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ABSTRACT: We demonstrate a single-step ultrasonic in situ complex-
ation of salicylic acid during the growth of Fe;O4-reduced graphene oxide
nanoparticles (~10 nm) to improve the antioxidant and antiproliferative
effects of pristine drug molecules. These nanoparticles have a precisely
defined electronic molecular structure with salicylic acid ligands specifically
complexed to Fe(IIl) /Fe(Il) sites, four orders of magnitude larger electric
surface potential, and enzymatic activity modulated by ascorbic acid
molecules. The diminishing efficiency of hydroxyl radicals by Fe;0,-rGO-
SA nanoparticles is tenfold higher than that by pristine salicylic acid in the
electro-Fenton process. The H' production of these nanoparticles can be
switched by the interaction with ascorbic acid ligands and cause the redox
deactivation of iron or enhanced antioxidation, where rGO plays an
important role in enhanced charge transfer catalysis. Fe;0,-rGO-SA
nanoparticles are nontoxic to erythrocytes, i.e., human peripheral blood
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mononuclear cells, and surpassingly inhibit the growth of three cancer cell lines, HeLa, HepG2, and HT29, with respect to pristine
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salicylic acid molecules.
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1. INTRODUCTION

22 Salicylic acid (SA)-based drugs are widely used in type II
23 diabetes, Alzheimer’s disease, rtheumatism, and cancer."” SA
24 exhibits beneficial antioxidant properties via direct interaction
25 with enzymes or by controlling their de novo synthesis.” The
26 antioxidant properties of SA are determined in the reduction of
27 tissue damage caused by hypoxia/reoxygenation, where SA
28 diminishes hydroxyl radicals due to specific binding to protein
20 and modifying its function. SA can inhibit the mitochondrial
30 damage and preserve the ascorbate depletion due to ischemia/
31 reperfusion in the heart." The physiological antioxidant action
32 of SA is observed in the decrease of flux of hydroxyl radicals
33 through chelation, which causes a redox deactivation
34 mechanism of iron Fenton reaction centers.” SA is considered
35 a better in vivo hydroxyl radical scavenger than ascorbic acid
36 (AA) in its ionized form or cysteine because of its site-specific
37 location, iron-binding ability, and high reaction rate (6—10 X
38 10° M~! s71).° Therefore, the iron—salicylate complex does not
39 have the thermodynamic driving force to act as an effective
40 Fenton reagent necessary for the production of damaging
41 oxygen-containing radicals. Such salicylate complexes act by
42 redox deactivation of iron and may mimic a superoxide
43 dismutation (SOD), indicating another antioxidant property of
44 SA. It was shown that the salicylate—iron complex can inhibit
45 the xanthine oxidase properties and stimulate the formation of
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H,0, during the dismutation reaction.” In addition, salicylate— 46
iron can simultaneously reduce Fe(III) of the complex to 47
Fe(II), generating hydroxyl radicals during dismutation, which 4s
is indicative of the pro-oxidant action. SA (a metabolite of 49
aspirin) causes severe side effects (stomach ulcer formation, so
bleeding, nausea, vomiting, etc.). Therefore, new methods are s;
needed to control the SA structure in salicylate complexes s>
aiming at improved antioxidant and enzymatic efficiency s3
modulation. 54

Metallodrugs are effective in clinical therapy of oncological ss
tumors® according to the mechanism of their action.” The s6
efficiency of metallodrugs is explained by metal ions or atom s7
activation of their versatile structure, resulting in rich and ss
multifaceted coordination functions.'” To date, activation of s9
SA is accounted for complexation with silver for improved 6o
wound healing'' and human breast cancer therapy,'> with ¢
iridium for potent tumor growth inhibition,* with copper for a 6
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higher antitumor efficacy by the proposed ROS-mediated
mitochondrial pathway'* with respect to pristine SA.

Metal complexes can enhance the lethality of irradiated
HeLa cells with a higher efficiency when ascorbate is co-
administered with Mn(III) species.”” A high proportion of
cancer cell lines is sensitive to H,0, and produces elevated
amounts of superoxide via NADPH oxidase complexes or
dysfunctional mitochondria. This superoxide can generate a
deadly hydroxyl radical (Haber—Weiss reaction) via a
transition metal-catalyzed transfer of an electron to H,O,
produced by ascorbate.'® H,0, formation depends on
ascorbate concentration and incubation time and exhibits a
linear relationship with ascorbate radical formation,'” resulting
in killing malignant but not benign cells. H,0, decomposition
can be modulated by AA adsorbed on core—shell Fe/Fe,0,
nanowires, resulting in the production of hydroxyl radicals in
the Fenton process.'® The formed iron—ascorbate complex
stabilizes ferrous ions with a steady concentration to maintain
the Fe(III)/Fe(Il) cycle, acting as a reducing and complexing
reagent during the AA/Fe@Fe,0;/H,0, Fenton process,
enabling the reuse of Fe@Fe,O; nanowires. However, AA
can be degraded in the AA/Fe@Fe,0; system, but oxidized

85 AA can be reduced back or oxidized further.'” AA can react
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directly with hydroxyl radicals, superoxide ions, and molecular
oxygen and reduce H,0, via the ascorbate—glutathione
pathway, mitigating oxidative stress.”’

An ancillary protective mechanism of AA in many tissues can
be explained by its reaction with O,°: ascorbate +2H" +
20, — 2H,0, + dehydroascorbate. Autooxidation of
ascorbate at physiological pH can be completely inhibited by
superoxide dismutase (SOD), suggesting that O,*~ is produced
during this reaction. AA causes DNA damage, increases the
levels of catalase, SOD, and ER stress-related proteins, and
enhances the susceptibility of HeLa cells to anticancer drugs”’
but with different sensitivities, which is not understood yet.”*
Only actively proliferating cells including metastatic invasion
are affected by AA treatment, and an increased ascorbate
concentration did not improve the cytotoxicity, which cannot
be explained why. So far, the antiproliferative effects have been
ascribed to the antioxidant properties of AA. Treatment with
increasing doses of AA is understood by the induction of a
specific downregulation of a selected set of genes. AA enhances
the passive membrane permeability but with a lower efliciency
than SA, which inhibits the growth of HeLa cells via caspase 3
activation™® and inhibition of nuclear factor kappa B (NFxB)
transcriptional activation.”* In contrast to ascorbate, SA
increases ROS production via its action by the carboxylic
group as shown in the HT-29 human colorectal carcinoma cell
line” and can sensitize these cells to H,0, in apoptosis
induced by TNF-K or a Fas ligating antibody.”®

So far, the complexation of SA with iron(II) or iron(III) is
mainly introduced by the study of the electronic structure of
iron—salicylates and identification of chemical coordination
groups of biological importance.27 The iron(II) /iron(III)
switch is essential not only for enzymatic functions but also
for the formation of highly reactive hydroxyl radicals.”®
However, such metal complexes undergo ligand substitution
reactions at inorganic centers and their structure/function
properties cannot be predicted in vivo.

Alternatively, the specific interaction of metal-based nano-
particle (NP) drugs with biological entities can be controlled
by their size, shape, and structure. For example, super-
paramagnetic Fe;O, NPs (<20 nm) can be safely applied as

biocompatible, biodegradable, and non-toxic contrast agents in
magnetic resonance imaging.”” At present, the Food and Drug
Administration approved ferumoxytol drug containing iron
oxide NPs used for iron deficiency treatment and tumor
retardation grow‘ch.30 Moreover, oral tablet formulation of
anticancer drug celecoxib includes Fe,O; NPs and non-
steroidal anti-inflammatory drug (NSAID) indomethacin—
Fe;O, NPs. However, the interaction of these drug molecules
with ferric or ferrous oxide has not been determined and the
catalytic properties of iron-activated drugs as nanoparticles
have not been studied yet.

Up to now, Fe;O, NPs have been designed with graphene
oxide (GO), providing a platform of many functional groups:
carboxylic (—COOH), hydroxyl (—OH), carbonyl (—C=0),
and epoxide (—C—O—C). This strategy has been successfully
applied to complexation of doxorubicin® or folic acid®* with
enhanced intracellular uptake and targeted imaging of
oncological tumors. In these studies, Fe;O, NPs are either
grown or coated with GO that is loaded with anticancer drugs.
Previously, we have introduced a new approach based on the
ultrasonic complexation of pristine NSAIDs—ketorolac or
aspirin with preformed Fe;0, NPs grown on GO.””** GO
especially stands out here as it provides more binding sites for
complexation with drugs and improves the electronic proper-
ties and stability of potential pharmaceutical compounds. As an
advantage, ultrasound causes efficient complexation of drug
molecules in NPs so that the structure of pharmaceutical
organic ligands does not undergo severe damage and remain
stable during the synthesis. So far, the effects of ultrasound
have been determined in sonofragmentation of molecular®
and ionic®® crystals, sonocatalysis of iron carbonyls,”” synthesis
of iron colloids,®® nanosized hollow hematite,>” and function-
alized graphenes.” In this context, the sonochemical effects of
pristine or complexed NSAID NPs have not been defined yet.

2. EXPERIMENTAL SECTION

Chemicals, details about the synthesis of GO, preparation of colloidal
aqueous solutions for fluorescence measurements, cell culture
experiments, electrochemical measurements of NPs in the electro-
Fenton process, and characterization are described in detail in the
Supporting Information.

2.1. Synthesis of Fe;0,-rGO-SA Nanoparticles. A horn-type
ultrasonic disperser N.4-20 (20 kHz, 400 W) designed by Cavitation
Inc. (Republic of Belarus) was used for the ultrasonic synthesis of
nanoparticles. Prior to the synthesis, 100 mg of GO was triply
exfoliated in 20 mL of the aqueous solution consisting of DI water at
pH S.5 and isopropanol at a volume ratio of 3:1 by using ultrasound
(10 W cm™) for 5 min in an ice-cooled vessel. The exfoliated GO was
triply rinsed with DI water by centrifugation at 7.3g for 15 min and
added with 10 mL of DI water (pH S.5) followed by 3 min of
sonication to obtain a homogeneous colloidal solution. An aqueous
mixture of 362 mM FeCl; and 170 mM FeCl, was mechanically
stirred in an Ar atmosphere for 15 min and then heated at 80 °C for
15 min. Next, the pre-treated GO (10 mL) colloidal solution was
sonicated for 5 min in an air atmosphere. Soon after, this colloidal
solution was dropwise added with S mL of 44% KOH while being
mechanically stirred and heated continuously. Next, 6 mL of 44%
KOH was dropwise added into the mixture until the black color
appeared and heating at 80 °C continued for 30 min in an Ar
atmosphere. Next, 29.1 mM SA aqueous solution was added, and the
mixture was sonicated at 18 W cm™ and stirred for 5 min in an Ar
atmosphere. After synthesis, the colloidal solution obtained a dark
black-brown color and its pH was S. Then, this colloidal solution was
cooled down to room temperature, triply rinsed with DI water (pH =
5.5) by centrifugation at 6.7¢ for 15 min, and air-dried at 100 °C to
obtain a final powder. The formed solid product responded to an
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Scheme 1. Schematic llustration Showing the Ultrasonically Formed Fe;O,-rGO-SA Nanoparticles (~10 nm) with Switchable
Antioxidant Function Modulated by the Interaction with Pristine Ascorbic Acid for Controlled Inhibition of Cancer Cell
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“Ultrasonic complexation of pristine salicylic acid (SA) ligands is derived from binding of a phenyl ring with a carboxylic group to Fe—O. Such an
electronic structure of nanoparticles facilitates H* production in a redox deactivation of iron and inhibits proliferation via H,0O, signaling.
Adsorption of ascorbic acid molecules on nanoparticles reduces H* production and enhances antioxidant function via H,O, involving a protective

mechanism.

external magnet. Then, 100 mg of this solid product was mixed with
29.1 mM SA aqueous mixture consisting of DI water and isopropanol
at a volume ratio of 1:1 and ultrasonically treated at 18 W cm™ (§
min) in an air atmosphere. The final product was triply rinsed with DI
water by centrifugation (at 6.7g) for 1S min, filtered through a
cellulose membrane filter (violet line, the pore size <1—2 pm), and
air-dried at 100 °C. The control nanoparticles were prepared by using
a similar procedure without GO or SA.

2.2. Theoretical Modeling of the Current Density and
Potential Distribution of Nanoparticles. The current density
pattern was calculated by using a Comsol Multiphysics software tool.
In this calculation, the fundamental equation of the current
conduction or charge conservation (eq 2) on the surface of
nanoparticles is computed

A-(—=6AV) =0 (2)

where o is the electrical conductivity (S/m) and V is the electric
potential (V).

In this model, we use the electrical conductivities of Fe;O,
nanoparticles with about 30 nm average diameter as 1 X 10* S/m,
of Fe;0,-SA nanoparticles with ~15 nm diameter as 3 X 10* S/m, and
of Fe;0,-rGO-SA as 3 X 10> S/m. The values of electric potential V/
are considered from the electrochemical measurements of CV curves
with the peak magnitudes corresponding to the *OH evolution. The
potential distribution is computed across the surface of nanoparticles
varying their average diameter with the added current field flow as an
arrow plot. The local magnitude of the electric current density (A/
m?) is computed by using the current conduction eq 3 (a coefficient
form boundary PDE interface) with the diffusion coefficient

c=0oXd (3)

where d is the electrochemical shell thickness (nm).

Due to the symmetry of the nanosphere, only one cross section
along the yz plane is modeled. In the model, we use the initial time
derivative of the potential §V/dt = 0.01 V/s, the conservative flux
convection coefficient a (S/m) with x = 1, y = 1, and z = 1,
convection coefficient # (S/m) with x = 1, y = 1, and z = 1, and the
conservative flux source y (A/m) with x = 1, y = 1, and z = 1. The
model is illustrated in eq 4 as follows:

= + dag + A(—cAV—aV+y)+pAV+aV=f

v oV
e, 2

(4)

where e, is the mass coefficient (S*A?/m* kg, set to zero), d, is the 228
damping coefficient (F/m? set to 1), and f is the source term (A/m?). 229

2.3. Theoretical Modeling of the H* Production in NPs (the 230
Three-Electrode Surface System). This modeling is based on the 231
fundamental computation of the electrochemical treatment of tumors 232
with implication that the diseased tissue is treated with the direct 233
current through the use of the metallic electrodes inserted inside the 234
cellular environment.*' We assume that when the tissue is 235
electrolyzed, two competing reactions take place at the anode: 236
oxygen evolution and chlorine production. The oxygen evolution 237
reaction also produces H' ions, which lower the pH value close to the 238

anode according to the following reactions: 239
2CI" = Cl, + 2e™ at the cathode (S) 240
2H,0 = 4H' + O, + 4 at the anode (6) 241

In this model, we apply the Nernst—Planck equation interface using 242
a Comsol Multiphysics software tool to compute the concentration of 243
H" ions developed close to the electrode surface in contact with the 244
nanoparticles. We calculate the amount of H* ions at different 245
concentrations of complexed SA molecules in NPs in an aqueous 246
electrolyte solution of KCl before and after addition of ascorbic acid. 247
At the electrode surface, the fluxes of H* and CI™ ions are included in 248
the electrochemical reactions, while the K' ionic species are 249
considered inert in this model. In the model, the following equation 250
(eq 7) is used for molar fluxes at the boundary for the reacting species 251

)
n;-F (7) 252

where N; is the flux, 1 is the stoichiometric coefficient for the ionic 253
species i in reaction j, and n; is the number of electrons in reaction j. 254
The current density for the oxygen evolution reaction is calculated 253

in the following equation (eq 8): 256

N-n =

i

. _ . [ —F(V+E, 10)/2RT 1/4 F(V+E,, ;)/2RT
h =]1,o{e (V+Eqr0 = (Bn) ""Cyyye (V+Fu ) 2RTy (8) 257
where ji, is the exchange current density (A/m*) and E; is the 238
standard electrode potential (V). The fluxes of H' ions at the 259

electrode surface (Ny;) are computed according to eq 8 using the 260

input values n; = 1 and vy; = 1: 261
i
N,n=2
H
F ) 262
C https://doi.org/10.1021/acsbiomaterials.1c01603
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Figure 1. (A) Representative SEM image and (B) size distribution histogram (number of NPs per surface area versus the average size (d), nm) of
synthesized Fe;0,-tGO-SA NPs are demonstrated. (C) X-ray diffraction patterns of Fe;O,-rGO-SA NPs in comparison with Fe;O, and Fe;0,-SA
are shown. (D) FT-IR transmittance spectrum of Fe;O,-rGO-SA NPs is demonstrated in the spectral region of 400—2000 cm™". (E) Raman (A, =
633 nm) and (F) UV—Vis absorbance spectra of Fe;0,-rGO-SA NPs in comparison with Fe;0,-SA, Fe;0,, and free SA molecules in aqueous

solutions (pH S, T = 22 °C) are shown.

where 7 is the number of electrons, j; is the exchange current density
(A/m?*) in the reaction of oxygen evolution, and F is the Faraday’s
constant (c/mol).

In the model, we use the diffusion coeflicients of H* (Dy)
9.31x107° m?/s and of CI™ (D) 2.03x10™° m?/s and the initial
concentrations of KCI (Cg¢) 4.76 mol/L and of H* (Cy) = 1x1077
mol/L. The primary anodic peak is assumed as the value for the *OH
production and the equilibrium potential reaction for oxygen
evolution being 1.2 V. The proton concentration is computed in
the domain at different time steps from 0 to 3600 s, considering that
at high current densities, the concentration of produced protons is
increased and it forms a front moving inward in the domain with a
lower current density.

More details about the Raman and energy dispersive X-ray
fluorescence (EDX) spectra of rGO, SEM analysis of Fe;0,-SA
NPs, XRD analysis of Fe;0,-rGO-SA and Fe;O,-SA NPs, FTIR
transmittance spectra of Fe;O,-rGO-SA NPs (2400—3800 cm™") and
Fe;0,-SA NPs (400—3800 cm™"), Raman and EDX spectra of NPs,
UV—Vis absorption spectra of aqueous solutions of NPs, cyclic
voltammograms of the electro-Fenton process with bare Fe;O,-SA

NPs before and after stepwise addition of ascorbic acid aqueous
solution, optical phase contrast images, and statistical diagrams of live
HeLa, HepG2, and HT29 cancer cells with incubated NPs can be
found in the Supporting Information.

3. RESULTS AND DISCUSSION

Distinct from existing studies, the main idea of this work is to
demonstrate a single-step ultrasonic (20 kHz) complexation of
pristine SA molecules in in situ formation of magnetite-
reduced GO (rGO) and examine their enhanced structure/
function properties (Scheme 1).

Ultrasonic complexation enhances the electronic molecular
SA structure in Fe;O,-rGO-SA NPs through the binding of the
phenyl ring with the carboxylic group to Fe—O to contract
oxidation via redox deactivation of iron and H" production for
enzymatic growth inhibition of HeLa, HepG2, and HT29
cancer cells. We also determine the crucial role of rGO in
enhanced charge transfer catalysis and AA as a molecular
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299 switch at the concentration far below the daily therapeutic
300 human dose administered in patients with rheumatism (300—
301 500 107 g 107 L 2—S5 times/day).

302 3.1. Electronic Molecular Structure of Fe;0,-rGO-SA
303 Nanoparticles. For the formation of Fe;0,-rGO-SA NPs, we
304 have prepared GO with a few layer-wrinkled graphene sheets
305 of partially reduced carbon basal planes caused by the removal
306 of functional groups, the C/O = 1.44 atomic ratio, and an
307 average size of ~202 + 40 nm (Figure S1, see more details in
308 the Supporting Information). Control experiments were
309 performed without GO, resulting in the formation of Fe;O,-
310 SA NPs, and without SA, yielding bare Fe;O, and Fe;0,-rGO
311 NPs. Spherical Fe;O,-rGO-SA NPs have a smaller average size
312 (d) of ~10.46 = 2.77 nm (Figure 1A,B) than Fe;0,-SA
313 (~15.62 + 4.48 nm) (Figure S2) and are composed of a Fe;O,
314 crystalline phase (amcsd 0007421) with calculated interplanar
315 d spacing values comparable with Fe;O, and Fe;0,-SA (Figure
316 1C and Table S1). The XRD patterns of both types of NPs
317 show a small (221) reflex of SA at 26 = 28.27 and 28.37,*
318 indicating complexation of SA to Fe;O,. The determined size t
319 of ~10.20 nm of Fe;0,rGO-SA (Figure S3) is comparable
320 with their average diameter (~10.46 nm), indicating the
321 uniform 3D space structure of NPs. In contrast, the t value of
322 Fe;0,-SA is smaller (~9.84 nm) than the average diameter
323 (~15.62 nm), which is presumably caused by a narrower width
324 of these NPs. Fe;O,-rGO-SA NPs have a smaller size because
325 of two possible reasons: (i) pH-size dependent amphiphilicity
326 of rGO and (ii) the relationship between the surface activity of
327 GO and energy of cavitation bubbles. rGO is considered an
328 amphiphilic molecule with a pH-dependent surface activity.
329 Smaller rGOs have increased the edge-to-area ratio and charge
330 density; therefore, they are more hydrophilic at higher pH
331 values. Indeed, the pH values of aqueous Fe;O,-rGO-SA and
332 Fe;0,-SA NPs were 5 and 4, respectively, indicating that
333 Fe;0,-rGO-SA should be more hydrophilic due to their
334 smaller size. On the other hand, rGO can enhance the effects
335 of reduced surface tension on cavitation bubbles with adsorbed
336 SA molecules and can lead to a decreased Laplace pressure. As
337 a result, bubbles with a larger size will be formed. Larger
338 bubbles will release a higher energy at collapse, producing a
339 high local pressure gradient and shock waves, which decrease
340 the NPs’ size.

341 To gain a deeper insight into the molecular complexation of
342 SA with Fe;0, and rGO, we performed FT-IR transmittance
343 spectroscopy analysis of Fe;O0,rGO-SA (Figure 1D) in
344 comparison with Fe;O,-SA NPs (Figure S4). The FT-IR
345 spectrum of Fe;O0,-rGO-SA NPs shows the characteristic
346 U(Fe—O) bonds in bidentate and bridged Fe(III)-bis-
347 salicylato-diaquo complexes and the characteristic v(Fe—O)
348 stretching band of Fe;0, (574 cm™) in contrast to Fe;0,-SA
349 NPs.*»** Another characteristic band of Fe;O, (626 cm™),
350 which can be assigned to the O=C-—O group in-plane
351 bending of SA, is observed as a shoulder in Fe;O,rGO-SA.*
352 In our work, the O—O distances in close packed anion
353 Fe(IIl) arrays in the octahedral coordination of Fe;O, are
354 0.294 nm (Fe;0,-SA) and 0.296 nm (Fe;0,-rGO-SA) (Table
3ss S1), which are in good agreement with the O—O distance of
356 magnetite (0.29 nm) reported in the hterature *!' The
357 fundamental vibrations of the ,(O,) “peroxo” complexes*® of
358 SA and Fe—O in FeO, appear as weak bands in both types of
359 NPs due to ultrasonic oxidation in specific binding of SA.
360 However, the C—O stretching coupled with the in-plane
361 deformation of the phenolic OH group (~1240—1244 cm™),

—

which is indicative of the intramolecular hydrogen bonding in 362
salicylate, is more pronounced in Fe;O,rGO-SA than in 363
Fe;0,-SA. These findings demonstrate the role of rGO in 364
complexation of SA in NPs. 365

The symmetric ,,(C—O) stretching of the carboxylic group 366
of SA becomes weaker and broader in Fe;O0,rGO-SA 367
(~1317—1377 cm™') involving the in-plane O—H bending, 36s
which was identified in Fe;O,-GO NPs by other researchers.”’ 369
The strong band at 1458 cm™ shows the in-plane ;COO 370
bending of the salicylate monoanion in Fe;0,-rGO-SA with 371
complexed SA through the phenolic ring and hydroxyl group. 372
However, the vibrations of Fe(III)-bis-salicylato-diaquo 373
complexes appear stronger in Fe;O,-SA NPs in contrast to 374
the phenolic ring vibration ,(C—H) in Fe;0,-rGO-SA. From 375
these results, we conclude that the surface oxygen functional 376
groups of rGO contribute to the specific ultrasonic reduction 377
of Fe(II) in contact with SA ligands and allow the formation of 378
the thermodynamically stable metallocomplex in NPs. 379

Analysis of the Raman spectra confirms the formation of 380
Fe;O, phase (~670 ecm™)* and shows y-Fe,0, (~350 3s1
ecm™!)* and a-FeOOH (~492 cm™) on the surface of Fe;0,- 382
rGO-SA NPs caused by natural oxidation of magnetite®® 383
(Figure 1E and Table S2). In addition, several C—C peaks 384
arising from the vibrations of the benzene ring and solid SA 3ss
crystal (~707 cm ™), the C—O stretching of the carboxylic 3s6
acid group (~1328 cm™'), and a distinct peak at ~1600 cm™" 387
appearing from the Ezg G mode in rGO due to amorphization 388
of graphite with sp*hybridization®* were detected in Fe;O,- 389
rGO-SA NPs. A small peak at 1153 cm™ can be assigned to 39
the nanocrystalline diamond.>” 391

The UV—Vis absorbance spectrum of the aqueous colloidal 392
Fe30,-rGO-SA solution shows two characteristic peaks at 231 393
and 297 nm, which can be assigned to pristine SA,>* but are 304
slightly shifted in comparison with the observed spectra in 395
phosphate buffer solution at pH 6.8> (Figure 1F). The first 396
band can be related to the interaction of the hydroxyl groups 397
with aromatic rings.” ® A broad small peak near 385 nm (~3.2 398
eV) indicates the Fe *s(egl) — Fe¥alegl, t,]) interband 399
transitions of Fe;0,,°” and its shift at 390 nm (~3.18 eV) can 400
be caused by the interaction with rGO in Fe;O,-rGO-SA NPs. 401

Analysis of the EDX spectra showed the following 402
concentration (at.%) of elements in these NPs: O (~59.2), 403
Fe (~30.2), and C (~10.1) with negligible traces of K (~0.2) 404
and Cl (~0.4) comparable with Fe;O,-SA NPs (Figure SS). 405
Both types of NPs are mainly composed of O, Fe, and C 406
elements but have different O/Fe atomic ratios, ~1.65 in 407
Fe;0,-SA and ~1.96 in Fe;0,-rGO-SA, than bare magnetite 408
NPs (~1.44),”® demonstrating the excess of O caused by the 409
complexed SA. The O/C atomic ratio of Fe;O,rGO-SA 410
(~20.59) is by factor of 3.5 larger than that of Fe;O,-SA 411
(~5.86), proving the complexation of SA with rGO and Fe;O,. 412

3.2. Concentration of Complexed SA Molecules in 413
Fe30,-rGO-SA NPs. The next question to answer is how 414
many SA molecules are complexed in NPs. We assume that for 415
Fe;0,-rGO-SA NPs (~10 nm), the total average density of 416
bulk GO is ~47.42 X 10?2 L™, and the volume of a single NP 417
is ~5.23 X 1072 m? with ~6.24 X 10° iron atoms and ~8.39 X 418
107 oxygen atoms. The volume of a single GO sheet is ~4.04 X 419
107> m? assuming the covalent C—C distance of graphene 420
hexagon of ~0.142 X 10~ m, the C—H of a benzene ring of 421
~0.108 X 10™° m, and diameter of ~0.426 X 107° m. One 422
single GO NP consists of 6.49 X 10 oxygen atoms and 3.21 X 423
10° carbon atoms if the volume of one single carbon atom is 424
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Figure 2. (A) The relative response of current (X107 A) is recorded in aqueous solutions of pristine SA (7.2, 14.4, 21.6, and 28.8 mM) in an
applied voltage (from —0.5 to +1.2 V) and the corresponding current peak values (X107 A) of *OH formation in these SA aqueous solutions are
shown. (B, C) The relative response of current (X107 A) is recorded in aqueous solutions of Fe;0,-rGO-SA NPs (3.6—25.2 mM) before and after
stepwise addition of ascorbic acid solution (5.7—39.7 mM) and the corresponding current *OH peak values (X107 A) versus the concentration of
NPs. (D) The plot shows the dependence of the H concentration (X10™>M) on complexed SA molecules in Fe;0,-rGO-SA and Fe;0,-SA NPs in
comparison with pristine SA and bare Fe;0, NPs in aqueous solution (X107>M). The concentration of H* ions is theoretically modeled by using
the Nernst—Planck equation interface near the electrode surface and electrochemical reactions of oxygen evolution and chlorine production at the
anode. (E) The dependence of the theoretically modeled concentration of H* ions (X107 M) on nanoparticles (X10™> M) in comparison with
pristine SA aqueous solution of ascorbic acid is shown.

425 126 X 1073° m®. We estimate the density of Fe;0,-rGO NPs calculation, we estimated the number of complexed SA
426 to be ~5.11 X 10" L7, taking into account the complex molecules in Fe;0,-SA NPs as ~7.78 x 10' (Supporting
427 volume of magnetite and rGO, molecular weights of all Information). These values of SA molecules in NPs are in good
428 components, and the number of iron and oxygen atoms in agreement with the concentration of complexed SA molecules
429 Fe;0, and carbon and oxygen in rGO. When the density of estimated from the UV—Vis absorption measurement as 186

430 Fe;0,-rGO NPs is divided by the SA density, we have 3.85 X UM Fe;0,-SA NPs (~25.74 ug/mL) and 178 uM in Fe;0,-
431 10® complexed SA molecules. Following a similar procedure of rGO-SA NPs (~24.56 pg/mL) (Figure S6). However, the
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439 measurements of the fluorescence spectra of these NPs in
440 ethanol (70% wt. H,O) at the same temperature T = 22 °C
441 and pH § revealed a higher concentration of complexed SA
442 molecules in Fe;0,TGO-SA (~8.04 pM) and Fe;0,-SA
443 (~3.52 uM), showing that Fe;0,-rGO-SA NPs have a larger
444 amount of electronically active SA molecules in their
445 complexes than Fe;0,-SA (Figure S7).

446 3.3. Electronic Properties of Fe;0,-rGO-SA NPs in the
447 Fenton Process. The catalytic efficiency of Fe;0,-rGO-SA
448 NPs to diminish the *OH radical formation was examined in
449 the electro-Fenton process (Figure 2 and Figure S8). The
450 formation of *OH radicals is associated with the characteristic
4s1 current peak at ~18.51 mA (~0.48 V) due to oxidation and a
452 small broad peak at ~—9.86 mA (~0.18 V) by reduction
453 (Figure 2A). At an increased SA concentration (from 7.2 to
454 28.8 mM), the oxidation peak disappeared at a reaction rate of
455 ~1.6 and two reduction peaks were developed at ~—9.52 mA
456 (~0.21 V) and ~—4.29 mA (~0.64 V), which indicated the
457 site-specific drug location,” caused by the iron binding ability
458 and formation of the SA—Fe(III) complex.60 The salicylate—
459 iron complex has superoxide-dismutase (SOD) activity, which
460 involves the reduction of the Fe(III) complex to Fe(II),
461 generating *OH.” SA decreases the flux of hydroxyl radicals
462 through chelation, which causes a redox deactivation
463 mechanism of iron Fenton reaction centers in the reaction
464 Fe(Il) + H,0, — Fe(IIl) + "OH + OH".” SA enables bringing
465 about the catalytic dismutation of the superoxide radical
466 (0,°7), resulting in its removal depending on iron and the
467 salicylate:iron molar ratio (in our work from 7.2 to 28.8). In
468 contrast to free SA molecules, the iron—salicylate complex
469 does not have the thermodynamic driving force to act as an
470 effective Fenton reagent necessary for the production of
471 damaging oxygen-containing radicals. It was proven that
472 salicylate (in contrast to SA) acts by redox deactivation of
473 iron, not by hydroxyl radical scavenging.

474  The decrease in the current *OH peak is recorded in CV of
475 Fe;0,-tGO-SA NPs (from 3.6 to 252 mM) at a higher
476 reaction rate of ~7.1 than pristine SA (Figure 2B). This
477 reaction rate is increased by tenfold (~17.1) when an aqueous
478 solution of Fe;O,rGO-SA NPs (252 mM) was stepwise
479 added with AA (5.7—39.7 mM) (Figure 2C). For comparison,
480 Fe;0,-SA NPs (252 mM) in AA aqueous solution decrease
481 the *OH peak at a reaction rate of ~6.7 (Figure S8). The
482 enhanced catalytic activity of Fe;O,-rGO-SA NPs can be
483 caused by the higher concentration of electronically active
4s4 complexed SA ligands (~8.04 uM) than in Fe;0,-SA (~3.52
4ss yUM) that can reduce iron and activate AA against OH
486 generation. In addition, the formation of Fe(III)-bis-salicylato-
487 diaquo complexes is more pronounced in Fe;O,-SA than in
488 Fe;0,-rGO-SA NPs, meaning that ferric complexes are not
480 reduced by O, ions acting as a precursor to H,0, in
490 superoxide dismutation, thereby promoting the Fenton
491 reaction.

492 Those NPs that have ferrous-SA complexes and adsorbed
493 AA molecules contribute to the *OH radical damage, in
494 contrast to Fe;0, and Fe;0,-SA NPs (7.2—28.8 mM), which
49s promote the *OH growth at the reaction rates of ~6.3 and
496 ~3.2. As a result, rGO may strongly diminish *OH radicals in
497 contact with AA and ascorbate free radicals (AscH®"), which
498 reduce the Fe(III) complex to Fe(Il), maintaining the
499 generation of soluble Fe(II) in the iron oxide system.'® In
s00 addition, AA can directly react with *OH, superoxide, and 'O,

-

-

—

—

via the ascorbate—glutathione pathway, mitigating oxidative so1
stress.” 502

To understand the antioxidant activity of Fe;0,-rGO-SA 503
NPs, the oxygen evolution reaction at the anode resulting in so4
H* formation is theoretically modeled (Figure 2D). The sos
computed H" profile depends on the molecular state of SA and s06
its concentration during the electrochemical reaction. The so07
amounts of H* ions (Cy,, X10™> M) versus SA (Cgy, X107 s08
M) complexed in Fe;0,-SA and Fe;O0,-rGO-SA NPs are so9
calculated in comparison with Fe;O, and pristine drug. sio
Analysis of modeling shows the decreased Cy, values at si1
elevated Cs, of pristine or complexed SA in NPs at different s12
reaction rates. The Cy, decrease by pristine SA (black) is s13
accurately fitted to a linear function at a higher reaction rate of s14
~9.26 than Fe;0, and Fe;0,-SA NPs by performing the fit to s1s
the exponential decay function at the reaction rates of ~0.23 s16
and ~0.26. The lowest amount of H* ions (~5.1 X 107> M) is 517
produced by Fe;0,-SA NPs with ~0.7 X 10™* M by complexed s1s
SA in contrast to ~10.8X107> M by pristine SA. However, s19
Fe;0,-rGO-SA NPs produce ~16.0 X 10~ M of H* ions at a 520
reaction rate of ~0.45 due to a twofold faster charge transfer in s21
dismutation reaction of the SA—iron complex and interfere s22
with H,0, signaling.>” Stable production of higher amounts of 523
H" at the ultrasonically formed iron—SA complex in Fe;O,- s24
rGO-SA than Fe;O,-SA NPs or pristine SA molecules can s2s
cause redox deactivation of iron in the Fenton process because 526
of the electronic-molecular structure of NPs. 527

Two opposite mechanisms of H' ion production by Fe;0,- 528
SA (red) or Fe;0,-rGO-SA (blue) NPs (21.55—24.36 X 107> s29
M) are observed in AA aqueous solutions (Figure 2E). The s30
molar Cy, is increased by pristine SA (~13.0—19.0 X 107°M) s31
or Fe;0,-SA NPs (14.0—16.0 X 107> M), but it is decreased by s32
Fe;0,-rGO-SA NPs (9.9-7.8 X 107> M), demonstrating that s33
AA may act as an electronic molecular switch of the s34
antioxidant activity of two different mechanisms in a s3s
concentration-dependent manner. The adsorbed AA molecules s36
on the surface of Fe;0,-rGO-SA interact with the iron—SA s37
complexes of NPs and cause the decreased generation of H" s38
and diminishing of hydroxyl radicals in Fenton, thereby s39
enhancing the protective antioxidant mechanism of ascorbate: s40
ascorbate +2H" + 0, — 2 H,0, + dehydroascorbate, s41
excluding oxidation of ascorbate at pH 5.*° 542

To understand the electrokinetic activity of NPs in 543
diminishing of hydroxyl radicals, the &-potential values of s44
Fe;0,-SA and Fe;0,-rGO-SA were determined in comparison s4s
with bare Fe;O, and Fe;0,-rGO NPs. The £-potential values s46
of bare NPs change in the following order: —38.8 + 3.0 mV s47
(Fe;0,) and —29.7 + 2.3 mV (Fe;0,rGO) (Figure S9). The s4s
£-potential values of iron—SA complexes become more positive 549
depending on the type of ultrasonic complexation and NP’s sso
structure and concentration (—10.2 + 0.8 mV (Fe;0,-SA, ss1
when SA was added during ultrasonic treatment of the ss2
preformed Fe,O, phase) and 12.2 + 0.9 mV (Fe;0,-SA, with ss3
complexed SA molecules during the synthesis of NPs)) and ss4
can linearly increase up to 29.4 + 1.5 mV at a concentration of sss
15.9 pg/mL (Table S3 and Figure S10A). In contrast, the &- ss6
potential values of iron—SA complexes in the in situ formed ss7
Fe;0,-rGO-SA structure change from —5.7 + 2.6 to 12.1 & 1.0 ss8
mV as the concentration of NPs nonlinearly increased from 6.3 ss9
to 250 pug/mL (Table S4 and Figure S10B). Therefore, a more s6o
acidic environment is formed in colloidal Fe;O,-rGO-SA than s61
in Fe;0,-SA solution, which can change the adsorption of AA se2
molecules on NPs and switch between the redox deactivation s63
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Figure 3. The 3D plots of the computed electric surface potential distribution (U) on (A) bare Fe;0, (~30 nm), Fe;0,-SA (~15 nm), and Fe;0,-
rGO-SA (~10 nm) NP cross sections along the yz plane at an initial potential value of 0.56 V corresponding to the *OH formation are shown. The
dependence of ] (X10° A m™*) magnitudes versus the average diameters of NPs ({d), 1—100 nm) is theoretically modeled in the potential range

(0.56—0.60 V).

se4 of iron (more acidic) or antioxidation (more basic)
565 mechanisms.

sés  3.4. Modeling of the Electric Surface Potential Cross
s67 Section of Fe30,-rGO-SA NPs. Therefore, the next question
s68 to answer is why does the electronic AA donor accelerate the
sé9 diminishing reaction of °*OH radicals in contact with
570 complexed SA in the iron oxide system of rGO. To assess
571 the charge carrier density with such surfaces, we performed the
572 computation based on the 3D modeling of the electric surface
573 potential cross section distribution (U) on Fe;0,-rGO-SA in
s74 comparison with Fe;O, and Fe;O,-SA NPs (Figure 3).
575 Analysis of the 3D U distribution modeling shows that peak
576 magnitudes appear only in the cross section regions of NPs.
577 The derived current J density peak magnitudes are the highest
s78 if (d) of NPs approaches 1 nm: 3.52 X 10° A m™* (Fe;0,),
579 7.45 X 10° A m™ (Fe;0,-SA), and 7.97 X 10* A m™ being
580 two orders of magnitude lower in Fe;0,-rGO-SA, which is
581 determined by the rGO physical properties.

582 The computed ] values nonlinearly decrease with increased
583 (d) of NPs up to 100 nm at reaction rates: by fitting to a
584 polynomial function of the 9th order on Fe;0,, ~87 and ~3 X
sss 10* by fitting to the exponential decay function on Fe;0,-SA
ss6 and Fe;0,-rGO-SA (more details in the Supporting

Information, p.S21). The ] magnitudes decrease on Fe;O, s87
rGO-SA in a small range (from 795.65 X 10” to 795.22 X 10* sss
A m™) in contrast to Fe;0,-SA (from 7.99 X 10° to 5.55 X 10° ss9
A m™?), demonstrating the important role of rGO and s
complexed SA in enhanced charge transfer catalysis. 591

3.5. Intracellular Accumulation and Cytotoxicity of so2
Fe30,-rGO-SA NPs. As we have shown that we can control 593
the *OH and H" production by Fe;0,-rGO-SA NPs, it appears 594
promising to advance this method for the growth inhibition s9s
study of HeLa, HepG2, and HT29 cancer cells with 59
internalized NPs (Figure 4; Figures S11, S12, and S13). so7
Most of the cells exhibit bright fluorescence signals over their s98
entire surface structure, proving the successful intracellular s99
accumulation of NPs (Table SS). Very few non-fluorescent 600
parts inside the cells can be detected arising from the 601
intracellular vesicular structures. There are clear changes of 602
the morphology of cells caused by their interaction with 603
digested NPs with respect to control live cells (without NPs). co4
These morphological changes are distinctly seen in HepG2 cos
cells (Figure 4D,E) in comparison with the morphology of 606
non-fluorescent NPs. Therefore, one may conclude that this 607
effect can be caused by the toxicity of the dye itself. Overall, 608
the dye color distribution in the images is relatively uniform in 609
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Figure 4. Representative fluorescence microscopy images of (A, B) HeLa, (D, E) HepG2, and (G, H) HT29 cancer cells with internalized Fe;O,-
SA or Fe;0,rGO-SA NPs (~35 ug mL™") after modification with rhodamine 6G (R6G) dye are shown. (C, F, I) Statistical histograms of
fluorescence signals obtained from flow cytometry measurements of these cells with untreated (NT) or internalized Fe;0,-SA or Fe;0,-tGO-SA
NPs are shown with diagrams of cell viability with the control cells without NPs (gray) at conditions without ascorbic acid (W/O AA), in ascorbic
acid aqueous solution (15 pg/mL) via titration (AA X TT), and at once method (AA X 1).

610
61
612
613
614

all three lines, despite the fact that HT29 cells (Figure 4G,H)
grow in dense clusters with the surrounded mucous-like
membrane. In our experiments, the initial number of HT29
cells was insufficient to form multiple dense clusters during the
incubation period.

615 After 24 h of incubation in HeLa cells, the fluorescence
616 images revealed a clear difference between the internalized
617 Fe;0,-SA and Fe;0,-rGO-SA NPs (Figure 4A,B). In
618 particular, ~47% of HeLa cells with intracellularly accumulated
619 Fe;0,-rGO-SA NPs and only ~22% with Fe;O,-SA NPs
620 exhibited the brightest fluorescence over the entire surface,
621 demonstrating that these NPs degraded inside the cells and left
622 only dye molecules. In contrast to HeLa cells, almost all of
623 HepG2 cells with intracellularly accumulated Fe;0,-rGO-SA
624 NPs showed the brightest fluorescence as individual bright
625 dots in the cytosol and nucleus and as a solid bright spot over
626 the entire surface (Figure 4D,E). For comparison, no
627 individual bright dots were observed in bright fluorescent
628 HepG2 cells with Fe;O,-SA NPs. The mean numbers of
629 fluorescent cells with brightness over the entire surface were
630 ~38% with Fe;O,-rGO-SA and ~23% with Fe;O,-SA NPs.
631 The presence of individual fluorescent dots that are
632 homogeneously distributed in the cytosol and nucleus of
633 HepG2 cells indicated that Fe;0,-rGO-SA NPs are not fully
634 digested in the intracellular compartments after 24 h of
635 incubation in most of these cells. This is in contrast to Fe;O4-
636 SA NPs, which are fully digested by HepG2 cells, leaving dye
637 molecules inside the cells. No significant differences in
638 intracellularly digested Fe;O,-rGO-SA or Fe;O,-SA NPs
639 were observed in HT29 cells (Figure 4G,H). NPs with loaded
640 SA molecules were more strongly accumulated inside the cells

—_

than bare NPs according to the data shown in Table S5. At the
same time, NPs with rGO showed an advantage in comparison
with iron oxide NPs.

Analysis shows that Fe;O,-rGO-SA NPs are stronger
internalized, which can be explained by the enhanced
interaction of rGO with the biological membrane and its
interference with the cell signaling processes observed in
intracellular studies of various graphene oxide—magnetite—
drug NPs.>' The longer retention period of drug within the
cells was ascribed to the effects of graphene-based nanocarriers,
resulting in a higher intracellular concentration of this drug.
Another evidence of the greater interaction of graphene-based
NPs with biological membranes was derived from the confocal
microscopy studies: graphene-based nanocarriers compara-
tively required a longer time to gain access in the HeLa cells,
which is a strong indication of its improved interaction with
the membrane lipid layer. In the study of nuclear apoptosis of
HepG2 cells with stronger internalized Fe;0,-1GO-based drug
NPs, condensed and disintegrated nuclei and chromatin were
observed from the apoptotic nuclei at the membrane
boundaries.”” The study on the interaction of GO with
mammalian HT-29 cells reveals that GO promotes cell
attachment and proliferation.”” The complex based on the
drug—GO—Fe;0, structure advantageously reduced the
viability of HT29 cells in comparison with bare drug—GO
NPs and free drug.63

In the HeLa line, Fe;O,-rGO-SA NPs reproducibly decrease
the number of cells by ~14% without the adsorbed AA
molecules, which is in contrast to Fe;O,-rGO-SA-AA in the
titration procedure, suggesting that the redox deactivation of 670
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671 iron and not enhanced antioxidation can be a dominant
672 mechanism of in vitro growth inhibition (Figure 4C).

673 In contrast to HeLa and HT29 cells, stronger cytotoxicity
674 effects of ~67% were determined in HepG2 with Fe;O,-rGO-
675 SA NPs in an AA-independent manner, suggesting that the
676 mechanism of redox deactivation of iron at increased H*
677 contributes more to the growth inhibition of cancer cells
678 through the decreased formation of hydroxyl radicals (Figure
679 4F).

680 In all cells, the control experiments of pristine AA titration
681 or SA did not reveal any statistically relevant changes. A slight
682 decrease of cell viability (~0.92 + 0.06%) was detected when
683 AA was added at once, indicating the intracellular induction of
684 reduction processes. In the absence of AA, the overall cytotoxic
6ss effects were stronger with intracellularly internalized Fe;O,
6s6 than Fe;0,-rGO (Figures S12 and S13), which can be caused
687 by the higher amount of hydroxyl radical production.

688 In HT29 cells, the cytotoxicity of Fe;O,-SA without AA
689 addition (~65%) was comparable to that of Fe;0,-rGO-SA
690 NPs (~63%), demonstrating the important role of site-specific
601 Fe**— and Fe’—salicylate complexes in the generation of
692 damaging oxygen-containing radicals (e.g., malignant neoplasm
693 H,0, and super oxide O,  ions) that are released as
694 byproducts of normal respiratory cellular function, causing
695 oxidative tissue damage (Figure 4F). However, the cytotoxicity
696 of Fe;0,-rGO-SA was enhanced in comparison with Fe;0,-SA
697 NPs when AA was added during titration, and this effect was
698 more pronounced at one addition. The addition of AA in
699 HT29 cancer cells caused switchable growth inhibition by
700 Fe;0,-1GO-SA (~85%, ~80%) with respect to Fe;O,-SA
701 (~91%, ~85%), demonstrating that enhanced antioxidation
702 with the decreased H' generation can be the prevailing
703 mechanism of antiproliferative activity of NP in vitro.

- o

4. CONCLUSIONS

704 We have developed a single-step ultrasonic method (20 kHz)
70s for in situ complexation of pristine SA molecules during the
706 growth of Fe;0,-tGO NPs (~10 nm). SA ligands are
707 selectively complexed with Fe(III)/Fe(II) binding sites as
708 the integral parts of NPs with a precisely defined electronic
709 molecular structure. Fe;O,-rGO-SA NPs act as the redox
710 deactivators of iron centers and increase the H' generation,
711 resulting in efficient diminishing of *OH radicals. This
712 property of Fe;O,-rGO-SA NPs is tenfold stronger in
713 comparison with pristine SA molecules when ascorbic acid
714 molecules adsorbed on the NP’s surface in an aqueous solution
715 that causes enhanced antioxidation and decreased the
716 formation of H* ions. Ascorbic acid molecules act as the
717 antioxidant molecular switches of H" production by Fe;0,-
718 rGO-SA NPs due to the four orders of magnitude larger
719 electric surface potential on their surface, where rGO plays an
720 important role in enhanced charge transfer catalysis. Most
721 significantly, Fe;O,-rGO-SA NPs are nontoxic to erythrocytes,
722 i.e,, human peripheral blood mononuclear cells, and can
723 surpassingly inhibit the growth of three cancer cell lines: HeLa,
724 HepG2, and HT29 than pristine SA. This approach can be
725 successfully expanded to many other NSAIDs to better
726 understand the intracellular drug—enzyme, drug—metal, and
727 drug—cancer intracellular interactions, which can be partic-
728 ularly useful in the treatment of diabetes, rheumatism, and liver
729 and oncological diseases.
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