Lifles
the intracellular hydrolytic enzymes. On the other hand, the

entire bulk of MET-F-MWCNT is accessible to esterases | _ ICs0 (NM)
cell lysates resulting in a higher rate of hydrolysis. conjugate A549 MCF-7 MOLT-4
The intracellular hydrolysis of CNTs is expected to befree MET 35& 58  123.% 11.0 146 23

mediated by the action of nonspeeisterases. To verify the MET-F-MWCNT (2.89 158+ 2.6'  56.9z 6.5 6.6+ 1.0
involvement of esterases in accelerated drug release undB@MET-F-MWCNT 6.8+ 1.4 366 46  3.3% 05
intracellular conditions, MET-F-MWCNT was incubated with (2-5)

A549 cell lysate in the presence of an esterase inhibitM(ElTé;%TAF'MWCNT 186+ 3.3

(sodium uoride; 1 mM nal concentratiorlf:® The drug g\t cr rae 774 2.4

release was sigrantly reduced in the presence of NaF and “mwcNT (1.2)°

was similar to that Observed, in PBS suggesting tha_t Ol elis were incubated with free MET or drug conjugates for 72 h, and
spontaneous hydrolysis contributes to drug release in the|l viability was determined by an MTT assay. Theol@rug
presence of NaF (0:30.1 F/min). However, NaF did not  conjugates is expressed in terms of the amount of conjugated MET
a ect drug release in CNTs incubated with PBS alonadded to cells. Data is the meaSD of 2 experiments € 3 per
suggesting that NaF reduces drug release by acting on cellatarcentration/treatment group)/alues in parentheses indicate the
components (0.2 0.1 F/min). Fractionation of cellular amount of MET (in mol) per mg of the conjugafp.< 0.001 with
components revealed that cytoplasm was the site of hydroly§igpect to free MET by one-way ANOVA followegdst hoc
since 85 6% of total cellulamuorescence was present in the TUukeys test.
cytoplasmic fraction while <10% of total cellularescence
was detected in the organelle fraction. This small fraction of Further, F-MWCNT showed a decrease in mitochondrial
uorescence could be attributed to entrapment of F-MWCNTntegrity (86.6+ 5.8%) compared to the control (108.0
in the pellet rather than actual tciing in these organelles. 6.8%;p < 0.05 byt-test). This was accompanied by a
The cytoplasmic traking of F-MWCNTs was further statistically sigrdant increase in protein carbonylation£1.4
con rmed by microscopy (data not shown). 0.1-fold) compared to the control (2.@.1-fold;p < 0.05 by
Fluorescein and its derivatives, either free or conjugated tttest). A concomitant increase in oxidative DNA damage
macromolecules, are known to exhibit pH-dependent changesmpared to the control (1+20.1 vs 1.@ 0.1-foldp < 0.05
in uorescence spectral properties. This property has oftby t-test) was also observed, suggesting induction of free
been employed to determine cytoplasmic and organelle piddical production. DNA damage was furthermmed by the
using uorescein derivatives andorescein-conjugated diphenylamine assayaple 3. p53, commonly referred to as
dextrans. This is based on the principle that the emissidguardian of the genofné an important transcription factor
intensity of uorescein at 530 nm is proportional to the pH of activated in response to DNA damage and is a key regulator of
the medium following excitation at 450 nm but pH-apoptosis and cell cycle arrest. p53 levels were found to be
independent following excitation at 490 nm. Hence, the ratielevated in F-MWCNT-treated cells, suggesting activation of
of emission intensities at 530 nm following excitation at botbNA damage response. Proliferating cell nuclear antigen
the wavelengths (490 nm/450 nm) provides an estimate of tH€ CNA) is an important marker of cell cycle and is decreased
pH:*® The 490/450 nm ratios at pH 6.0, 6.5, 7.0, 7.5, and 8. cells undergoing cell cycle arrest. A decrease in expression of
were 2.4 0.1, 4.6t 0.1, 4.4 0.4,4.% 0.1, and 5. 0.2, PCNA following incubation with FITC-MWCNT suggested
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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 --MWCNT for 72 h, and cell viability was determined by an MTT assay. The dashed line in panel A represents 50% cell viabilit
Data is the meah SD of 2 experimenta € 3 per concentration/treatment group).

Table 3. Eect on Cellular and Molecular Parameters in activity of MET. A similar trend of cytotoxicity of MWCNT
A549 Cell§ conjugates was also observed in human breast cancer (MCF-7)
and leukemia (MOLT-4) cell§ble 2.

treatment DNA damage  pS3level  PCNAlevel  oNTg gre often decorated with severadrelint types of
control 1.0+ 0.1 1.0t 0.1 10 0.1 functional groups, while theiorescence turn-on platform
F-MWCNT 13 0r 12401 0.8 0.2 reported in the present study utilizes only amino-function-
MET-F-MWCNT le0r  15:0F  07:01 alized CNTs, apparently limiting the applicability of the
SU@MET-F-MWCNT 2% 02" 1808  06+07 platform to only those CNTs harboring a free amino group. In
free MET 1E01 11201 0801 order to demonstrate the wide applicability of the platform,

“Cells were incubated with free MET, drug conjugates, or Fearboxy-functionalized CNTs were conjugated with another
MWCNT for 72 h. DNA damage was determined by the yorescein derivative, DTAF. DTAF-labeled MWCNT
diphenylamine assay and p53/PCNA levels by whole-cell ELlstTAF-MWCNT) and FITC-labeled MWCNTs (F-
Data is the meah SD of 3 5 samples per treatment group. The MWCNT) only diered in the composition of the linker

values represent fold change compared to the cBptrol0.05 - -
compared to the control by one-way ANOVA followagbstyhoc group between MWCNT andiorescein. It is expected that

Tukeys test < 0.01 compared to the control by one-way ANOVA POth linkers  (thiourea and dichlorotriazinyl) would not
followed byost hoTukeys testp < 0.001 compared to the control ~ Sighi cantly contribute to biological activity for two reasons:
by one-way ANOVA followed pgst hoGukeys test. rst, the linker is not hydrolyzed in the biological environment,

and second, the length of the linker is too small and potentially
induction of the cell cycle, probably due to activation of DNAas no role in celCNT interactions. To prove this assertion,
damage response via p53 upregulation. Interestingly, free MMET was estered with DTAF-MWCNTs by DMAP/DCC

did not signicantly increase DNA damage or p53 expressiogoupling to yield MET-DTAF-MWCNT; the ATR-FTIR
and only slightly decreased PCNA levels, while aaigni spectrum of MET-DTAF-MWCNT was similar to the
increase in DNA damage and p53 expression with g$pectrum of MET-F-MWCNT (spectrum not shown). MET-
concomitant decrease in PCNA levels was obs@nigd ( DTAF-MWCNT and MET-F-MWCNT exhibited comparable
3). A plausible explanation for these observations is that ME@tes of hydrolysis in PBS>(0.05) and in A549 cell lysage (

is a folate antimetabolite and inhibits DNA synthesis. Wheh 0.05) as well as cytotoxicifyX 0.05;Table ). Similarly,
tethered to MWCNTSs, intracellular MET concentrations areeytotoxicity of SU@MET-DTAF-MWCNT and SU@MET-F-
expected to be higher than those achieved with free MEMWCNT was also comparabfe>0.05;Table 2.

MWCNTs could damage DNA by oxidative and nonoxidative The increase in cytotoxicity of CNT-conjugated drugs is
mechanisms resulting in activation of a DNA damage respongenerally attributed to a Trojan horse, whereby intracellular
leading to p53 activation. In the presence of MET, the DNAlelivery of drugs is increased due to CNT uptake. MET is
damage may be further enhanced along with decreas@dernalized by a reduced folate carrier (RFC) at a
e ciency of DNA repair due to antimetabolite characteristigghysiological pH and by folate receptors (FR% and a proton-
of the drug. This is clearly evidenTible 3 whereby DNA  coupled folate transporter (PCFT) at an acidic®pHSince
damage is the highest in MET-F-MWCNT compared to Fextracellular EH values in tumors range from slightly basic to
MWCNT or MET alone. MET alone could increase p53slightly acidic! it may be anticipated that MET could
expressiof:>> resulting in decreased expression and activity gfotentially increase the cellular uptake of MWCNTs and
PCNA®*®° Therefore, MWCNT and MET could synergisti- synergistically enhance cytotoxic activity. Quantitative analysis
cally enhance p53 expression and induce cell cycle arrest vid aellular uptake revealed that F-MWCNT and MET-F-
decrease in PCNA expression. MET-F-MWCNT with aMWCNT were internalized to the same extent by A549 cells.
supramolecular assembly of SU (SU@MET-F-MWCNT)he cellular uptake of F-MWCNT and MET-F-MWCNT was
exhibited an even lowergj@ompared to MET-F-MWCNT. inhibited at 4°C, suggesting the involvement of an active
This was accompanied by higher p53 expression and DNArrier process, but neither folic acid nor MET inhibited
damage with a concomitant decrease in PCNA expressiae/lular uptake at pH 7.&uggesting FRs and RFC,
suggesting SU loading further enhanced antiproliferativespectively, are not involved in cellular uptkeré 3).
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Figure 5.(A) Quantitative cellular uptake of --MWCNT and MET-F-MWCNT in the presence &f MIDT and 100 M 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 106/mL F-MWCNT and MET-F-MWCNT for 6 h, and cellular uptake was determined spectrophotometrically. Data is the
meant SD of 3 5 samples per treatment grdpps 0.001 compared to the control by one-way ANOVA followsasbirod ukeys test.

Further, cellular uptake at pH 6.5 was also not inhibited bgonformation Kigure ). Similar observations were also
folic or MET, indicating an FR- and PCFT-independentencountered, while comparing crystal/docked conformations
mechanism of cellular uptake (data not shown). In order tof MET in FR, FR , RFC, and PCFT with MET-F-MWCNT
verify these ndings, docking studies were performed usingnd MET-F-linker by ligand-based virtual screening (data not
folate receptor (FR ) and (FR ), RFC, and PCFT. MET- shown). Molecular dynamics (MD) simulations were
F-MWCNT did not e ciently dock into any of these proteins, performed to further verify the observations in structure-
suggesting that these receptors/carriers are not involved, bessed and ligand-based virtual screening methods. MD
evident from the comparison of the docked conformation afimulations revealed that MET-F-linker docked in the active
MET in FR or suggested interactions of MET in ARFC, site of DHFR Figure &) moved out of the binding pocket

and PCFT. In several docking poses, the structure of CNT w@Sigure §). Root mean square deviation (RMSD) analysis of
found to interact nonspecally with nonpolar amino acid MD trajectories over 20 ns revealed that dissociation of the
residues in the receptors/carriers, which are consistent WithET-F-linker was very fast, and a near plateau was observed in
previous studies suggesting a stacking mechanism of 6 ns {igure 8;Video S).

CNT protein interactions. It appears plausible here that CNTs are known to interact with a wide range of tissues,
interactions of MET at the active site of receptors/carriers mand small changes in surface chemistry can have a profound
be masked due to software bias toward the more promineatect on cell CNT interactions culminating in alterations in
amino acidCNT interactions. This software bias seemstherapeutic and toxicological pes. Although our knowledge
logical given the fact that only one site in MET-F-MWCNTon in vitroandin vivotoxicity of CNTs continues to expand,
could interact with the active site (MET), while the bulkythere is still a dearth of understanding of the molecular
CNT structure contains scores of potential amino acidmechanisms involved in c€INT interactions. Therefore, it
interacting sites (aromatic rings). Therefore, to rule out thibecomes imperative to decipher and understand the
potential bias, docking was performed by removing the CNBiomolecular mechanisms that dictate €BIT interactions.
structure from MET-F-MWCNT (referred to as MET-F- Experimental demonstration of molecular (=receptor/trans-
linker). As observed with MET-F-MWCNT, MET-F-linker porter proteins) interactions with CNTs are confounded by
also exhibited ineient docking at the target sitésg(ire nonspecic protein binding with a CNT backbone; hence,
6A D). These observations suggested that the structure obmputational methods could be a rescue. Molecular docking
MET-F-linker was probably unable to attain the requisitand molecular dynamics studies could be employed to
conformation required to bind target proteins. This assertion isiderstand proteilfCNT interactions using crystal and
complemented by experimentatlings that the uptake of solution structures of proteins or homology models but are
MET-F-MWCNT was similar to F-MWCNT, and the cellular limited by computational costs. Hence, pharmacophore-based
uptake was not inhibited by folic acid or MET as well as a lackodels are rapidly growing, which compare the query
of docking in the active sites. Another probable reason famolecule with a database of known ligands for a given protein
increased cytotoxicity could be thecient interaction of and, based on comparison of structural features between query
MET-F-MWCNT with the MET target, dihydrofolate molecule and database, determine the ability of the query
reductase (DHFR). As observed with other receptor/carridigand to interact with a set of proteins. PharmMapper is the
proteins, MET-F-MWCNT and MET-F-linker interactions largest pharmacophore database that screens the query
with DHFR, probed by docking studies, were alscierd molecule by comparing it with a database of known
(Figure &). The binding poses of MET-F-linker were not pharmacophores and idea potential protein targets
superimposable on binding conformation in the DHFR cryst#éteceptors, enzymes, etc.). The data set consists of 23 236
structure (PDB entry 1U72lrigure &). Ligand-based virtual proteins corresponding to 16 159 druggable pharmacophore
screening of MET-F-linker was also performed tancon models and 52 431 pharmacophore models, which screen the
observations in structure-based virtual screening (dockiaqgery molecule against 450 indications and 4800 molecular
studies). Multiple conformations of MET-F-linker super{functions>>%°* The top 20 targets idergid by PharmMap-
imposed on DHFR-bound conformation of MET also revealeger did not include receptors or transporters involved in folate
the inability of MET-F-linker to attain the desired or MET uptake, thus complementing observations from

134 https://dx.doi.org/10.1021/acs.molpharmaceut.0c00730
Mol. Pharmaceutic021, 18, 124 147


http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00730/suppl_file/mp0c00730_si_002.mpg
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00730?fig=fig5&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00730?ref=pdf

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics

Figure 6 Docking of MET-F-MWCNT in folate receptdi), folate receptor (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).

docking studies that MET-F-MWCNT (and MET-F-linker) in Data S3 and S#espectively. The noninvolvement of folate
does not interact with folate or MET carriers. Further, most dfansporters in uptake was further corroborated by observa-
the pharmacophores ideetl by PharmMapper were tions that the cellular uptake of F-MWCNT and MET-F-
comparable in MET-F-MWCNT and F-MWCNT, suggestingUWCNT was comparable in a range of cell lifigsiie B).

that the MWCNT portion is the major interacting moiety. TheTherefore, the cellular uptake of MWCNTs in A549 cells
detailed results of druggable pharmacophore models for &ppears to be mediated by a mechanism distinct from that
MWCNT and MET-F-MWCNT can be assessedata S1 involved in folate/MET uptake. Further, the addition of CNTs
and S2respectively. The detailed results of pharmacophoie the culture medium could result in the formation of protein
models for F-MWCNT and MET-F-MWCNT can be assessedorona on the CNT surface due to the sorption of proteins
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from FBS, which could also interfere with the interaction of 2.6 nM, respectively), while a sigaint < 0.05;t-test)
MET with receptor/transporter proteffts’ increase in I§ was observed in RAW 264.7 cells after DS

Biological Activity of Drug Conjugate and Modu- functionalization (25.6 3.5 nM versus 135 20.2 nM).
lation by Dextran Sulfate. RES uptake is a stumbling block These results corroborate and verify cell uptake data, whereby
in the successful therapeutic application of NPs since thasdecrease in cell uptake is expected to decrease cytotoxicity
phenomenon decreases bioavailability at the target site witlioa increase I6).
concomitant increase in drug concentration in RES organs.Biological Activity of the Drug Conjugate with
The magnitude of this issue assumes even more importar®ramin and DS.Motivated by the above results, we sought
when cytotoxic compounds are sequestered in RES, therebycombine the chemosensitizer and the stealth agent in a
implicating a need to rein in on the potential untowat®  single system with real-time drug release monitoring proper-
in these organs. Therefore, as thestep, quantitative uptake ties. The rationale here was to develop a system that exhibits
of MET-F-MWCNT and MET-F-MWCNT with the supra- synergistic enhancement of drug activity together with a
molecular assembly of DS (DS@MET-F-MWCNT) waseduction in RES uptake. An obvious issue that can arise
compared in A549 cells and a macrophage cell line (RAWiring simultaneous supramolecular functionalization with
264.7). Quantitative cellular uptake revealed acaigly  both agents is competition for binding on the MWCNT
higher cellular uptake of MET-F-MWCNT in RAW 264.7 cellssurface, culminating in lowerceency of the binding process
compared to A549 cells. This observation is in line with thRyr both agents due to lesser availability of surface area and
natural functions of macrophagescient engulfment of displacement. This could, at least theoretically, lower the
foreign bodies. In contrast, cellular uptake of DS@MET-Rverall e ciency of supramolecular functionalization of one or
MWCNT in RAW 264.7 cells was sigantly reduced, while  poth of these agents. Hence, there is a need to optimize the
a small, but insigmiant, increase in uptake was observed itoncentration/proportion of both these agents such that a
A549 cells Kigure . Cytotoxicity was determined by an palance 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
oversimplication 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 eective 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
Figure 7.Quantitative cellular uptake of MET-F-MWCNT and DS@ from the fact that the United States Food and Drug
MET-F-MWCNT in A549 and RAW 264.7 cells. Cells wereAdministration and several other regulatory agencies have
incubated with 100g/mL of MET-F-MWCNT and DS@MET-F-  mandated quality by design (QbD) approaches for regulatory
MV\{CNW f0|r36th‘ _a“t?] Ce”“':r ggtakfe3W56‘3 detelrmi“ed fpe‘itmp':m%ubmissior@.sl The umbrella term QbD comprises a plethora
metrically. Data 1S the meansb) o samples per reatment - ot gnnroaches of which DOE is an important component.
gm“p'cp < 0.001 compared to MET-F-MWCNT in the same cellline w0 rotore e optimized the concentration of SU and DS using

y thet-test. L
response methodology, a method of B0 e objective was
to determine a concentration of SU and DS with an aim to
MTT assay to verify if the changes observed in cellular uptakeximize cytotoxic activity in A549 cells and minimize cellular
also translate into toxicity in A549 and RAW 264.7 cells. Theptake in RAW 264.7 cells. The concentration of both agents
IC5o values of MET-F-MWCNT and DS@MET-F-MWCNT was varied between 1 and 10 mg/mL, while the MET-F-
were found to be similar in A549 cells (#2286 nMand 11.4 MWCNT concentration and total volume were kept constant

Table 4. Model Fitting Parameters of Response Surface Methodology

cytotoxicity (fold change)

model type SD R adjusted R predicted R PRESS BIC AlCc

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

ZAbbreviations: SD = standard deviation; PRESS = predicted residual error sum of squares; BIC = Bayesian information criterion; AlCc -
corrected Akaike information criterion; 2FI = two-factor interaction
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at 1 mg/mL and 10 mL, respectively. The cytotoxicity of SUhighestR? value and lowest standard deviation. The model
and DS cofunctionalized MET-F-MWCNT (DS+SU@MET- tting, analyzed by analysis of variance (ANOVA), resulted in
F-MWCNT) in A549 cells was expressed as fold change (=fodsh F-value of 112.38 apd< 0.0001 with an adequate
increase) compared to MET-F-MWCNT (without SU) at a precision of 31.105, suggesting an excellent riwdelThis
single concentration of 2§/mL DS+SU@MET-F-MWCNT. is further corroborated by the lowest sum of squares and F-
Similarly, cellular uptake of DS+SU@MET-F-MWCNT invalue along with the highestalue in the quadratic equation
RAW 264.78 cells was expressed as a percentage of DS+StJ@ck-of-t tests {Table 5. Similarly, the linear model best
MET-F-MWCNT uptake at 20g/mL. The screening was described the reduction in cellular uptake byrBiS€s 4and
performed at a single DS+SU@MET-F-MWCNT concen5). ANOVA revealed an F-value of 3282, 0.0001, and
tration because the statistical model allows only one valueddequate precision of 31.042, suggesting excellent model
be added per response parameter (one value each fdting. The response surfaces are showigime &,B.
cytotoxicity and cellular uptake) for every factor combination The correlation between concentration of both agents and
(di erent blends of SU and DS). The concentration of/20  cytotoxicity/cellular uptake was described by following
mL was selected since it provided a s@gmi signal to equations:

determine cytotoxicity and cellular uptake.

The model tting parameters are shownTable 4 and cytotoxicity (fold change)
lack-of-t statistics are shownTiable 5 As observed ifable - 0491+ 0437 SHU 04 DS 0016) S
Table 5. Lack-of-Fit Parameters of Response Surface x DSS 0.01& st o001 bs
Methodology

cellular uptake (%)

cytotoxicity (fold change) - 12828 0126 S& 0741 DS

model type sum of squares mean square F-valpevalue

linear 135 0.2246 67.64 00006 Where SU and DS represent the concentration of SU and DS in

2FF 0.9379 0.1876 5650  o0.0o0g MY/mL, respectively.

quadratic 0.0824 0.0275 828 0.0344 Optimization of the statistical model was performed under
" cellular Uptaké %) ' ' two constraints: maximization of cytotoxicity in A549 cells and

linear 10.04 167 6.50 00457  Minimization of cellular uptake in RAW 264.7 cells. As

oFP 10.01 200 778 0.0345 expected on theoretical considerations, cofunctionalization of

quadratic 851 284 11.03 00210 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
4, the quadratic model was apparently the besddel to RAW 264.7 cells was comparable to that obtained with SU
describe the enhancement of cytotoxicity by SU due to thedone (3.5-fold increase) or DS alone (3.3%), respectively. The

32FI = Two-factor interaction.

Figure 8.Response surface methodology for thet ef 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 moderantdSU 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 incubattdof 526U @MET-

F-MWCNT, and cytotoxicity was determined by the MTT assay after 72 h incubation, while cellular uptake was determined spectrophotometrical

after 6 h of incubation.
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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.

optimized concentrations were determined using the destHRTEM analysis revealed the structure of MWCNT was not
ability function, which ranges between 0 and 1, wheraltered during the preparation stépguie ).

desirability values close to 1 indicate ideal values. The highesthein vitrorate of hydrolysis of DS+SU@MET-F-MWCNT
desirability value was found to be 0.73 for a combinatiowas comparablep ¢ 0.05; one-way ANOVA followed by
containing 10 mg/mL SU and 8.1 mg/mL DS, which resulted ukeys test) with MET-F-MWCNT in PBS and A549 cells
in a 2.7-fold increase in cytotoxicity in A549 cells compared {§-2* 0.0 vs 0.2 0.0 and 0.& 0.2 vs 1.1 0.1 F/min,
MET-F-MWCNT and cellular uptake of 5.6% (55% reductiofféSpectively) but sigeantly lower f < 0.001) in A549

compared to MET-F-MWCNT; 170% higher compared toysates (4.& 0.5 vs 6.& 0.6 F/min). The mechanism of
DS@MET-F-MWCNT). The desirability values aerdnt cellular uptake was determined by coincubation of DS+SU@

SU and DS ratios are shownFigure €. The model was ~MET-F-MWCNT with inhibitors of active uptake 1@,

further conrmed by postanalysis, whereby three independeﬁpdium azide), clathrin- (CPZ) and caveolin-mediated

; o endocytosis (HPbCD). Cellular uptake was sigmily
data points were evaluated and found to exhibit gepek inhibited by all inhibitors suggesting an active uptake

f,ng_echanism involving clathrin- and caveolin-mediated endocy-
. . sis. Considering the length of MWCNT2 m) and
tion revealed SU and DS loading of 0.08 mg SU and 0.15 rﬂﬂ:omplete inhibition of cellular uptake by endocytosis

DS per mg of DS+$U@MET'F'MWCNT' This wasrowed inhibitors, the role of other mechanisms, such as phagocytosis
by ATR-FTIR, which revealed a peak around 100§ cm macropinocytosis, also appears plalisilgher, confocal
correspond_lng to the-gluc_an n_10|et_y in DS. This peak microscopy revealed cytosolic localization of the formulation,
overlaps with the ® stretching vibration of SU. Further, the suggesting that MET is released in the cytoplasure
amide band of SU around 1550 taiso overlaps with the  10a). A closer examination of the confocal image revealed that
amide band of MET. Hence, the two characteristic IR featurgge cytoplasmicuorescence was dsed in nature, suggesting

of SU were obscured by coloaded molecules. Energy-dispergi¢@ CNTs are not localized in cell organelles since lysosomal
X-ray spectroscopy also revealed a predominantpp€aK  or mitochondrial localization results in the punctuate
corresponding to sulfate groups present in DS and SU. The Albpearance ofuorescence. The cytoplasmic distribution of
peaks correspond to the residual heavy metal present @NTs was restricted to the perinuclear region since the
MWCNTs and contribute to <1% w/w of MWCNTs. uorescence from CNT (greemiorescence due tauo-
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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 1§ 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 comparablp ¥ 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 3. 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-MW@NT (
> 0.05-test) (Table 3. In contrast to these, thesfvalue of
the conjugate was increased in RAW 264.7 cells (128
nM) compared to MET-F-MWCNT (25#63.5 nM) but was
comparable to DS@MET-F-MWCNT (120.2 nM).
DS has been shown to inhibit metastasis and endothelial
mesenchymal transition transformation uindeitroand in
vivo condition$®° similar to those observed in other
polyanionic SR ligandsThis inhibitory action of DS could
be attributed, at least in part, to inhibition of SR-binding
propertieS? Therefore, it appears plausible that DS+SU@
MET-F-MWCNT could inhibit cell migration in envitro
assay. Transwell migration and invasion assays are commonly
employed to mimin vivacell migratiori hence, these assays
were adopted. As expected, DS@MET-F-MWCNT and DS
+SU@MET-F-MWCNT sigrdantly reduced cell migration
and cell invasion. DS@MET-F-MWCNT appeared to be
relatively more ective in reducing cell migration and invasion
compared to DS+SU@MET-F-MWCNT, but thesrdince
was insigncant @ > 0.05) in both assays. In contrast, MET
and MET-F-MWCNT appeared to slightly increase migration
and invasion of A549 cellsqure 1B). This is in agreement
Figure 10.(A) Quantitative cellular uptake of DS+SU@MET-F- W'th .ear“er studies demstrating an-increase I the
M\%VCNT in(th)e Sresence of inhibitors oFf)active uptake,(dodium Invasiveness of A549 cells following MET trea?ﬁ?ént._
azide), clathrin- (CPZ) and weolin-mediated endocytosis Numerous studies have documented the role of alternatively
(HPbCD). Inset shows a confocal micrograph of cells after 6 RCtivated M2 macrophages in cancer and are commonly known
incubation showing cytosolic localization of MWCNTs (greem@s tumor-associated macrophages (TAMs). These macro-
uorescence due to F-MWCNT); ratrescence shows the nucleus phages produce anti-ammatory molecules and help in
(propidium iodide). (B)n vitrocell migration and cell invasion assay cancer survival and tissue invasion. Due to their central role in
of free MET and CNT conjugates. Scale bar 7568549 cellswere  cancer survival, TAMs have emerged as an important
incubated with 100g/mL of DS+SU@MET-F-MWCNT for 6 h, therapeutic target in recent y&a¥s. TAMs highly express
_the meart SD of 5 6 samples per treatment group. A549 cells weﬁeﬁﬁesr]RéS?j?egd zz‘nsd ;h?nf)ﬁ):gjfgge;i?ﬁefffgﬁlSTrXKAeFi)g;:EaS
incubated with MET (1 M) or an equivalent amount of MET-F- ~~“~g 0% plorte
MWCNT, DS @MET-F-MWCNT, SU@MET-F-MWCNT, and Ds tion.~ Additionally, TAMs have also been demonstrated to
+SU@MET-F-MWCNT for 24 h. The F-MWCNT concentration €Xxpress SR-A and MARCO at higher levels compared to
was 50 g/mL. Cell migration was determined in uncoated transwellg)ormal macrophages, and their inhibition has been related to
while cell invasion was determined in collagen-coated transwells. Deamcer regression in animal mo@eiS. The multitude of

is the meart SD of 4 6 samples per treatment grépg. 0.05°p < potential molecular and cellular targets in tumors, along with
0.01,°p < 0.001 compared to the control by one-way ANOVARES evading properties,ras the potential of DS as an
followed bypost hodukeys test. Nahl= Sodium azide, CPZ = adjuvant in novel drug delivery systems for tumor therapy.

chlorpromazine, HED = hydroxypropyd-cyclodextrin. A pertinent question that arises here is if DS and SU

adsorbed on MET-F-MWCNT are desorbed under physio-
rescein) did not overlay with the nucleaorescence (red logical conditions. To answer this question, the desorption of
uorescence from a nuclear stain, propidium iodide). Thef2S and SU was determined in A549 cell lysates. Fluorescence
results suggest that, following uptake, DS+SU@MET-Feasurements revealed no detectable sorption of SU on
MWCNT is tra cked to the cytosolic compartment where MWCNTSs recovered after 6 h of incubation in A549 cell
MET is hydrolyzed. lysates, while >90% SU was observed in the lysates. DS does
Methotrexate is approved for the treatment of breast canceot possessuorescent properties, which posed a major
and lymphoma in addition to lung cancer. Therefore, theroblem in analysis. The high molecular weight (>500 000 Da)
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Figure 11.Interaction betweenuorescein-labeled DS and rhodamine-labeled MWCNTs determined by FRET. (A) Fluorescein (donor)
uorescence after excitation of the donor, (B) rhodamine (accepi@gcence after excitation of both donor and acceptor excitation, (C)

acceptor uorescence following excitation of the acceptor, and @¢mtial interference contrast image of MWCNT. Panel E shows FRET

e ciency at dierent locations on the MWCNT agglomerate, while panel F shows the distance between donor and aaesytimcatidins.

FRET is noticed only at the edges of the bundle dustescence quenching in the bulk of MWCNTSs. Scale bamx 50

combined with low concentration made reliable qoatiin interactions because the chemical composition of the CNT
by extraction of DS impractical due to losses during thsurface is similar in SWCNT and MWCNT. Based on 50 ns of
extraction and sample derivatization procedures (required D simulations, both DS and SU were found to interact with
chromatographic detection). Therefore, DS was labeled wi@NTs through spea and directional stacking
DTAF (DS-DTAF) to enable easy, reliable, and sensitivinteractions Kigure 12,B; Figure S2Videos S2 and 53
detection of DS. Preliminary studies suggested that SU loadD§ binds to CNT through one of its ends, as the molecule is
was approximately 6% lower when DS-DTAF was used instesdid enough that the entropic penalty to completely bind the
of DS. Fluorescence measurements revealed nearly one-fo@MT is too large. The average distance of each of the 10
(28%) of DS-DTAF was detectable on MWCNTS, and nearlyesidues, averaged over the last 10 ns of the simulation, is
one-third (67%) was detectable in the cell lysate. The bindirghown irnFigure 1€, while the average angle between the axis
of DS to CNTs was also comed by FRET usingiorescein  of the CNT and the vector normal to the monosaccharide ring
(DS-DTAF) as a donor and rhodamine (RBITC-labeledis shown inFigure 1B. The residues are ordered from
amino-functionalized MWCNTs) as an acceptor. Thedjacency to CNT; i.e., residue 1 is nearest to the CNT
recovered MWCNTSs exhibited FRET when observed undewurface, and residue 10 is the farthest. The distance and angle
a uorescence microscopgegre 1), corroborating uo- to the CNT over the entire simulation run (50 ns) are shown
rescence data indicating sorption of DS-DTAF on MWCNTsn Figure S3lt is interesting to note that, once residue 1 binds
Desorption measurements performed in the culture mediuto the CNT surface, it does not unbind. The mode of
revealed that <10% of SU and DS-DTAF were released in thteraction appears to be stacking interactions since the
culture medium after 6 h of incubation while <5% of bottdistance between two adjacent planes (aromatic rings in CNT
sorbents were released in water over the same duration. and monosaccharide units in DS) is lower than 4.8 A, and the
The nature of interactions between CNT and DS/SU wasingle between the axis of the CNT and the vector normal to
studied using MD simulations. Although MWCNTs were usethe hexagonal ring is within #0B0°. These results suggest
in the present experiments, MD simulations were performdhkat DS can tether to the CNT surface, and the polysaccharide
using a single-walled CNT (SWCNT). This sirogtion was  chain could extend into the aqueous environment. In the case
adopted to reduce the total number of atoms in simulation anaf longer polysaccharide chains, it is expected that the
the computational cost. This is because modeling an MWCNgolysaccharide chain would form coils to attain thermody-
would increase the number of CNT atoms by several ordersmmdimic stability and thus interact with CNTs via a wrapping
magnitude, and a 3B0-mer saccharide was required insteadnechanism, which is in agreement with previous atomic force
of the decamer used in the current study. A correspondinmgicroscopy resufts.
increase in the water box size and the number of waterMD simulations of SU showed that, unlike DS, which binds
molecules was also required. We believe that thiscsitigli from one end, SU tends to bind CNT from the middle.
does not have a sigoant bearing on the nature of Residues 1 and 8 are the disulfonated aromatic rings, and
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Figure 12.MD simulations showing the interaction of CNTs with dextran sulfate (DS) and suramin (SU). (A) Birglirgfionorof DS+

CNT. (B) Binding conguration 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 noncoval
functionalization by forming specnd directional  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 (averag
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 anc
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.
A and diameter 8.1 A) was solvated in & 50 x 50 & 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 modele
as a decamer, and simulation was performed using NAMD and the CHARMM&a&lforce

residues 2 and 7 are the monosulfonated aromatic rings of 88T and the vector normal to the aromatic ring is within 90
naphthalene moieties. The other rings are numbered seriaB® (Figure 1E,F; Figure Sy} A similar stacking
moving from one end (residue 1) to the other end (residue 8inechanism of interaction has been reported in other aromatic
of the SU molecule. SU was also found to interact with CNTsompounds as wéif'°* An interesting observation in SU was

via interactions since the distance between two adjacetitat the residues 1 and 8 (disulfonated aromatic ring in the
aromatic planes (aromatic rings in CNT and aromatic rings inaphthalene systems) did naatively interact with the CNT

SU) is lower than 4.8 A, and the angle between the axis of therface since the distance was >5 A and the angles were
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Figure 13(A) HRTEM image of DS+SU@MET-DTAF-graphene at a low ratipn. Panel B shows the saaié at a higher magnoation.

(C) Quantitative cellular uptake of DS+SU@MET-F-MWCNT in the presence of inhibitors of active@htaleN( 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 withlg@Q of indicated conjugates, in the absence (control) or presence of inhibitors, for 6 h, and
cellular uptake was determined spectrophotometrically. Data is theSeairb 6 samples per treatment grdpps 0.001 compared to the

control by one-way ANOVA followeddmgt hoTukeys test in panel G < 0.001 compared to MET-DTAF-graphene in the same celltline by

test (D). NaN = Sodium azide, CPZ = chlorpromazine,Gi°= hydroxypropyd-cyclodextrin.

relatively higher for the two naphthalene rings compared to tisgstem stabilizes after about 15 ns of simul&igure S)
phenyl rings (residues &. This may be attributed to the The relatively faster association kinetics of DS could be
anionic character on the naphthalene rings (due t@xplained by two observations in the MD simulatistp:DS
sulfonation), which results in repulsion between electron-ridiinds on the CNT through one of its two ends, while SU binds
aromatic rings of CNTs and the anionic naphthalene ringsia multiple sites, and second, DS behaves as a rigid molecule,
This is further supported by interaction mapping of DS while SU extends after binding to the CNT surface.
and SU with CNTsKigure Sp Apart from the dierences in It may be argued that the MD simulations are an
binding modes of DS (binding from one end) and SU (bindingversimplication of the processes occurring on the CNT
from the middle) on the CNT surface, another interestingsurface in DS@MET-F-MWGCN and under real-life
di erence between the nature of the interaction of thesstuations, DS and SU could also interact, resulting in
molecules with CNT was revealed by end-to-end distanemhanced loading of SU. We conducted 150 ns MD
measurements. The end-to-end distance of DS alone andsimulations of a mixture of DS and SU and showed an
combination with CNT was comparable so that DS remains @ssigni cant interaction between DS and $Stdi€o S4and
a linear chain and its conformation is not signily altered  Figure SB In addition, the sorption of SU on DS-coated
after binding to CNTs Higure Sp This assertion is microtiter plates was tested experimentally to prove the
complemented by microscopic observations suggesting tlasertion. Interestingly, >95% of SU was detected in solution,
DS with a molecular weight of 5 kDa (ca. 30 glucose residues)ggesting an insigeant interaction between DS and SU.
remains close to a linear molecule in Watarcontrast to These results provide circumstantial evidence that DS and SU
DS, the end-to-end length of SU appears to increase thénd to CNTs independently of each other. A plausible
following binding with CNT. This suggests that SU tends tanechanism of coloading DS and SU thus entails a wrapping
stretch along the CNT, presumably to maximize the number afechanism of DS around CNTs, while SU may bind to the
interactions between CNT and SU, resulting in a moreéemaining unoccupied area on the CNT surface. Further, in
stable complex. A similar phenomenon has also been reported presence of DS, a molecularly crowded environment may
in DNA sorbed on carbonaceous¥Psand silicon oxidé? not allow interaction of all aromatic rings of SU with CNT, but
RMSD plots of the two systems show that DS binding to CNBuch lower degrees of interaction may not have an adverse
is relatively faster and that a stable conformation is reached imgact on the overall loadingagency of SU on the CNT
few ns. On the other hand, SU binds relatively slowly, and tlserface. This is camed by the observation that SU and DS
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Table 6. Hydrolysis and Cytotoxicity of Conjugétes

rate of hydrolysis F/min) IC5o (NM)
conjugate PBS A549 cell lysate A549 cells A549 MCF-7 MOLT-4
free MET 35.6+ 5.8 123.5 11.0 14.& 2.3
MET-DTAF-graphene (1'5) 0.1+ 0.0 55 1.3 0.8+ 0.1 255 1.8 75.6% 8.1° 7.8+ 0.8
DS+SU@MET- DTAF-graphene (2.1) 0.1+ 0.0 3.8t 0.6 0.5+ 0.1 11.3 1.° 52.8+ 3.3 3.5+ 0.5

SMET-DTAF-graphene and DS+SU@MET-DTAF-graphene were incubated in PBS, A549 cell lysate, or A54@estlsnaadntensity was
determined at regular intervals. The rate of hydrolysis is expressed as an inoreaserine 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 aggafyditiged@hjugates is expressed
in terms of the amount of conjugated MET added to cells. Data is the SRari 3 6 samples per treatment grdyalues in parentheses
indicate the amount of MET (immol) per mg of the conjugafp.< 0.05 with respect to hydrolysis in PBS by one-way ANOVA follgvest by
hocTukeys testdp < 0.01 with respect to hydrolysis in PBS by one-way ANOVA follopest hyukeys test$ < 0.001 with respect to
hydrolysis in PBS by one-way ANOVA followaqubblyhoGukeys test.

loading was 0.08 mg and 0.15 mg per mg of DS+SU@MET-§raphene and MET- DTAF-graphene was found to be
MWCNT compared to 0.10 mg of SU and 0.21 mg of DS pecomparablep(> 0.05 byt-test) in A549 cellsF{gure 1R
mg of SU@MET-F-MWCNT and DS@MET-F-MWCNT, These observations are in accordance with those observed in
respectively. Similar observations have also been reported Wigt+SU@MET-F-MWCNT, suggesting RES evading proper-
CNTs coloaded with chitosan with doxorubicin and paclitax¢iles of DS+SU@MET-DTAF-graphene.
on CNTs, whereby chitosan was shown to wrap around the Expanding the Scope of the Real-Time Fluorescence
CNT while doxorubicin and paclitaxel adsorbed on théMonitoring Platform to Other Diseases and Drugs.
remaining CNT surfaé®. CNTs and other NPs tend to accumulate in conditions with a
Extension of the Real-Time Fluorescence Monitoring leaky vasculature, such as cancer aadhnmation, by a
Platform to Other NPs. As outlined earlier, a large number phenomenon called enhanced permeation and retention
of NP-based systems enabling real-time drug releaePR). EPR esct has been frequently employed for passive
monitoring have been developed but are at a disadvantagegeting NPs to tumors and ammatory conditions and
because not all drugs possess the desired physicochemicalfandd to increase the availability of drug conjugates at such
uorescent propertie§ © or the systems have been tailored sites. Since MET is approved for an autoimmune disorder like
for a single or extremely small range of compbtifids. arthritis and lupus, it seems logical to assume that MET-F-
However, the system described in this study has the potenfdWCNT could be used in such ammatory conditions. It
to be extended to other types of NPs since the system ontyay be argued here that evasion of macrophage uptake, due to
requires a free carboxylic group in the drug molecul®S, could occur in resident tissue macrophages lanadiig
Therefore, graphene was chosen as another NP. Acitacrophages, resulting in a decrease in therapeutic response.
functionalized graphene was conjugated with DTAF followadfe believe that this argument might not hold well because,
by esterication with MET. HRTEM images show that the even if the conjugates do not enter the cells, their
structure of graphene was intact in MET-DTAF-grapheneoncentration at the iammation site will be higher than
(Figure 1R DS+SU@MET-DTAF-graphene was prepared byhe concentrations achieved by the free drug. The extracellular
mixing equal amounts of DS and SU (10 mg each) withoutydrolysis of the ester bond could release the drug, resulting in
following the elaborate response surface methodology. &sincreased local concentratididditionally, DS acts as an
observed in DS+SU@MET-F-MWCNT, coloading of DS anéhhibitor of pattern recognition receptors, notably the
SU on MET-DTAF-graphene resulted in a relative decreasesnavenger receptor-A (SR-A) and macrophage receptor with
the rate of hydrolysis compared to unloaded MET-DTAFa collagenous domain (MARCO). Further, the presence of SU
grapheneTable §. It seems plausible to assume that the longcan also enhance the antaimmatory activity of MET due to
chains of DS could sterically hinder the access of cytoplasttiie inhibition of purinergic receptors.
esterases to estedd MET, resulting in a decrease in the rate Another advantage that such a system eili®the lower
of hydrolysis in A549 cell lysates and in A549 cells. On thmncentration at nontarget sites. For example, cetirizine, a
other hand, the activity of DS+SU@MET-DTAF-graphene wa®mmonly used antiallergic drug, possesses excellent blood
found to be signcantly higher than MET-F-MWCNT or free brain barrier penetration, which results in sedation due to
MET. This increase in cytotoxicity could be attributed tocentral anticholinergicexts. Since CNTSs, in the absence of a
increased cytosolic delivery of MET due to conjugation withrain-targeting agent, could not enter the brain, it is expected
graphene, along with the synergistic activity of &ile(9. that cetirizine conjugated to CNTs could not access the central
Quantitative uptake revealed that cellular uptake of DBervous system and will concentrate at tlaenimation site.
+SU@MET-DTAF-graphene in A549 cells was mediated by &urther, several drugs are actively metabolized by the liver and
active process as evident from a decrease in uptake at a éowreted quickly in urine, which results in a reduction in drug
temperature (£C) and in the presence of sodium azide.available in circulation. CNdlrug conjugates are expected to
Further, inhibitors of clathrin- and caveolin-mediated uptakevade RES due to DS coating and urinary excretion due to
mechanisms also sigrantly inhibited cellular uptake, their physical characteristics resulting in longer circulation time
suggesting a major role of both pathways in cellular uptakend hence lower dose requirements. We conjugated two
Additionally, cellular uptake of DS+SU@MET-DTAF-granonsteroidal anti-iammatory drugs (aspirin and mefenamic
phene was sigeiantly lowerg < 0.001 byt-test) compared acid) and an antihistaminic drug (cetirizine) as support to the
to uptake of MET-DTAF-graphene in RAW 264.7 cells. Onvider application of the platform described hereinTigo
the other hand, cellular uptake of DS+SU@MET-DTAFhydrolysis results are presentéichivie 7In vitrodrug release
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in the presence of A549 cell lysate exhibited a linear correlation
(R2 > 0.9) between drug release anorescence intensity.

Data S1XLSX
Data S2 XLSX
Data S3 XLSX
Data S4 XLSX

Table 7. Hydrolysis of Conjugates in Phosphate-&ed
Saline (PBS; pH 7.4), A549 Cell Lysate, and A549 €ells
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In conclusion, we report a novelorescence turn-on
theranostic platform based on MWCNTs in which the
uorescence is quenched due to the covalent linkage of drug
molecules to theuorophore via ester bonds. The hydrolysis of
ester bonds by the action of intracellular esterases results i
activation of uorescence; the ensuing increasedrescence
intensity correlates with the amount of drug released. Several
diseases are characterized by overexpression of speci
enzymes at the target site and a careful selection of drugs
uorophores, and linkage bonds can aid in siteespeci
cleavage and delivery of the payload, while also allowi
monitoring of drug release. Supramolecular functionalizati
with SU could increase the activity of anticancer compounds,
while DS could evade RES, thereby suggesting their potenf4ies _ o
application as a chemoenhancer and a stealth ageht€ authors declare no competingncial interest.
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