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Immobilization of methotrexate (MTX) anticancer drug onto the graphene surface is reported through three
methods, including either covalent linkage via (a) EDC/NHS organic activators and (b) electrografting of MTX di-
azonium salt, or (c) noncovalent bonding, resulting in three different systems. To evaluate the interaction ability
of the immobilized MTX with biological species, calf thymus DNA (ctDNA), mouse 4T1 breast tumor, and Human
foreskin fibroblast (hFF) cells as models of the primary intracellular target of anticancer drugs, cancer and normal
cells, respectively, are examined. The features of the constructed systems and their interactions with ctDNA are

iﬁyx&imm followed by surface analysis techniques and electrochemical methods. The results indicate that (i) the amount
Methotrexate of the immobilized MTX on the graphene surface is affected by type of the immobilization method; and a max-
Calf-thymus DNA imum value of (I' = 9.3 & 0.9 pmol cm~2) is found via electrografting method, (ii) graphene-modified-MTX has
Graphene high affinity for ctDNA in a wide dynamic range of concentrations, and (iii) the nature of the interaction is of elec-

Anticancer drug trostatic and/or hydrogen bonding type, formed most probably between O—H, N—H and C=0 groups of MTX

and different DNA functions. Finally, electrochemical impedance spectroscopy results approved the high affinity

of the systems for 4T1 cancer cells.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Immobilization of chemical and biological systems on the solid sur-
faces allows excellent control over their behavior and properties, com-
pared with their corresponding behavior in the solution phase [1-3].
Among several studied systems, the therapeutic and anticancer drugs
are especially important [4-7]. The components of immobilized systems
play important roles to improve the behavior and characteristics of
the system; such as contrasts in imaging and diagnosis, selectivity in
drug delivery, and sustain and release efficiency, therapeutic dose and
adverse effects of the drug [4,5,8-11].

To date, numerous biological studies have demonstrated that DNA is
the primary intracellular target of anticancer drugs [12,13]. Interaction
between anticancer drug and DNA can cause damage in cancer cells;
the drug blocks division and results in death of the cells [14-16]. This in-
teraction has been studied by different methods, including spectroscopy
[17-19] and electrochemistry [20-23].

Methotrexate (MTX), as an anticancer drug, can influence on DNA
replication and cell proliferation via integrating within the spaces be-
tween two adjacent base pairs of DNA [24]. However, the MTX
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performance is limited by its low solubility, dose-related toxicity, lack
of selectivity, rapid diffusion throughout the body, short half-life in
bloodstream, and drug resistance by target cells [25]. Therefore, MTX
has been attached onto different nanocarriers to improve its pharmaco-
logical properties [26-29].

Graphene has been widely used as the supports in science and tech-
nology [30,31], particularly as the carriers for targeted drug delivery
[32-34].

Interaction of DNA with MTX, based on the DNA modified surface,
has been investigated by electrochemical methods to determine the
MTX concentrations in the solution phase [35-38]. Also, attachment of
MTX onto graphene in aqueous solution has been investigated by
using spectroscopic methods [39]. However, there is a lack of informa-
tion regarding the electrochemical behavior of graphene-MTX confined
on the surface; especially, to our knowledge; no attention has been paid
to study the interaction between the graphene-MTX modified elec-
trodes with single- and double-strand DNA (ss-DNA and ds-DNA). The
immobilization of MTX onto a suitable modified surface allows
obtaining valuable information about its confined redox reaction and
surface behavior, which in turn, helps to follow its interaction with
DNA as a primary intracellular target of anticancer drugs, mouse 4T1
breast tumor, as a model of cancer cells, and Human foreskin fibroblast
(hFF) cells as a model of normal cells [40].
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Accordingly, the present work is intended to perform a systematic
comparative investigation between the behavior of systems formed
from MTX immobilized on graphene (graphene nanosheets, GNs, and
graphene oxide, GO) surface via three different methods, including ei-
ther covalent linkage via (a) EDC/NHS organic activators and (b)
electrografting of MTX diazonium salt, or (c) noncovalent bonding, ab-
breviated, respectively as GO-MTX(E/N), GNs-MTX(ER) and GO/MTX.
Finally, interaction of the constructed systems with calf thymus DNA
(ctDNA) and 4T1 cancer cells is studied.

2. Methods and materials
2.1. Materials and reagents

Graphite powder (1-2 pm, Aldrich), Methotrexate (MTX): ((2S)-2-
[(4-{[(2,4-Diaminopteridin-6-
yl)methyl](methyl)amino}benzoyl)amino|pentanedioic acid, double-
strand calf thymus DNA (ds-ctDNA), 1-ethyl-3(3-dimethylamino)-pro-
pyl) carbodiimide (EDC), n-hydroxysuccinimide (NHS), and other
chemicals were of analytical grade obtained from commercial sources
(Sigma-Aldrich® or Merck®). All solutions were prepared with distilled
water. The test solutions were deaerated with high purity argon gas for
10 min before each experiment and blanketed with the gas during the
experiments. Phosphate buffer solution (PBS) was prepared by mixing
0.1 M KH,P0,4/0.1 M K,HPO,4 and the required pH was adjusted by
0.1 M H3PO4 or 0.1 M NaOH. The solution was placed in an autoclave
under 100 °C for 1 h to sterile; then, it was cooled and stored at 4 °C.
The MTX solutions were prepared daily by dissolution of required
amounts of MTX in 0.1 mM NaOH. Dilute solutions of ds-ctDNA were pre-
pared immediately before using from a stock solution of 6.0 x 107>
M, prepared by dissolution of ds-ctDNA in PBS, pH 7.0.

Decomposition of ds-ctDNA into single strands was carried out by
heating a solution of ds-ctDNA at 100 °C. Then, the sample was rapidly
cooled in ice-cold water and used for measurement immediately [41].

The mouse 4T1 breast cancer cells samples were cultured in
Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine
serum, penicillin (50 U/mL) and streptomycin (50 pig/mL). The hFF cells
were cultured under the same conditions, except a high concentration
of glucose was used in the culture medium.

2.2. Immobilization of MTX onto the GC surface

The GO was synthesized according to the Hummers' method [42]
partially modified by us [43]. Also, several sets of clean GC electrodes
were prepared [43,44] and modified through three methods including
either covalent attachment via (a) EDC/NHS organic activators and (b)
electrografting of MTX diazonium salt, or (c) noncovalent bonding to
construct the working electrodes, abbreviated, respectively, as GC-
GNs-MTX(E/N), GC-GNs-MTX(ER) and GC-GNs/MTX (see Supplemen-
tary Data, Section 1 and Figs. S1 to S3).

2.3. Interaction of ctDNA with MTX-modified GC-GNs electrodes

Three sets of each modified electrode; (a) GC-GNs-MTX(E/N), (b)
GC-GNs-MTX(ER), and (c) GC-GNs/MTX were prepared, and further
modified with ctDNA. Accordingly, a 10.0 uL of 1.0 x 10~° M ss-ctDNA
or ds-ctDNA solutions were individually superposed on the topside of
each above-mentioned modified electrode and allowed at least for
15 min, in order to complete interaction between the immobilized
MTX and ctDNAs. Therefore, we had two sets of each electrode modified
with ss-ctDNA and ds-ctDNA and one set as blank respect to ctDNA, for
studying. The modified electrodes were washed with distilled water to
remove loosely adsorbed species, and then used for measurements.

For AFM measurements, screen-printed carbon electrodes (SPCE;
model DS110, DropSens S.L., Oviedo, Spain) were used as a platform,
and modified according to the method explained for the GC electrode.

2.4. Interaction of 4T1 cells with MTX-modified GC-GNs electrodes

The affinity of MTX immobilized on GC-GNs electrode surface to-
ward cancer cells was investigated using mouse 4T1 breast tumor as a
model. The electrodes were washed thoroughly with the sterile PBS
and immersed separately into the sterile solutions, PBS pH 7.4, contain-
ing 10° cells/mL 4T1 for 30 min. Then, the electrodes were removed,
washed thoroughly with the sterile PBS, and used for electrochemical
impedance spectroscopy (EIS) measurements.

2.5. Apparatus and physicochemical characterization

Topography and structural properties of the electrode surfaces were
studied by using Atomic Force Microscopy (AFM) method in noncontact
mode by using DME model C26, Dualscope™ Denmark. The AFM images
were analyzed by using DualScope SPM 2.4.2.1 software. The FESEM im-
ages were acquired by using a scanning electron microscope, Hitachi
S4160, Cold Field Emission, Japan. The ATR-FTIR spectra of the surface
were obtained in the wavenumber range of 600 to 4000 cm™! by
using Bruker Tensor 27 spectrometer, equipped with a Csl crystal, Pike
Technologies. The UV-Vis measurements were performed by using
UV-Vis-NIR spectrophotometer Cary 500.

The electrochemical measurements were performed on
Potentiostat/Galvanostat Autolab30 in a conventional three-electrode
glass cell, using the modified GC disk electrode as working, a piece of
Pt with a large surface area as counter electrode, and the SCE as refer-
ence electrode. All experiments were performed at room temperature
and under argon atmosphere.

3. Results and discussion

The constructed composite systems and their interaction with
ctDNA (Supplementary Data, Section 1) are characterized by electro-
chemical methods as CV and DPV, and surface analysis techniques as
ATR-FTIR, AFM, FESEM and UV-Vis. Finally, the affinity of MTX
immobilized on GC-GNs electrode surface toward a mouse 4T1 breast
tumor as a model is investigated.

3.1. Characterization by electrochemical methods

3.1.1. Immobilization of MTX

Since MTX is electroactive [45] (Scheme 1), modification of GC sur-
face could be followed based on the redox faradaic currents of
immobilized MTX. The method is effective and preferred when it is pos-
sible [2], compared with that is based on using external redox reaction.
The DPVs obtained in the absence of any external redox probe on GC-
GNs-MTX(E/N) (A), GC-GNs-MTX(ER) (B), and GC-GNs/MTX (C) in
comparison with blank GC (a’) and GC-GNs (b’) electrodes are present-
ed in Fig. 1. While no significant faradaic current is observed for voltam-
mograms recorded on GC and GC-GNs electrodes (Fig. 1, Panel Blank,
curves a’ and b’), a well-defined voltammetric faradaic wave (curves a
to c) is observed around E;, = (—0.74 & 0.05) V for electrodes (A)
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Scheme 1. Schematic illustration for proposed redox mechanism of MTX.
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Fig. 1. The DPVs recorded in 0.1 M PBS, pH 7.0, in the absence of any external redox probe on (A) GC-GNs-MTX(E/N), (B) GC-GNs-MTX(ER), and (C) GC-GNs/MTX electrodes. The notations
(a), (b) and (c) are referred to “before accumulation of ctDNAs”, and those labeled with numbers (a-, b-, and c-1 and 2) are referred to “after accumulation of ctDNAs” from 1.0 x 10~° M ss-

ctDNA or ds-ctDNA solution, in PBS, pH 7.0, 15 min, respectively.

to (C), which is attributed to the redox reaction of immobilized MTX
(Scheme 1). The surface coverage of MTX (I' = 2.4 4+ 0.2,9.3 + 0.9
and 8.85 + 1.54 pmol cm™2 obtained by related voltammetric reduction
charges) can be used to show the relative amount of immobilized MTX,
accordingly, the following order is observed here: (B) > (C) » (A), im-
plying that case A is not efficient for accumulation of MTX, probably
due to competitive hydrolysis [46].

3.1.2. Interaction with DNA

Interaction study of DNA with various molecules, including antican-
cer drugs, is interesting, due to several important biomedical applica-
tions, especially drug delivery systems, and has been reported by
several papers [13,16,20,22]. Understanding DNA interaction patterns
can speed up drug discovery, development, and delivery processes [47].

Fig. 1A to C (curves a-, b-, c-1 and 2) show a decrease in the faradaic
peak currents of MTX upon incubation of the modified electrodes into
ss-ctDNA or ds-ctDNA solutions, implying the accumulation of DNAs
on the surface. The observed results are in good agreement with those
reported for interaction of anticancer drugs-DNA in the solution phase
[16,22]. The decreases observed in the peak current of MTX upon addi-
tion of ctDNA onto the MTX modified surfaces can be explained based
on decrease in the equilibrium concentration of free MTX on the surface.
MTX and ctDNA are supposed to form an electrochemically inactive
MTX-ctDNA complex that cannot perform a redox reaction at the elec-
trode surface [22].

3.1.3. Analytical response

To show that the interaction between MTX-modified surfaces with
ctDNA can take place in a wide range of ctDNA concentrations, the
DPVs are recorded on GC-GNs-MTX(ER) electrode, before and after ac-
cumulation of ss-ctDNA or ds-ctDNA from separate solutions containing
different concentrations of them (Supplementary Data, Fig. S4).

In addition, while the structures formed via methods b and c are both
reproducible and benefit of high loading, the GC-GNs-MTX(ER) struc-
ture formed via C—C electrografting [43] of MTX diazonium salt (meth-
od b) is highly stable, thus, it is more appropriate for sensing intentions.

Alternatively, the GC-GNs/MTX structure formed via electrostatic inter-
action between GC-GNs and MTX (method c) is sensitive to the pH and
ionic strength () of the solution, thus, it is more appropriate for drug
delivery intentions. It is clear that the strength of electrostatic interac-
tions is dependent on pH and |, allowing to release the MTX drug by
adjusting the solution conditions (still, the system formed via method
a is not highly efficient, see Section 3.1.1).

Variations of the MTX reduction peak current of GC-GNs-MTX(ER)
electrode, measured vs. ss-ctDNA or ds-ctDNA concentration in the ac-
cumulation solution, shows a wide dynamic response range (Supple-
mentary Data, Fig. S4, Insets). Since the peak current of immobilized
MTX is varied linearly with DNA concentration in accumulation solu-
tion, the modified surface is promising for fabrication of DNA biosensors
where no significant modification performs on DNA strands [48]. A de-
tailed study of this behavior is interesting as a new challenge for DNA
sensing; however, it has not been intended in the current work.

3.1.4. Nature of the interaction between ctDNAs and the immobilized MTX

(i) DPV; Interactions between small molecules and DNA double helix
can be categorized into three models; (i) intercalative, (ii) groove, and
(iii) electrostatic bindings [16,22]. Intercalative and groove binding
models are dependent on DNA structure so that the chance of interac-
tion via these two models decreases for denatured (single strand)
DNA. Since the current results show that the interactions of
immobilized MTX continue to operate even with ss-ctDNA (Fig. 1A to
C, curves a-, b-, c-1 and 2), the nature of interactions between MTX
and DNAs can be a type of electrostatic binding.

(ii) UV-Vis; The nature of interaction between MTX and ctDNA is
also verified by recording UV-Vis absorption spectra of GO/MTX sus-
pension solution and its mixture with ss-ctDNA or ds-ctDNA (Fig. 2A)
as follows [16,22]:

The suspension solution of GO shows an absorption peak around
240 nm corresponding to the m-1r* transitions of aromatic C—C bonds
(Fig. 2A, curve a) [49]. In addition, MTX has shown three characteristic
bands in solution phase, around 260, 300 and 370 nm (Fig. 2B). After ad-
sorption of MTX on GO surface (Supplementary Data, Section 1), a broad
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Fig. 2. (A) UV-Vis spectra obtained from 0.6 mg mL~ separate solutions of (a) GO, (b) GO/
MTX, (c) GO/MTX containing 1.0 x 10~° M ss-ctDNA, and (d) GO/MTX containing 1.0
x 107% M ds-ctDNA. (B) UV-Vis spectrum of 50.0 uM of MTX solution.
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peak is formed around 290 nm (Fig. 2A, curve b) which can be due to
overlapping the 240 nm GO peak with the 260 and 300 nm MTX
peaks (Fig. 2B). Notably, the change observed in the UV-Vis spectrum
supports loading of MTX on GO surface. Finally, by addition of ss-
ctDNA or ds-ctDNA into the GO/MTX solution, the absorbance intensi-
ties are increased considerably at 290 nm and slightly at 370 nm with-
out any shift in the peak energies (Fig. 2A, curves c and d). Since no
red shift has been observed in this process, the nature of the interaction
between MTX and ctDNAs can be a type of electrostatic binding [16,22].

3.2. Characterization of the systems by surface analysis techniques

3.2.1. Characterization by ATR-FTIR

The ATR-FTIR spectroscopy measurements (Fig. 3) are performed in
conjunction with electrochemical measurements (Fig. 1) to support
step-by-step attachment of GNs, MTX, ss-ctDNA or ds-ctDNA layers
onto the GC electrode surface through noncovalent and electrografting
of MTX diazonium salt (please note that GC-GNs-MTX(E/N) system, as
discussed in Section 3.1.1, did not show a good efficiency, thus, it is
not studied further from here).

While the spectrum of GNs-GC surface (Fig. 3B) shows three signif-
icant peaks around 1622, 1740 and 3400 cm ™' [44], attributed to the
stretching vibrations of C=C, (=0 and O—H, respectively, the spec-
trum of GC surface (Fig. 3A) is nearly featureless with two peaks around
~3600 and 3700 cm™ !, attributed to the stretching and bending modes
of gas phase H,0 molecular clusters.

The vibrational spectrum obtained on GC-GNs-MTX(ER) (Fig. 3B)
consists of C=0 stretching peak around 1638 cm ™!, the band caused
by combination of C—N stretching and N—H rocking character at
1317-1390 cm ™!, C—O stretching at 1210-1320 cm ™!, C—N stretching
at 1000-1160 cm ™!, aliphatic C—H stretching at 2982 cm~!, and 0—H
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Fig. 3. ATR-FTIR spectra obtained on (A’) GC, (B') GC-GNs, (B) GC-GNs-MTX(ER), (B-1) GC-GNs-MTX(ER)-ss-ctDNA, (B-2) GC-GNs-MTX(ER)-ds-ctDNA, (C) GC-GNs/MTX, (C-1) GC-GNs/

MTX-ss-ctDNA, and (C-2) GC-GNs/MTX-ds-ctDNA electrode surfaces.
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Fig. 4. AFM images and the corresponding line profiles obtained on (A’") SPCE, (B") SPCE-GNs, (B) SPCE-GNs-MTX(ER), (B-1) SPCE-GNs-MTX(ER)-ss-ctDNA, and (B-2) SPCE-GNs-MTX(ER)-
ds-ctDNA electrodes. Green triangle and red square markers, respectively, indicate the size of GNs and MTX.
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stretching around 3342 cm™! [50]. The ATR-FTIR spectra investigation
of ss-ctDNA and ds-ctDNA attached on GC-GNs-MTX(ER) surface (Fig.
3B-1 and 2) revealed the following effects. (1) The intensity of peaks
0—H and C=0 (Fig. 3B) is decreased significantly (Fig. 3B-1 and 2),
which provides evidence for the interaction of MTX via its O—H and
C=0 groups with DNA. (2) The new absorption band appeared around
~1720 cm™ ! provides good evidence for interaction of MTX with phos-
phate groups of ctDNA via formation of hydrogen bond and/or electro-
static interaction. These results are in agreement with those reported for
interaction of DNA with anticancer drugs in the solution phase [35,51].

Noncovalent immobilization of MTX on GC-GNs surface causes some
changes in the main vibrational frequencies of MTX functional groups,
and also, the appearance new bands in the ranges of ~630-750 cm ™'
and 1490-1600 cm™"! (Fig. 3C), which can be attributed to the wagging
and bending vibrations of N—H, respectively. The spectral changes ob-
served upon attachment of ss-ctDNA or ds-ctDNA molecules on GC-
GNs/MTX electrode (Fig. 3C-1 and 2) include a decrease in the absorp-
tion frequency of C—0, (=0 and N—H vibrations of MTX. The shift of
all these bands is evidence that interaction between MTX and ctDNA oc-
curs mainly through these functional groups [38].

Overall, the ATR-FTIR results strongly support aforementioned elec-
trochemical findings regarding effective interaction of modified sur-
faces, GC-GNs-MTX(ER) and GC-GNs/MTX, with ss-ctDNA as well as
ds-ctDNA species.

3.2.2. Characterization by AFM

The AFM imaging can be used to map surface topography and struc-
tural properties of the solid surfaces modified by nanomaterials, and
measure surface roughness [52]. The images related to surface morpho-
logical structures and line profiles obtained on the SPCE during step-by-
step modification are presented in Fig. 4. The root-mean-square average
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of the surface roughness (R;s) was 331 nm and 591 nm showing a
growth of roughness during assembling of GNs on the SPCE surface
(Table S1). While the attachment of MTX on SPCE-GNs surface via
electrografting leads to a decrease of R;,s by 27.6%, the loading of ss-
ctDNA and ds-ctDNA on SPCE-GNs-MTX(ER) surface shows an increase
of roughness from 428 to 549 and 748 nm, respectively. Furthermore,
the line profiles corresponding to the AFM imaging could provide
much-needed information about the height of the modified layers on
the SPCE surface. The corresponding line profile of the SPCE electrode
in Fig. 4A shows no fluctuations across the line, while the corresponding
line profile of sticking GNs on the SPCE surface in Fig. 4B indicates a
height of ~350 nm. The GNs-MTX presented on the line profile by red
square marker (Fig. 4B) has a thickness of ~700 nm. The GNs layers
are also observable on SPCE-GNs-MTX(ER) surface, which has been in-
dicated by green triangle marker similar to that of Fig. 4B. Therefore,
the thickness of the loaded MTX on the GNs is evaluated about
350 nm. The surface topography is expected to be same by adsorption
of the ss-ctDNA or ds-ctDNA on SPCE-GNs-MTX(ER) electrode surface,
which is demonstrated by their similar line profiles and heights (Fig.
4B-1 and 2). The AFM results further support formation of SPCE-GNs-
MTX(ER) structure and adsorption of ctDNA on it.

3.2.3. Characterization by FESEM

The FESEM images of pristine GC, GC-GNs, GC-GNs-MTX(ER), GC-
GNs-MTX(ER)-ss-ctDNA, and GC-GNs-MTX(ER)-ds-ctDNA surfaces are
presented in Fig. 5. In comparison to bare electrode (Panel A’), the sur-
face morphology of GC-GNs (Panel B) is found to be completely differ-
ent due to formation of the wrinkled GNs with layered structure. This
special microstructure of GNs provides large surface area for adsorption
of MTX, which has created irregularly-shaped spots marked by red cir-
cles (Panel B). A further FESEM study was performed to find out the
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Fig. 5. The FESEM images obtained on (A’) GC, (B") GC-GNs, (B) GC-GNs-MTX(ER), (B-1) GC-GNs-MTX(ER)-ss-ctDNA, and (B-2) GC-GNs-MTX(ER)-ds-ctDNA electrode surface.
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Fig. 6. (A) and (B) the EIS complex plane plots obtained in 0.1 M PBS, at pH 7.4, in the presence of 5.0 mM [Fe(CN)]> /4~ on (a) bare GC, (b-1) GC-GNs-MTX(ER), (c-1) GC-GNs-MTX (ER)-
4T1, (d-1) GC-GNs-MTX(ER)-hFF, (b-2) GC-GNs/MTX, (c-2) GC-GNs/MTX-4T1, and (d-2) GC-GNs/MTX-hFF electrode systems at constant Epc = +0.200 V (vs. SCE) and in a wide
frequency range, from 10 kHz to 100 mHz, Exc = 5 mV superimposed on Epc. 4T1 stands for Mouse breast cancer cells 4T1 and hFF for Human foreskin fibroblast cells. MTX
immobilized onto the GNs surface based on (A) covalent bonding via electrografting (ER) of MTX diazonium salt and (B) noncovalent bonding via electrostatic interactions of MTX.
The EIS complex plane plots for expanded scale at high frequency (low impedance region) are also shown as insets.

interaction between GC-GNs-MTX(ER) and ctDNA. Loading ss-ctDNA or
ds-ctDNA, respectively, indicate the growth of irregularly-shaped spots
(Panels B-1 and 2), which might be happened due to adsorption of
ctDNA onto GC-GNs-MTX(ER). Evidently, MTX plays an important
role as a nucleation point to attach both of ss-ctDNA and ds-ctDNA,
supporting high affinity of MTX in its immobilized form toward the
DNAs.

3.3. Interaction of the systems with 4T1 mouse breast cancer cells

Interaction of GC-GNs-MTX(ER) and GC-GNs/MTX systems with 4T1
cancer cells is traced by using EIS [40]. The EIS is utilized as a direct,
nondestructive, label-free, highly sensitive and efficient technique to
follow biological interactions like capturing and detecting of the cancer
cells [53]. The measurements are carried out in the presence of
[Fe(CN)g]> /4~ at Epc = +0.200 V (vs. SCE) (Fig. 6A and B). The EIS
data were fitted into appropriate equivalent circuit models (Fig. 6B,
Insets), and the quantitative results for the model parameters were
extracted (see Table 1 and its footnotes). The key parameters data are
discussed in the following:

(i) The magnitude of double layer capacitance, Cqy, is proportional to
the number of active sites on the surface, and the parameter “g” is relat-
ed to the inhomogeneity of the sites and deformation in the semicircle
of complex plane plot [2]. The Cy is decreased from GC-GNs (376 LF)
to GC-GNs/MTX (0.43 F) by a factor of (~99.8%). This effect can be ex-
plained based on neutralization of the surface charges, exposed by the

Table 1

GNs surface active sites, upon electrostatic adsorption of MTX on GC-
GNs.

Alternatively, the Cy; of GC-GNs (376 pF) modified by covalent ad-
sorption of MTX via ER (218 pF) is changed by a factor of (~42%). This
behavior could be due to highly ordered structure of GC-GNs-MTX(ER)
allowing a large fraction of GC-GNs active sites being accessible after
MTX adsorption (please follow the preparation of the systems, Supple-
mentary data, Section 1).

(ii) The increase in the charge transfer resistance, R¢, which is pro-
portional to 1/Kke; (the ke is the charge transfer rate constant of the
redox probe), indicates closing of the surface against redox reaction of
the probe. Variations in the R is resultant of several effects taking
place in each step of modification, like hydrogen bonding, film thick-
ness, and surface charges. The R, is increased by a factor of ~4.5 and
5.3 upon incubation of GC-GNs-MTX(ER) and GC-GNs/MTX systems
into separate solutions of 4T1 cells, respectively, supporting effective ac-
cumulation of these cells onto the surface of the systems. This behavior
means that MTX, immobilized via both covalent and electrostatic bonds,
conserves its affinity toward 4T1 cells, however, GC-GNs/MTX system
loads (accumulates) more 4T1 cells compared with GC-GNs-MTX(ER)
system.

(iii) To evaluate the selectivity of the constructed systems toward
cancer cells, hFF cells, as a model of normal cells, are examined, in com-
parison with 4T1 cancer cells in the same conditions (Fig. 6, curves d-1
and d-2). Since the R is not significantly changed by this treatment, it
can be concluded that hFF cells have not associated considerably with

Electrochemical parameters extracted from the EIS data (Fig. 6), obtained on the GC electrode in different steps of the modification in 0.1 M PBS, pH 7.4, in the presence of 5.0 mM

[Fe(CN)]> /4~ at Epc = +0.200 V (vs. SCE).

Electrode Ry(Q) Ree(kQ) Q(107%st0 1) Cai(pF) g kee(cm s~ 1) x 1074
GC 137 +£2 42 4+04 6.8 £0.2 26+03 0.88 40404

GC-GNs 122 £ 0.2 16.5 £ 0.9 5314+ 6 376 + 8 0.87 1.0 £ 0.1
GC-GNs-MTX(ER) 129 +1 38+05 361 +8 218 +7 0.86 45405
GC-GNs-MTX(ER)-4T1 145+ 3 17+ 2 389+ 6 189+ 6 0.80 0.10 4+ 0.04
GC-GNs-MTX(ER)-hFF 131 +£5 52406 3754+ 8 22446 0.85 324+04
GC-GNs/MTX 213 +£5 47 £5 0.52 £+ 0.07 0.43 4+ 0.02 0.98 0.039 + 0.003
GC-GNs/MTX-4T1 181+ 4 249 +9 1.2+£0.1 0.42 + 0.03 0.89 0.010 + 0.008
GC-GNs/MTX-hFF 179 + 3 59+5 0.70 & 0.07 0.42 4+ 0.04 0.95 0.038 + 0.005

Q=C§[Rs ' + Rz']' ~ & where Q is related to the capacitance, Rs and R are solution and charge transfer resistances. The “g” parameter is dimensionless related to the rotation of the
complex plane plot, which in turn is connected to the electrode surface inhomogeneity, so that for ideal smooth electrodes g = 1. The ke;: charge transfer rate constant; ke; = RT/n’F’RCA
for redox system in solution phase; n is number of transferred electron which is equal to one; C is concentration of redox probe; Fis 96,500 C mole ! e ™!; R is gas constant 8.315 J mol ' K~!

and T is Kelvin temperature. For clarity, GC-GNs plot is not presented in the panels.
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the systems. This behavior clearly shows high affinity of the constructed
systems for 4T1 cancer cells.

4. Conclusion

The methotrexate (MTX) anticancer drug was immobilized on GC-
graphene surface via three methods; (a) EDC/NHS organic activators,
(b) electrografting of diazonium salt and (c) noncovalent bonding,
and then, the affinity of the immobilized MTX systems toward ss-
ctDNA and ds-ctDNA was investigated for the first time. Electrochemical
results together with surface analysis data, regarding physicochemical
properties of the system, supported successful construction of the
MTX-functionalized systems and their effective interaction with
ctDNAs. The electrochemical results indicated that the amount of MTX
immobilized on the graphene surface is affected by type of immobiliza-
tion method, and a maximum amount of (Fyrx = 9.3 + 0.9 pmol cm—2)
was found via electrografting. Immobilized MTX showed high affinity
for ctDNA in a wide dynamic range of concentrations. The nature of
MTX and ctDNA interaction was of electrostatic and/or hydrogen bond-
ing type, formed between O—H, N—H and C=0 groups of MTX and dif-
ferent DNA functions. The graphene-modified-MTX systems were
examined successfully for 4T1 cancer cells. This behavior opens a new
physicochemical insight for therapy and drug delivery systems.
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