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6 ABSTRACT: An ultrasonic method (20 kHz) is introduced to activate
7 pristine ibuprofen organic molecular crystals via complexation with silver
8
9
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in nitrogen-doped oxidized graphene nanoplatforms (~S0 nm). Ultra- Free Ibuprofen 20 kHz Ibuprofen-Ag-NrGO

sonic complexation occurs in a single-step procedure through the binding C ‘
o of the carboxylic groups with Ag, H-bond formation, involving B 4 ZH/O 1
1 noncovalent mc_c — 7Zc_c+ transitions in the altered phenyl ring and @ on T HC‘/',‘ y
2 Zipy = Zco in ibuprofen occurring between the phenyl ring and C—0 "¢ @' 7 ° 2
3 bonds as a result of interaction with hydroxyl radicals. The ibuprofen— l
4 silver complex in <NrGO>> exhibits a ~42 times higher acceleration ) o
Low activity High activity

s rate than free ibuprofen of the charge transfer between hexacyanoferrate
6 and thiosulfate ions. The increased acceleration rate can be caused by
7 electron injection/ejection at the interface of the <«Ag-NrGO>> nanoplatform and formation of intermediate species
(Fe(CN)s(CNSO)*™ with x = 4 or S and AgHS,0;) at the excess of produced H" jons. Important for microwave chemotherapy,
9 ibuprofen—silver complexes in the <NrGO>> nanoplatform can produce H" ions at ~12.5 times higher rate at the applied voltage

=3

20 range from 0.53 to 0.60 V. <Ibu-Ag-NrGO>> NPs develop ~10° order higher changes of the electric field strength intensity than

2
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free ibuprofen in the microwave absorption range of 100—1000 MHz as revealed from the theoretical modeling of a cervix tumor

22 tissue.

23 KEYWORDS: catalysis, NSAID, graphene, microwave chemotherapy, cervix

1. INTRODUCTION

24 Ibuprofen (Ibu) is a 2(4-isobutylphenyl)propionic acid from a
25 class of nonsteroidal anti-inflammatory drugs (NSAIDs) with
26 anti-cyclooxygenase properties being used in the treatment of
27 inflammation and associated disorders such as rheumatoid
28 arthritis, osteoarthrosis, ankylosing spondylitis, and degener-
29 ative joint disease of the hip. Ibuprofen is associated with
30 significant anti-inflammatory action, effective analgesia, and a
31 comparatively low risk of gastrointestinal tract, renal, hepatic,
32 or infectious side effects in comparison with other NSAIDs.
33 Similar to sulindac and indomethacin, ibuprofen also exhibits
34 antiproliferative effects independent of cyclooxygenase activ-
35 ity,' but the mechanisms of these actions remain not fully
36 understood. It is hypothesized that ibuprofen like salicylate and
37 other NSAIDs can alter intracellular processes influenced by
38 Hsc70, which is involved in the processes of cell proliferation,
39 cellular signaling, as well as programmed cell death, indicating
40 another nonoxidative mechanism of its interaction with
41 biomolecules.

42 Antitumor nanomedicine research has gained much interest
43 because it can provide solutions to better understand the
44 heterogeneity of cancer and produce collective therapeutic
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effects via different tumor killing pathways.” So far, versatile 4s
nanoplatforms including different polymeric self-assembled 46
nanocarriers,” conjugated polymer-mesoporous nanosilica,” 47
and 3D hierarchical nanoflowers’ have been designed for 43
noninvasive application in external stimuli-triggered multi- 49
modal photodynamic therapy by minimizing undesired side so
effects.’ As a result, the tumor cell uptake of the therapeutic s1
nanoplatform was improved, the local blood flow was s2
accelerated, oxygenation for relieving tumor hypoxia was s3
raised, and the sensitivity of tumor cells to antitumor drugs was s4
enhanced. However, the uncontrollable premature drug ss
leakage often weakens the therapeutic effects, leading to the s6
increased toxicity. The specific microwave irradiation-induced s7
hyperthermia could modulate the phase transformation of ss
nanoplatform components (CuO, ZrO,, Au, ZnO, oxidized so
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graphene, Ag, Ag-rGO, etc.), resulting in a more controlled
drug release with a modulated catalytic process of reactive
oxygen species (ROS) generation.”

Unlike photothermal methods, microwave thermal therapy
enables a deeper penetration depth into the tumor tissue and
induces high-frequency oscillations (~1 X 10*—~10°> MHz for
clinical applications) of intracellular ions and polar mole-
cules.*” However, microwave therapy often leads to the cell
necrosis and disintegration of cellular membrane, producing a
proinflammatory response caused by the leaked biological
components.'® Over the past few decades, studies have proven
the close link between the inflammation and cancer progress,
demonstrating a complex interconnected mechanism in which
inflammation promotes tumor growth and metastasis."'
Specifically designed various nanoplatforms based on Ag can
provide deeper insights into the local enhancement of
microwave sensitization by reduction of inflammation and
antimicrobial processes due to the effects of various inorganic
and organic components in complexes with drug ligands.”"*
Microwave conjugation of NSAIDs such as indomethacin,
naproxen, and ibuprofen with N-benzylamide significantly
improves the blood—brain barrier for drug delivery purposes'”
and with acetaminophen and amino acids exhibits more potent
anti-inflammatory effects than pristine drugs, but with no
visible stomach lesions and no cytotoxicity in animals.'*
NSAIDs exhibit different reduced water solubilities, leading to
the rate-limiting dissolution, slow absorption, and poor
bioavailability according to the Biopharmaceutics Classification
System (BCS)."> Among NSAIDs, ibuprofen is ascribed to the
BCS class II, meaning that its therapeutic efficiency depends
on the rate-limiting step of absorption that is the dissolution
process. Microwave irradiation of solid dispersions of
ibuprofen'® and also celecoxib,'” mefenamic, or flufenamic
acid'® causes amorphization of compounds and substantially
improves the in vitro dissolution of drug molecules into various
polymer-based platforms and in vivo therapeutic efficiency in
contrast to untreated NSAIDs.

Distinct from polymers, microwave irradiation is absorbed
by carbon atoms with the sp*hybridization and induces high
dielectric loss in oxidized graphene, resulting in its reduction
(rGO) and heating up."” Absorbed microwaves in rGO
facilitate the formation of various graphene-based nanostruc-
tures for applications in nonenzymatic nitrite sensing,”’ long-
term antibacterial activity,”' and improved photocatalysis.”*
Calculated geometry-optimized structures, partial atomic
charges, highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy gaps,
work functions, and molecular electrostatic potential data
proved that the adsorption process of NSAIDs on rGO is
physical in nature (viz., physisorption), primarily as a result of
noncovalent 7—7 and van der Waals interactions. In this
regard, nitrogen-doped rGO—analgesic complexes can exhibit
higher adsorption affinities and solvation energies in the gas
and aqueous phases.”” In addition, nitrogen-doped rGO
exhibits more enhanced properties and a superior electro-
catalytic activity compared to rGO.**

Up to now, N-doped rGO was produced by various methods
(e.g, N plasma treatment of GO,” plasma enhanced chemical
vapor deposition PECVD,”® thermal annealing, pyrolysis,
microwave-assisted technique, and different types of hydro-
thermal methods)”” and showed enhanced electrocatalytic
activity for the reduction of hydrogen peroxide or hydrogen
evolution reaction, fast electron transfer kinetics of glucose

oxidase, and high sensitivity and selectivity for glucose
biosensing. Spin-polarized theoretical studies reveal that the
dissociation of O, on N-doped rGO is not favorable and the
oxygen reduction reaction proceeds with molecular O,.”* The
oxygen binding and OH bonding energies determine the
activity of a surface for oxygen reduction reaction.” In this
context, Ag exhibits higher activity for oxygen reduction
reaction after Pt and Pd and enhanced efficiency for hydrogen
peroxide reduction, oxidation, or disproportionation at the
contact with N-doped rGO.*° Therefore, Ag has a potential to
be used as a co-catalyst with high-performance metal-free
catalysts to improve both the electron conductivity and
catalytic efficiency of final nanoplatforms. Among several
methods describing the formation of Ag nanostructures on
rGO or N-doped rGO surfaces (e.g, femtosecond laser
ablation,®" solvothermal reduction,”* and sonochemical®***
and thermal ultrasound-assisted assembly methods),” the
ultrasonic technique is more favorable because it provides
unique processes of high-energy local gradient enhancement
assisted by various mechanical and chemical effects, leading to
the formation of highly active final products with finer
nanostructure and complex composition at near room
conditions.’® As an advantage shown in our previous studies,
ultrasound enables efficient and stable complexation of pristine
NSAIDs with metal-based rGO via specific binding and
metal—carbon, metal—oxygen, and H-bond formation in a
single-step procedure. In another study, it has been shown that
ultrasonic irradiation (20 kHz, 40 W/cm?) can cause
fragmentation of organic crystals (45—1000 ym) in the slurry
such as pharmaceutically relevant hydrogen-bonding molecules
and polycyclic aromatic hydrocarbons via a direct interaction
between shockwaves or microjets®” that is important for the
fundamental understanding of sonocrystallization/amorphiza-
tion in the pharmaceutical science and catalysis. Sonocrystal-
lization has been used to prepare nano- and microcrystals of
ibuprofen with improved compressional properties and
decreased sticking®® and other NSAIDs (acetylsalicylic acid®
and paracetamol ™).

So far, mainly sonochemical effects of ultrasound have been
applied to produce Ag nanowires,"’ Ag/SiO, mesoporous
nanocomposites,”” Ag,S nanospheres,”” Ag nanoplates,**
highly fluorescent Ag nanoclusters,”> Ag-coated papers,*® Ag/
AgCl nanocube plasmonic photocatalysts,”’” and efficient Ag-
rGO catalysts.”” It has been shown that Ag-rGO can be used as
an antitumor drug carrier platform of doxorubicin with
satisfactory chemo-photo-thermal therapeutic eflicacy, tumor
targeting property, NIR-controlled drug-releasing function, and
X-ray imaging ability; " with good antimicrobial activity against
the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa;49 ultrasensitive activity in sensing;32 enhanced
production of thermal energy;’° and increased electrical
conductivity with potential applications in fuel-cell electro-
des.®' In all these studies, the advanced sensing, imaging, and
catalytic performance of nanoplatforms arises from the ability
of a heterogeneous structure to efficiently transfer electrons to
nearby surrounding atoms and molecules, leading to their
activation. Therefore, a fundamental understanding of
principles of activation of organic molecular crystals in
complexes and their relation to charge transfer processes in
Ag-based rGO nanoplatforms is important. In this context, the
ultrasonic activation of pristine ibuprofen complexed with Ag
in N-doped rGO has not been determined yet.
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2. EXPERIMENTAL SECTION

185 2.1. Materials and Synthesis. Graphite (dispersity 9.3—47.2 ym,
186 crystallite size 67.7 nm) was purchased from Imerys (France) and has
187 an elemental composition of C = 95.9 + 10.0 at. %, O = 3.7 + 0.8 at.
188 %, and Ca = 0.3 = 0.1 at. %. Silver nitrate (AgNO3, 99.9%), sodium
189 citrate (Na;C¢HsO;), H;PO, (85%, higher-grade purity 98%),
190 KMnO, (higher-grade purity 98%), H,SO,, (95%, higher-grade purity
191 99%), H,0, (60%, higher-grade purity 99%), HCI (35%, higher-grade
192 purity 99%), HNO; (40%, higher-grade of purity 99%), ethylene
193 glycol (EG, >98%), polyethylene glycol (PEG, 6000 Da, >98%), NaCl
194 (>98%), salicylic acid (SA, higher-grade purity 99%), ammonium
195 thiocyanate (NH,SCN, >98%), isopropyl alcohol (C3H O, 99.7%),
196 and ethanol (C,H;OH, 96.2%) were obtained from Belreachim JSC
197 (Republic of Belarus). Ascorbic acid (AA, >99%) was obtained from
198 OJSC "EKZON" (Republic of Belarus). Sodium borohydride
199 (NaBH,, >98%) was purchased from Sigma-Aldrich (Germany).
200 Potassium ferricyanide (KyFe(CN)g, >99%) and sodium thiosulfate
201 pentahydrate (Na,S,05-SH,0, 99.5%) were purchased from Acros
202 Organics (Belgium). Ibuprofen per se (Ibu, 99.5%) was obtained from
203 IOL Chemicals and Pharmaceuticals Ltd. (India). These chemicals
204 were used without any further purification. In all experiments,
205 deionized water (pH $.5) with a conductivity of less than 5 X 107 S-
206 cm™! and a surface tension of 72.2 mN-m™" at 21 °C was used. We
207 synthesized graphene oxide (GO) using the improved Hummers
208 method® (more details in the Supporting Information).

200 2.1.1. Synthesis of N-Doped Oxidized Graphene. The formed GO
210 powder was dispersed at concentrations of 1, 3, 6, 9, and 12 mg/mL
211 in a mixture containing 1 M NH,SCN and isopropanol by ultrasonic
212 treatment (25 W/cm?) to obtain a homogeneous colloidal solution.
213 Then, this mixture was separated from the unreacted residual reaction
214 products and washed with deionized water by centrifugation at 4300g
215 for 30 min. NH,SCN (0.01 L, 1 M) was added to the sediment to
216 functionalize GO for 60 min of reaction in a sealed glass flask. Then,
217 this colloidal mixture was thermally treated at T = 87 + 1 °C for 60
218 min to form multiple binding sites on the surface of GO. Thermal
219 treatment continued with the temperature increased stepwise to 400
220 #+ 1°C at a rate 5°C/min in the gas atmosphere containing N, at 120
221 cm®/min and H, at 215 cm®/min for 120 min of reaction during 280
222 min of annealing. After treatment, the functionalized GO powder
223 turned into a gray-black color and was stored at room temperature.
224 This powder was dispersed in deionized water by ultrasound (7 W/
225 cm® for 15 min) and separated from unreacted products by
226 centrifugation at $100g during 15 min. The sediment was diluted
227 by the mixture containing isopropanol and deionized water at a
228 volume ratio of 2:3 and triply washed by centrifugation at 4300g
229 during 45 min until pH 5.5 was obtained. The sediment, which is a
230 functionalized oxidized graphene, was dried at 100 °C until a powder
231 with a black color was obtained. The critical concentration of final
232 powder was ~12 mg/mL, and its aqueous colloidal solution could be
233 stored for at least 6 months.

234 2.1.2. Complexation of Pristine Ibuprofen with Silver in N-Doped
235 Oxidized Graphene. Ibuprofen per se (m = 1.52 g) was dispersed in
236 0.01 L of ethanol solution (30 wt %) under mechanical stirring in a
237 sealed glass flask for 30 min at room temperature. Then, an aqueous
238 solution of N-doped oxidized graphene (3 mg/mL) and a freshly
239 prepared iced aqueous solution of NaBH, (0.07 M) were added under
240 continuous mechanical stirring until a homogeneous colloidal
241 suspension was obtained. An aqueous solution of AgNO; (0.01 M)
242 at a AgNO;/NaBH, volume ratio of 1:3 was dropwise added under
243 stirring to this mixture. After complete injection of AgNO; aqueous
244 solution, the colloidal mixture was ultrasonically treated at 25 W/cm?
245 for 20 min in an iced bath. Afterward, this mixture was stored under
246 daylight for 12 h at room temperature. The final products were
247 separated from residual reactants and impurities by centrifugation at
248 4300g for 10 min. The sediment was diluted with deionized water and
249 triply washed by centrifugation until the colloidal solution obtained
250 pH 5.5 and dried to obtain a powder of «Ibu-Ag> and <Ibu-Ag-
251 NrGO>> nanoparticles.

252 2.1.3. Formation of Ibuprofen—Silver Complexes in N-Doped
253 Oxidized Graphene with Polyethylene Glycol. PEG-coated nano-
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particles of ibuprofen—silver complexes in N-doped oxidized 254
graphene were synthesized according to protocols A and B described 255
below. 256

2.1.3.1. Protocol A. At first, a seed mixture was prepared. This 257
mixture was composed of 0.02 L of an aqueous solution of N-doped 258
oxidized graphene (2.5 mg/mL) in isopropanol (S0 wt %). This 259
colloidal solution was diluted by salicylic acid per se (m = 0.05 g) 260
acting as a reductant of nanoparticles in a thermoisolated glass flask 261
during ultrasonic treatment at 25 W/cm? for 15 min in an iced bath. 262
The pH of this sonicated mixture was 7.0. The reaction product was 263
separated by centrifugation at 6150g for S min, and the supernatant 264
was carefully removed. The sediment was dispersed in 0.01 L of 265
isopropanol (50 wt %); dropwise added 0.001 L of AgNO; (0.01 M), 266
0.011 L of the mixture composed of polyethylene glycol and 267
dimethylformamide (S mg/mL), and 0.003 L of iced aqueous solution 268
of NaBH, (0.07 M); and ultrasonically treated at 20 W/cm? for 20 269
min in an iced bath. In a separate procedure, a reaction mixture was 270
obtained. It was prepared by stirring of a solution composed of 0.005 271
L of AgNO; (0.01 M) and 0.013 L of polyethylene glycol in 272
dimethylformamide (S mg/mL). Then, this solution was diluted by 273
0.001 L of NH,SCN (1 M) in isopropanol (50 wt %) and 274
ultrasonically treated for 5 min. Finally, the seed solution was placed 275
in an Erlenmeyer glass flask (0.05 L) and diluted by 0.006 L of 276
isopropanol (50 wt %) under stirring. Then, the reaction solution was 277
added to it, and the obtained mixture was ultrasonically treated (25 278
W/cm?) for 20 min. The sonicated mixture was stored at room 279
temperature for 12 h. The product was separated from the unreacted 280
residuals and impurities by centrifugation at 4300g for 15 min. The 281
sediment was dispersed in deionized water (pH S.5) and triply 282
washed by centrifugation at the same conditions until the pH of the 283
colloidal solution was S.5. 284

A freshly prepared iced aqueous solution of NaBH, (0.07 M) and 285
AgNO; (0.01 M) at a volume ratio of silver cations to borohydride 286
ions of 1:3 was added to a solution of ibuprofen (20 mg/mL) in 287
isopropanol under stirring. This mixture was ultrasonically treated (25 288
W/cm?) for 20 min and turned from black to transparent violet- 289
raspberry with a dark sediment at the bottom. The sediment was 290
separated from the mother solution by centrifugation at 4100g for 15 291
min, dispersed in deionized water (pH = S.5), and doubly washed by 292
centrifugation at the same conditions until the pH of the colloidal 293
solution was 5.5. Control experiments were performed with ibuprofen 294
without silver or N-doped oxidized graphene. 295

2.1.3.2. Protocol B. At first, the mixture containing three 296
components—ibuprofen per se (40 mg/mL), AgNO; (0.05 M), and 297
N-doped oxidized graphene (1 mg/mL)—was prepared at a volume 298
ratio 1:1:1 under stirring and thermally treated at T = 60 °C for 10 299
min. Then, 15 mL of this mixture was added to 45 mL of NaBH, 300
(0.035 M) under stirring, resulting in a color change of the final 301
solution from black-brown to green-brown due to the reduction of 302
silver at the contact with N-doped oxidized graphene. The sediment 303
was separated from the mother solution by centrifugation at 3250g for 304
15 min. The supernatant was carefully removed, and 10 mL of the 305
obtained sediment was diluted by 20 mL of polyethylene glycol stock 306
solution (5 mg/mL in 0.5 M NaCl). The mixture turned first into 307
black tea color and, after thermal treatment at T = 90 °C for 20 min, 308
changed its color into pale yellow. The sediment was removed from 309
the mother solution by centrifugation at 3250¢ for 15 min and 310
resuspended with ethanol solution (30 wt %) at a volume ratio 1:2. 311
Control experiments were performed with ibuprofen per se and 312
ibuprofen with adsorbed silver cations without N-doped oxidized 313
graphene. Alternatively, the temperature in the thermal treatment was 314
reduced to 40 °C, and sonication (25 W/cm?, 10 min) was carried 315
out to enhance the interaction of pristine ibuprofen with silver 316
cations, polyethylene glycol, and N-doped oxidized graphene. 317

2.1.4. The Catalytic Activity of Nanoparticles. The electron- 318
transfer reaction between 200 uL of 0.01 M Fe(CN)¢>~ and 200 uL of 319
0.1 M S,0;>" was chosen to examine the electrokinetic activity of 600 320
L of formed <Ibu-Ag-NrGO>> in comparison with <Ibu-Ag>> 321
nanoparticles or pristine ibuprofen (5 mM, 30 wt %). Control 322
experiments were performed with nanoparticles without ibuprofen: 323

https://doi.org/10.1021/acsbiomaterials.2c01045
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324 KAg-PEG>, «Ag-NrGO-PEG>>, <Ag-NrGO>>, <Ag-rGO>>, and The kinetics of the chemical reactions for OH™ production in the 382
325 bulk S mM AgNO; aqueous solution. The absorbance spectra of these anode modeling was considered as 383
326 aqueous colloidal solutions were measured using a Jasco V-630 + B

327 spectrophotometer with an operating range from 190 to 1100 nm, Ron = =kCy" + Cou + kCrno

328 wavelength setting accuracy of 0.2 nm, and reproducibility of +0.1
329 nm at 25 °C. The decline of the Fe(CN)4*~ peaks with and without
330 NPs as a function of time was monitored by the absorption at ~420
331 nm. The kinetics of the electron transfer during this reaction was
332 examined every S min of reaction. Always, freshly prepared
333 hexacyanoferrate(III) and thiosulfate aqueous solutions were used
334 in each kinetic run.

335 2.1.5. Theoretical Modeling of the H* Production in NPs. In this
336 model free ibuprofen, <Ibu-Ag> and <Ibu-Ag-NrGO>> NPs are
337 located in close proximity to the surface of a platinum electrode with
338 an anode radius of 1 mm being inserted into the cervix tumor tissue
339 during the electrolysis. In the electrolysis, the current yield of
340 electrochemical reactions changes at the contact with pristine
341 ibuprofen and NPs and can be modulated by the applied voltage.
342 In the electrolysis, electrochemical reactions lead to the formation of
343 toxic species that can be differently sensed by tumor and healthy
344 tissues. If the anode material contains metal NPs, which can be

where k¢ and ky, are the forward and backward rate constants of the 384
water pyrolysis reaction and Cy, Coy~, and Cp,o are the 385
concentration values of H" and OH™ ion production and of water 386
molecules. 387

In the model, the electrode is assumed to be placed at a distance far 388
enough from its opposite to ensure that the anodic and cathodic 389
reaction zones do not interact. When current is applied to tissues, it is 390
mainly transported through the channels of extracellular fluid as 391
confirmed by the electro-osmotic effects, which have been shown to 392
arise during the electrolysis.”> It is considered that the current is 393
carried by diffusible ions in the extracellular fluid and substantial 394
concentration gradients of these ions arise during electrolysis. Due to 395
the transport of solutes across the cell membranes, changes in 396
extracellular concentrations also affect the composition of electrolytes 397
in the intracellular compartment. However, the nature and time 398
dependence of this interplay during the electrochemical treatment are 399
poorly understood. Transport of current is assumed to occur solely 400

=

345 passivated, i.e., coated with a thin oxide layer, this oxide film acts as a T . .

pass T : . e ayen b ; through the extracellular fluid in this work. The tissue is treated as a 401

346 barrier to the anodic metal dissolution reaction. Among the main . . . S
347 reactions is the decomposition of water: dilute and homogeneous aqueous solution, so no consideration is 402
P ’ taken of the fact that, in real tissues, the cells serve as obstacles for 403
2H,0 < O, + 4H"' + 4e” transport of species in the extracellular fluid. Hence, the transport 404
properties of the involved species are approximated to being those 405
348 The following hydrogen evolution reaction was considered in the found in aqueous solutions. Two transport mechanisms, diffusion and 406
349 cathode model: migration, are assumed to contribute to the transport of the solute 407

species in the tissue. The flux of species due to convection is 408
neglected. This assumption is justified as convection is strongly 409
obstructed by the dense structure of tissues. The electro-osmotic and 410
gas bubbles effects in tissues surrounding the electrodes are negligible 411
in the electrolyte and are not considered in the analysis. In reality, the 412
electric field causes a flux of extracellular water from the anode toward 413
the cathode, and consequently, the tissue surrounding the anode 414
dehydrates, whereas edema occurs around the cathode. 415

The COMSOL Multiphysics software tool was used to compute 416
the concentration of H' ions in close proximity of the anode electrode 417
surface with free ibuprofen or produced NPs in the domain at 418
different time steps from 0 to 3600 s. In the computation we used, the 419
potassium chloride model with a diffusion coefficient of K (D) = 420
1.84 X 107° m?/s, diffusion coefficient of H* (Dg) = 9.31 X 107 m?/ 421
s, mobility of K & 7.43 X 107" (S mol)/kg, mobility of H* ~ 3.76 X 422
107" (S mol)/kg, initial concentration of KCl (Cgq)= 4.76 mol/L, 423
and initial concentration of H+ (Cy) = 1 X 1077 mol/L. An initial 424
total current density (j.) = 100 X 10™° A/m* was applied in the 425
model. The initial anode potential was —0.5 V, the initial equilibrium 426
anodic potential of hydrogen production was 0.53 V, and the 427
equilibrium cathodic potential of oxygen evolution was 1.2 V. The 428
mathematical modeling was performed in the range of applied 429
potential from 0.53 to 0.60 V with a step of 0.01 V. The variables were 430

2H,0 + 2¢” < H, + 20H™

350 The solution near the electrode is assumed to be saturated with
hydrogen. Small hydrogen gas bubbles, with an internal pressure of 1
352 atm, are assumed to be in equilibrium with the platinum electrode
353 surface.

354  Because convective transport is obstructed by the dense structure
355 of tissues, species produced at the anode and cathode are mainly
356 transported to the surrounding tissue by diffusion due to
357 concentration gradients and by migration (charged species) due to
358 the potential gradient. The electric field influences the ion exchange
359 across the cell membranes and thereby the conditions for many
360 essential enzyme-regulated reactions. It is suggested that the
361 electrochemical reaction products may also react with organic and
362 inorganic tissue constituents.

363 The mathematical modeling is based on the fundamental Nernst—
364 Planck equation interface with application to a cervix tissue
365 surrounding a spherical Pt electrode under a continuous direct
366 current. The aim of this model is to calculate the produced amount of
367 H" jons by free and complexed ibuprofen compounds in the
368 electrolysis of tumor tissue. The electrolyte domain is bounded by
369 an inner and outer spherical surface. The inner boundary surface

w
[
-

(=)}

3

=)

<

®

represents the spherical electr with a radius &# 1 mm. Th r
370 represents the spherical elect: ode with a a'd us ¢ oute the exchange current density on the surface of free ibuprofen at the 431
371 boundary represents a spherical surface with a radius at a distance . o 2 .
. anode (j,(Ibu) = 78.0 X 10~ A/m”) and cathode (j.(Ibu) = 186.0 X 432
372 large enough from the electrode to ensure constant concentrations.

107 A/m?) and the following NPs with an average diameter of 10 433

373 The following domain equations were used: nm: ibuprofen-silver (j,(Ibu-Ag) = 6.1 X 107 A/m* and j.(Ibu-Ag) = 434

ac, 14.6 X 107 A/m?), ibuprofen-AgNrGO (j,(Ibu-AgNrGO) = 0.1 X 435

> —A:N, + R, 10~ A/m? and j(Ibu-AgNrGO) = 0.3 X 107° A/m?2), Ag (j,(Ag) = 436
1435.0 X 107 A/m?* and j.(Ag) = 3444.0 X 107 A/m?), and Ag- 437

374 where C; is the concentration, ¢ is the time, N; is the molar flux, and R, NrGO (j,(Ag-NrGO) = 0.8 X 10™° A/m? and j.(Ag-NrGO) = 1.9 X 438
375 is the value of prediction species through homogenous chemical 107 A/m?). 439
376 reactions. R; is directly related to the kinetics of the chemical reactions 2.1.6. Theoretical Modeling of the Electric Field Strength 440
377 that occur in the electrolyte domain. Intensity and Power Flow Density Distribution of Nanoparticles 441

in Cervix Tissues under Microwave Irradiation. The mathematical 442
modeling was performed using the COMSOL Multiphysics 4.3 443
Z; software program. This model computed the electromagnetic 444

378 The molar flux vector was expressed as

1
N;=-DAG - 1Z) 4GAD, radiation field distribution in relation to the electrical conductivity 445
of ultrasonically formed <Ibu-Ag>» <Ibu-Ag-NrGO>> NPs in 446
379 where D; is the diffusion coefficient, Z; is the number of charges comparison with free ibuprofen under microwave irradiation in the 447
380 carried by the ion i, u; is the ionic mobility, and @ is the potential field frequency range from 100 MHz to 1 GHz. This model is related to 448
381 in the electrolyte. the area of microwave chemotherapy of oncological disorders, and it 449
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450 computes the electromagnetic field developed by NPs coupled to the
451 bioheat equation of a cervix tissue. It is supposed to selectively
452 irradiate a deep-seated cervix under conditions of reduced damage to
453 the surrounding healthy tissues via insertion of a thin microwave
454 coaxial slot antenna into the tumor.’* The penetrated microwaves
455 heat up the tumor inside out, producing a coagulated region where
456 the cancer cells can be killed.

457 In this model, the frequency-domain problem was formulated
458 assuming the unknown complex-valued azimuthal component of the
459 electromagnetic field. The interior of the metallic components of NPs
460 was not modeled. Instead, the mathematical modeling computed the
461 boundary conditions, setting the tangential component of the electric
462 field to zero. It was assumed that time-harmonic electromagnetic
463 fields have complex amplitudes as described by the following
464 equations:

—

E=c¢ gej(Wt_kz),

465 r (1)

H=e¢ £ej(Wt_kz),
466 {/]rZ (2)

467 where E and H are the electric (kg:m-(s*A)™") and magnetic (N-s-(C-
468 m)™") field components; C is the specific heat capacity (J-(kg'K)™);
469 1, @, and z are the cylindrical coordinates centered along the coaxial
470 axis; Z is the wave impedance in the dielectric part of NPs; r is the
471 radius of NPs; w is the angular frequency; and « is the propagation
472 constant (27/4, A is the wavelength in nm).

473 The following wave equation was applied:

—

-1
jo
\Y% [sr - }—] VxH, [ - ,urKOZH(}, =0,

474 “€o (3)

475 where &, is the relative permittivity (complex dielectric constant), &, is
476 the absolute dielectric permittivity (s*-A* kg™'m™), ¢ is the electric
477 conductivity (S-m™"), , is the relative magnetic permeability, and «,
478 is the thermal conductivity at one bar 10° N-m™ (W-(m-K) ™) of NPs
479 and cervix tissues.

480 The boundary conditions for the metallic surfaces in the antenna
481 were the following:

482 nXE=0, (4)

-

483 and the feed point was modeled using a port boundary condition with
484 the power level set to 10 W. In the model, the stationary heat transfer
485 problem was computed as

486 V(_KVT) = /)bloodcbloodwblood(nlood - T) + Q—cervix’ (5)

487 where « is the cervix’s thermal conductivity (0.53 W-(m-°C)™), pyicoa
488 is the density of blood in the cervix tissue (1070 kg'm™), Cpjo04 is the
489 blood’s specific heat capacity (4000 J-(kg'K)™"), @pjo0q is the blood
490 perfusion rate (s™), Tyo0q is the cervix’s temperature (36 °C), T is the
491 final temperature of the heated up cervix, and Q.. is the power
492 dissipation density in the cervix (W-m™), which was assumed to be
493 equal to the resistive heat generated by the electromagnetic field
494 according to the equation

=]

1 ) *

s Qs = 2Re[(a jwe)E-E"], 6)
496 where o is the electrical conductivity (S‘m™") and ¢ is the permittivity
497 of the cervix tissue depending on the frequency of microwave
498 radiation computed by using the database available from the
499 Foundation for Research on Information Technologies in Society
500 (FRITS) (Switzerland) (more details in Supporting Information
501 Table S1).

502 In this model, the electrical field strength and power flow
503 dissipation density values were computed considering the electrical
504 conductivity of free ibuprofen, <Ibu-Ag>> NPs with about 30 nm
505 average diameter in the range from 80 to 8 X 10™* S:‘m™, and <Ibu-
506 Ag-NrGO>> NPs with ~15 nm diameter in the range from 0.8 to 8 X
507 107> S'm™". The values of other parameters were the following: the

—

density of water was 997 kg'm™ and that of ethanol was 789 kg:m™>, sos
the specific heat capacity of water was 4187 J-(kg-K) ™", the density of 509
the cervix tissue was 1105 kg'm™, and its heat capacity at constant s10
pressure was 3676 J-(kg-°C). 511

2.2. Characterization. The synthesized materials were charac- 512
terized by using the following methods: scanning electron microscopy 513
(SEM) and energy dispersive X-ray (EDX) fluorescence, UV—visible s14
absorption spectroscopy, and Raman microscopy. The morphology s1s
and elemental composition of sonochemically prepared NPs were s16
analyzed and characterized by SEM (S-4800, Hitachi, Japan). The 517
UV—visible absorption spectra of colloidal solutions were recorded by 518
using a Cary-500 spectrophotometer (Varian, USA) in the wavelength s19
range from 200 to 1100 nm. For measurements, aqueous solutions 520
were placed in a quartz (SUPRASIL) cuvette (Hellma Analytics 111- 521
QS, Z600725) with a path length of 10 mm. Raman spectra were 522
recorded by using a 3D scanning laser confocal Raman microscope 523
(Confotec NRS00, SOL Instruments Ltd., Republic of Belarus) at 473 524
nm excitation wavelength. The Si wafer with the characteristic Raman 525
line at 520 cm™"' was taken as a reference for calibration and basic 526
alignment during integration time from 1 to 3 s. A linearly polarized 527
diode laser beam was focused through the objectives with 40 and s28
100X magnification for Raman spectra acquisition. The laser power 529
(<4 mW) was attenuated by using neutral density filters with the s30
following optical density (OD) values: 0.6 (25), 0.3 (50), and no filter 531
(100). 532

3. RESULTS AND DISCUSSION

In our design of the nanoplatform, it is hypothesized that 533
ultrasonic complexation of pristine ibuprofen with silver on the s34
surface of <NrGO>> may enhance the acceleration rate of s3s
electron transfer processes, thereby activating drug molecules. 536
First, we examine the electronic molecular structure of s37
ultrasonically prepared <Ag-NrGO>>> nanoplatform before s38
and after complexation with pristine ibuprofen. Next, the redox 539
reaction of charge transfer between hexacyanoferrate and s40o
thiosulfate ions is examined at the contact with ibuprofen s41
complexed with <«Ag-NrGO>> in comparison with pristine s42
drug molecules and silver—ibuprofen NPs. The certainty of the 543
hypothesis of pristine drug activation due to the complexation s44
with <«<Ag-NrGO>>> nanoplatform is demonstrated in Scheme s4s
1. 546

3.1. Molecular Structure of the Platform Based on s
Nitrogen-Doped rGO Decorated with Silver. First, we s4s
prepared N-doped oxidized graphene (<<NrGO>>) as thin flat s49
sheets with an average size of 200 + S0 nm (Figure S1). The sso
EDX spectrum of <NrGO>>> demonstrates distinct peaks of C ss1
(60.5 + 5.8 at. %), O (26.0 + 3.5 at. %), and N (9.8 + 1.4 at. ss52
%) with an atomic C/O ratio of ~2.33, indicating the efficient ss3
doping of the oxidized graphene structure with nitrogen (Table ss4
S2). The produced <<NrGO>> also contained some sulfur (3.6 sss
+ 0.3 at. %). Next, <NrGO>> was modified with silver to ss6
prepare the <<Ag-NrGO>> nanoplatform for ultrasonic ss7
complexation with pristine ibuprofen. The structure of sss
<NrGO>> changed by varying the Ag* concentration in the 559
aqueous reaction solution: at a small amount of precursor ions, 560
the morphology transforms into rough gray thin sheets of se1
<Ag-NrGO> with a lateral size of ~50 + 10 nm (Figure 562
S2A); at a higher silver ion concentration, it acquires bright s63
spots of spherical shape with an average size of 11.69 + 2.64 s64
nm (Figure 1 AB and Figure S2B). 565

The EDX spectra of these two types of <Ag-NrGO>> are s66
shown in Figure S2, and the elemental composition of NPs is s67
listed in Tables S3 and S4. Analysis of EDX spectra reveals that ses
<Ag-NrGO>> with a rough topology has an atomic C/O ratio 569
~2.62 that is higher than in <NrGO>> (~2.33) because the s70
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Scheme 1. Schematic Illustration Demonstrates the
Principle of Pristine Ibuprofen Activation by Ultrasonic
Complexation (20 kHz) with the Silver Modified Nitrogen-
Doped Oxidized Graphene (<«Ag-NrGO>>) Nanoplatform”

Fe(CN);(CNSO,)*>

Fe(CN),(CNSO,)+* AgHS20:

Fe(CN)¢> + 8,02 —>
|

€ injection € ejection H* formation
High activity Acceleration rate
Ibuprofen-Ag-NrGO
Free Ibuprofen
kHZ CH3 Ag oy HO Q0 Ag
k( AN,
1.0 AgN
Hscﬂ— “7 9 H3C R‘; ‘yo AQ\;{?
12 Ho N Ng Ag
H6 =0

l Ag HéAg

Low activity

“Free ibuprofen exhibits a ~42 times lower catalytic activity of the
electron transfer in the reaction of hexacyanoferrate and thiosulfate
ions than <Ibu-Ag-NrGO>> nanoparticles. The higher activity of
<Ibu-Ag-NrGO>> can be explained by the injection/ejection of
electrons by semiconducting organic molecular crystals of ibuprofen
at the contact with <<Ag-NrGO>> due to increased electron density,
specific bond formation between the carboxylic groups, and Ag, Ag-
cluster structure in N-doped ordered carbon lattice and H-bonds. The
enhanced acceleration reaction rate can be attributed to the excess
production of H* resulting in the formation of intermediate reaction
species Fe(CN);(CNSO;)* (x = 4 or S) and AgHS,0;, which
increase the oxidation action of Fe(CN)¢>~ ions.

nitrogen-doped oxidized graphene structure was decorated
with silver through replacement of oxygen according to the
higher atomic concentration of N (~11.7 at. %) and S (~5.6
at. %) and a lower amount of O (~22.5 at. %) in comparison
with <NrGO> (O ~26.0 at. %). For comparison, in the
second type of <Ag-NrGO>> with bright nanospheres, the
atomic concentration of silver increased 3.5 times, but the
amount of nitrogen and sulfur decreased ~3.3 and ~1.7 times,
and the atomic C/O ratio decreased to ~2.1, indicating the
contribution of oxygen groups in PEG molecules to the
reduction and stabilization of spherical Ag nanostructures on
the surface of <NrGO>>. Overall, in contrast to oxygen, the
atomic concentration of C in NPs was almost the same: in
<NrGO>>, it was ~60.5 at. %, and in <Ag-NrGO>> with a
lower and higher concentration of silver, it was ~59.0 and ~
60.1 at. %, meaning that ultrasonic doping of the as-
synthesized <«rGO>> structure was nondestructive to the
carbon lattice. For comparison, the EDX analysis of <«Ag-
NrGO> NPs after complexation with ibuprofen per se
revealed the following atomic concentrations of elements (in
at. %): C=552+28,0=174+ 13,S=92 + 04, N = 8.4
+ 0.7, and Ag = 82 =+ 1.1, demonstrating that the C atom
concentration was lower on ~5 at. % than in the <Ag-
NrGO>> nanoplatform (Figure S3).

Raman spectra of <KNrGO>> and «Ag-NrGO>> NPs are
shown in Figure 1C. The Raman spectrum of <NrGO>
reveals two strong peaks at ~1354 cm™ (D band) and ~1586
cm™! (G band).” The appearance of the D v1brat10nal band is
caused by a disordered carbon nanostructure,’
position indicates GO in its reduced form®” and a diamond-
like arrangement of carbon atoms.”*
<NrGO> has a FWHM magnitude ~194 cm™ and a
lower intensity (~4775) in comparison with the G band

O
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Figure 1. (A) A representative SEM image of synthesized <<Ag-NrGO>> nanoparticles is shown. (B) The size distribution histogram (number of
NPs per surface area versus the average size <d>, nm) of <«Ag-NrGO>> nanoparticles is demonstrated. (C) Raman spectra of prepared <NrGO>>
(black) and <Ag-NrGO>> (red) at A, = 473 nm are presented. (D) UV—vis absorption spectra of aqueous solutions (pH $.5) containing
synthesized <Ibu-Ag>> and <Ibu-Ag-NrGO>> nanoparticles in comparison with pristine ibuprofen are displayed.
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Figure 2. (A) Raman spectra of synthesized <Ibu-Ag> and <Ibu-Ag-NrGO>> nanoparticles in comparison with pristine ibuprofen (Ibu) (A =
473 nm) are shown. The inset shows a deduced molecular structure of formed <Ibu-Ag> nanoparticles before and after interaction with the
<NrGO>> platform. (B) UV—vis absorbance spectra of aqueous solutions of formed <Ibu-Ag-NrGO>> nanoparticles at concentrations from 6 to
12 mg/mL are shown. The inset indicates the deduced molecular structure of <Ibu-Ag-NrGO>> nanoparticles at a concentration of 6 mg/mL.

604 (FWHM ~103 cm™, ~6585), and the intensity IntD/IntG
605 ratio is ~0.73. The broadening and weakening of the D band in
606 <NrGO>> may occur owing to the recovery of zones of
607 carbon atoms with sp>-hybridization that is caused by the
608 formation of defects, vacancies, and distortions in oxidation
609 and doping of carbon lattice by nitrogen.

610  Distinct from <NrGO>>, in the Raman spectrum of <Ag-
611 NrGO>>, small peaks at ~581 and ~988 cm™' indicate the
612 formation of a Ag complex with the carbon phenyl ring (Figure
613 1C). The vibrational mode at ~581 cm™" can be assigned to
614 the twisting of the hydroxyl group surrounded by nitrogen
615 atoms’” and to (HO)-NO, vibrations. The peak at ~988 cm™
616 can arise due to C—H vibrations of pyridine coordinated with
617 silver through the nitro§en atom and hydrogen bonds formed
618 with water molecules.”” Pyridine can be separated by a
619 monolayer of water molecules being oriented in a high electric
620 field as experimentally confirmed by the relationship between
621 the change in the wavenumber of this band and the electrical
622 potential.

63  The upshift of the D band in <Ag-NrGO>> at ~1358 cm™"
624 can be caused by the formation of single grain crystals in well-
625 crystallized graphite phase®’ and by the higher sensitivity of
626 these NPs to the laser irradiation in contrast to <NrGO>>. It
627 can be assumed that small aromatic clusters are formed in
628 <KAg-NrGO>> because they have increased vibrational modes,

—_

resulting in a shift of the D band to higher wavenumbers. In 629
this regard, aromatic clusters can be ordered because the D 630
band of <Ag-NrGO>> becomes narrower (~145 cm™") than 631
that of <NrGO> (~194 cm™'). On the other hand, the G 632
band in <Ag-NrGO>> position is shifted at ~1584 cm™’, 633
demonstrating an increased concentration of carbon atoms 634
with sp*-hybridization with a decreased number of carbon 63s
layers. The downshift of the G band indicates that oxidation of 636
<NrGO>> does not occur. Consequently, a lower C/O ratio 637
(~2.1) can be caused by the formation of a complex <«Ag- 638
NrGO>> structure with PEG due to interaction with oxygen- 639
containing groups. It is important to note that the FWHM 640
value of the G band of <Ag-NrGO> (~103 cm™) is 641
comparable to that of <NrGO>> (~103 cm™), revealing the 642
formation of nanocrystallites with a graphite phase in an 643
ordered structure of carbon sheets in the process of silver 644
reduction. In contrast to <NrGO>>, the IntD/IntG (4074/ 64s
4333) ratio of <Ag-NrGO>> is ~0.94 as a result of the less 646
elastic light scattering, indicating the smaller crystallite size of 647
carbon zones with sp>-hybridization than that in <NrGO>>. ess

3.2, Surface Electronic Structure of Complexed 649
Pristine Ibuprofen with Silver NrGO. Ultrasound (20 6s0
kHz) irradiation was applied to the <<Ag-NrGO>> nanoplat- 6s1
form to form complexes with pristine ibuprofen in an aqueous 652
medium. Control experiments were carried out with only silver 653
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654 to find out the role of «<XNrGO>> in the electronic structure of
655 <Ag-NrGO>>. The complex formation of pristine ibuprofen
656 with silver in an aqueous <NrGO>> solution was examined by
657 using the method of absorption spectrophotometry.

658 The UV—vis absorbance spectra of aqueous solutions of
659 pristine ibuprofen, <Ibu-Ag>>, and <Ibu-Ag-NrGO>> NPs
660 are shown in Figure 1D. Pristine ibuprofen in aqueous ethanol
661 solution (30 wt %, pH = 5.5) exhibits a broad absorption peak
662 with three maxima at ~257.3, 264.5, and 272.7 nm. The
663 absorption peak at 257.3 nm corresponds to the hydroxylated
664 products in the phenyl ring during its reaction with hydroxyl
665 "OH radicals, as a result of which the transition hydrox-
666 ycyclohexadienyl radical is converted into a hydroxylated
667 molecule. The other two absorption peaks at ~264.5 and 272.7
668 nm indicate changes in the electronic molecular structure of
669 phenyl molecules in the formation of benzyl-type radicals
670 without substitution in the side chain.” Three absorption
671 maxima can be attributed to the electronic transitions of
672 ibuprofen, mpy = mco*, occurring between the phenyl ring and
673 C—O bonds caused by oxidation of hydroxyl radicals.

674  Unlike pristine ibuprofen, the absorption spectrum of an
675 aqueous solution of <Ibu-Ag>> shows several weakly resolved
676 peaks in the high-energy region (~210—215, ~215—273 nm)
677 and a strong broad band with a maximum at ~414 nm. Peaks
678 in the region of 210—215 nm can be attributed to the
679 electronic n—7x* transitions in the carboxyl group of ibuprofen,
680 and those in 215—273 nm can be attributed to the electronic
681 m—m* transitions of its modified phenyl group. A strong
682 absorption band shows the n—n.o* electronic transition in the
683 entire structure of NPs, which occurs during the charge
684 transfer between ibuprofen molecules having C—O bonds in a
685 complex with silver.

686  When comparing the absorption spectra of <Ibu-Ag>> and
687 <Ibu-Ag-NrGO>>, it can be noticed that, in the latter, a
688 bathochromic shift of the band appears from 414 to 411 nm.
689 The weakening of this band is accompanied by an increase in
690 electronic wc_c = 7c - ¢ * transitions in the altered phenyl ring
691 and py = 7™ in ibuprofen occurring between the phenyl
692 ring and C—O bonds as a result of the interaction with
693 hydroxyl radicals. Because the bathochromic shift is caused by
694 groups acting as electron donors, it can be assumed that the
695 absorption of such donor molecules leads to an increase in the
696 electron density of <Ibu-Ag-NrGO>>. Therefore, it can be
697 concluded that the carboxyl group of ibuprofen is directly
698 involved in the complex formation with silver. As a
699 consequence, there is an increase in the electron density of
700 <Ibu-Ag-NrGO>> due to interaction with the oxidized form
701 of the phenyl group.

702 The surface electronic structure of <Ibu-Ag-NrGO>> was
703 further assessed by Raman spectroscopy (Figure 2A). To
704 understand its structure in more details, Raman spectra of
70s pristine ibuprofen and the <«Ag-NrGO>> nanoplatform are
706 shown. A detailed description of characteristic vibrational lines
707 of pristine ibuprofen is given in Table SS. Among numerous
708 vibrational bands, the peak at ~745.9 cm™" is the characteristic
700 peak of ibuprofen, indicating the degree of purity of its co-
710 crystal®® The peak at ~1460.5 cm™ is caused by the
711 characteristic vibration of the hydrogen bond between
712 carboxylate groups and water molecules of ibuprofen. The
713 vibrational band at ~1340 cm™" of pristine drug molecule does
714 not split, indicating that ibuprofen has an ordered structure in
715 phase I with &, that is, the difference between v,,,,,(COO—) at

—_

—

—

asym

~1587 em™ and v,,,(COO—) at ~1405 cm™' being ~182 716
cm™,

The Raman spectra of <Ibu-Ag>> and <Ibu-Ag-NrGO> 718
NPs differ from the spectrum of the pristine ibuprofen by a 719
reduced number of vibrational bands and their noticeable 720
broadening accompanied by a shift (Figure 2A, Tables S6 and 721
S7). In the spectra of <Ibu-Ag-NrGO>>, the vibrational band 722
v(C—0) of the carboxyl group is upshifted by 27 cm™, but 723
symmetric vq,,,(COO™) and asymmetric v,,,,(COO~) vibra- 724
tional bands are downshifted by ~8 and ~7 cm™ because of 725
the complexation of ibuprofen with silver and <NrGO>>. The 726
C—C stretching, CH, twist, and C—C—H deformation are 727
upshifted by S cm™ in <Ibu-Ag-NrGO>>. The & value 728
(between peaks at 1445 and 1579 cm™") in these nanoparticles 729
is 134 cm™', which is less than that in pristine ibuprofen (182 730
cm™') and is in a good agreement with the literature data of 731
ibuprofen—silver complexes (127 cm™).®* The Raman peaks 732
of in-plane CH phenyl ring deformation and bending are 733
upshifted by 6 cm™ because of the formation of hydrogen 734
bonds between carboxylate groups and water molecules. 735

The Raman spectra of <Ibu-Ag-NrGO>> and <Ag- 736
NrGO>> show the systematic appearance of active vibrational 737
modes of the silver-aromatic complex with characteristic peaks 738
at ~584, ~992 and ~593, ~995 cm™!, but the deformation 739
vibrational bands appear only in <Ibu-Ag-NrGO>> (Table 740
S7). The D vibrational band is similar to <Ibu-Ag-NrGO>> 741
and <Ag-NrGO>>, in contrast to the G mode, which is 742
upshifted by 11 cm™ in <«Ibu-Ag-NrGO>>. The G vibrational 743
band of <Ibu-Ag-NrGO> at ~1597 cm™' is a complex 744
vibration consisting of in-plane deformation modes of C1C6 745
and CH phenyl ring of ibuprofen and C—C stretching. 746

Next, let us consider the UV—vis absorption spectra of 747
<Ibu-Ag-NrGO>> stabilized by PEG at concentrations of NPs 748
from 6 to 12 mg/mL (pH S.5) (Figure 2B). A distinctive 749
feature of these spectra is the appearance of a characteristic 750
triplet maximum of ibuprofen in the region of 258—272 nm 751
and of an <NrGO>> peak at ~221 nm. At a concentration of 752
6 mg/mL, the absorption peak of ibuprofen appears with 753
maxima at ~222-225 and 265 nm and a weak shoulder at 754
~272 nm caused by the electronic 7—7* transitions in the 7ss
phenyl rinog of ibuprofen, <NrGO>>, and ibuprofen—Ag 756
complexes.”” Because the characteristic absorption peaks of 757
<NrGO> did not appear at 237, 242, or 296 nm, it can be 758
concluded that <NrGO>> forms a complex with silver and 759
ibuprofen. Therefore, absorption peaks appear as a result of 760
m—m* electronic transitions in the phenyl ring of ibuprofen in 761
complex with silver atoms. Moreover, the absorption peak 762
intensity is directly proportional to the concentration of bound 763
silver atoms. Comparing the intensities of these peaks, we can 764
conclude that a greater number of silver atoms are formed in 765
silver—graphene complexes with ibuprofen at a concentration 766
of 9 mg/mL. 767

Another important feature is the absence of a characteristic 768
surface plasmon resonance peak of silver NPs and their 769
individual complexes with ibuprofen, in contrast to <Ibu-Ag- 770
NrGO>> at 3 mg/mL in Figure 1D. Therefore, at an increased 771
concentration of <«NrGO>>, ultrasonic complexation of 772
ibuprofen with silver does not lead to the growth of silver 773
nanoparticles on the surface of <NrGO>> but leads to the 774
formation of an atomic silver cluster structure in a complex 775
with ibuprofen. 776

It should be noted that ultrasonic activation of silver— 777
graphene complexes of ibuprofen with PEG not only leads to 778
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Figure 3. (A, D, G) UV—vis absorption spectra of aqueous solutions of 200 L of 0.01 M Fe(CN)¢*>~ and 200 uL of 0.1 M S,0,> with pristine
ibuprofen (S mM, 30 wt %), <Ibu-Ag>>, and <Ibu-Ag-NrGO>> nanoparticles during 45 min of reaction with a local zoom-in peak near 420 nm
are shown. (B, E, H) The plots show the dependence of the absorption intensity peak at 420 nm on the concentration of Fe(CN)¢*~ (C,,(x10™*
mol/L)) (black dots). (B) The experimental data of C,(x10™* mol/L) in the aqueous solution with pristine ibuprofen are fitted to the exponential
functions y = 61 — 0.59 exp(x/—3.48) during the first 20 min (red dots) and y = 65 — 3.02 exp(x/—183.25) during the next 25 min (blue dots)
with a Pearson’s correlation coefficient R? = 0.99. (E) The experimental data of C,,(x10™* mol/L) in the aqueous solution with <Ibu-Ag>> are
fitted to the exponential function y = 72 — 1.47 exp(x/—15.55) during 45 min of reaction (blue dots) with a Pearson’s correlation coefficient R* =
0.99. (H) The experimental data of C,,(X10™* mol/L) in the aqueous solution with <Ibu-Ag-NrGO>> are fitted to the exponential function y =
—232 + 319.16 exp(x/—7696.85) during 45 min of reaction (red dots) with a Pearson’s correlation coefficient R* = 0.99.

an increase in the intensity of the absorption band of ibuprofen
but also causes changes in the band at 265 nm in the short-
wavelength region of the spectrum. Changes of the latter band
can be caused by the intramolecular interaction of PEG with
ibuprofen. In this regard, an increase in the solubility of
ibuprofen in an aqueous solution of PEG indicates the
formation of a complex of these two substances. It is also
important to note that the absorption bands of the phenyl ring
of ibuprofen are broadened due to the group bending C—C—H
vibrations. Further changes in the absorption bands may be
caused by electronic transitions in the phenyl ring and indicate
an intermolecular interaction between PEG and ibuprofen. It is
unlikely that the formation of a weak hydrogen bond between
the carboxyl group of ibuprofen and the hydroxyl or ester
group of PEG leads to changes in the electronic structure of
the phenyl ring. Presumably, the interaction of ibuprofen with
PEG is predominantly transconformational.®®

Overall, one can conclude that the process of charge transfer
between ibuprofen molecules with silver can occur through C—
O bonds in carboxyl and phenyl groups. In <Ibu-Ag-NrGO>>,
electron density can be increased because the carboxyl group
of ibuprofen is directly involved in complex formation with
silver and the oxidized form of phenyl group. In <Ibu-Ag-
NrGO>, <NrGO> is found only in a complex with an
atomic-cluster structure of silver and ibuprofen, and more
silver atoms are formed in silver—graphene complexes with

ibuprofen at a nanoparticle concentration of 9 mg/mL. During

805

the complexation of silver with the carboxyl group of sos

ibuprofen, hydrogen bonds are formed between the carboxyl
groups of <Ibu-Ag> and <Ibu-Ag-NrGO>> NPs and water
molecules.

3.3. Electrokinetic Efficiency of <lbu-Ag-NrGO>>. The
electrokinetic activity of <Ibu-Ag-NrGO>> was assessed in an
oxidation of thiosulfate $,0;°” by hexacyanoferrate(III)
Fe(CN)s*™ ions in aqueous colloidal solutions at room
temperature. The electron transfer process was studied at a
molar concentration ratio of [Fe(CN)*~] to [S,0,*7] of 1:10
at pH 5.5 by recording the UV—vis absorbance spectra with
the time interval of S min during 45 min of the reaction period

807
808
809

817

(Figure 3). At the beginning, an aqueous solution of 200 uL of sis3

0.01 M Fe(CN)4*~ and 200 L of 0.1 M S,05>” had a yellow
color and exhibited three distinct peaks at 246 nm
(~40,650.41 cm™"), 303 (~33,003.30 cm™') with a shoulder
at 320 nm (~31,250.00 cm™") and 420 nm (~23,809.52 cm™")
(Figure S4A). The first absorption peak indicates charge
transfer in d® ferricyanide being attributed to an L — M
process.”” The absorption maximum at 303 nm with a
shoulder can be assigned to Fe**(H,0)sHO,” with several
inner-sphere complexes of d° ferric ion with the ground-state
configuration (3t,,)°(2t,,)° = *T,,, indicating parity-allowed g
— u (intense band) with d — d (shoulder) transitions as a
result of their proximity to intense bands. The broad
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absorption band at ~420 nm can be assigned to one of the
Laporte-allowed transitions of L — M type arising as a result of
electron excitation from the 3t,, into the 2t,, level of the d
ferrocyanide ion complexes.

The course of the reaction was followed by monitoring the
decrease in the absorbance of hexacyanoferrate(Ill), continu-
ously as a function of time, at 420 nm. After 45 min of this
process, the solution did not become colorless, indicating that
the final reaction products such as Fe(CN)4*~ and SO, ions

840 were not formed because of the excess of the initial

concentration of thiosulfate ions. In the absence of a catalyst
at a fixed concentration of S,0;>7, the intensity of the
absorption peak at 420 nm has a linear relationship with the
concentration of Fe(CN)*~ ions in the range from 0.001 to
0.01 mol/L, which was used as a calibration plot (Figure S4B).
In general, the initial rate of reaction is independent of the
amount of Fe(CN)*~ ions, and 0.01 M concentration was
used for the study. The redox exchange ferricyanide—
ferrocyanide ions’ reaction does not take place in the aqueous
solution with thiosulfate ions without a catalyst (Figure S4).
In the presence of pristine ibuprofen (S mM, 30 wt %), the
UV—vis absorption spectra of the reaction solution showed a
small peak at 272 nm (~36,764.71 cm™), a distinct maximum
at 303 nm (~33,003.30 cm™') with two shoulders at 283
(~35,335.69 cm™!) and 321 nm (~31,152.65 cm™), and a
peak at 420 nm (~23,809.52 cm™') (Figure 3A). The first
absorption band can be assigned to the complex of ibuprofen

sss with d® ferrocyanide ions with d — d transitions involving

charge-transfer processes in phenyl molecules without
substituted side chains. The other two intense absorption
bands indicate ZTZg electronic transitions of ferrocyanide ion
complexes with spin-allowed d — d transitions. The slightly
downshifted shoulder at 31,152.65 cm™ reflects the deproto-
nation of the nitrogen end of cyanide as evidenced in the
ethanol solution of ferrocyanide ions by the shift of the first d
— d transition from 31,000 cm™, indicating increased back-

867 bonding in the deprotonated species resulting from destabi-

lization of the t,; level. After 45 min of reaction, the intensities
of small peaks increased in the range from 250 to 321 nm
(Figure SSA), but not the analytical peak at 420 nm, indicating
the increased electron density of ibuprofen—ferrocyanide
complexes.

However, during the first 20 min of this reaction, the
intensity of the band at 420 nm increased at a reaction rate
~3.48, but during the next 25 min, it decreased at a reaction
rate ~183.25 (Figure 3B). The slow exchange reaction of
ferrocyanide—ferricyanide ions can occur by a one-electron
process involving positive ions, but the negative charges cannot

879 be excluded as evidenced by the accelerated exchange rate after

25 min. Therefore, the positive ion presumably would be
present as aquo-complexes or at least as highly hydrated
species and would present an external sheath mainly of
hydrogen atoms because the oxygen atoms in the water
molecules should be oriented toward the metal ions. Indeed,
the charge transfer on the surface of pristine ibuprofen is
mediated by H-bonds involving phenyl groups between
carboxylate groups and water molecules, providing peripheral
H atoms bearing a positive formal charge and leading to the
retention of electrokinetic efficacy of ibuprofen during the first
20 min of reaction. These peripheral hydrogens would be
expected to bear a positive formal charge, and this electron
deficiency would reduce the chance of electron exchange on
collision between two such ions. As the mechanism of kinetics

of oxidation of thiosulfate by hexacyanoferrate(III) in aqueous
alkaline media can be interpreted in terms of a spontaneous
change of thiosulfate in a rate-determining step followed by a
rapid reduction of hexacyanoferrate(II), the slow step can
arise as a result of the formation of a bond to sulfur, which will
require activation energy. On the other hand, the external
nitrogen atoms in the ibuprofen—cyanide complexes bear a
negative formal charge, and the central ion is thus surrounded
by a sheath of electron-rich atoms; this higher electron density
may accelerate the rapid exchange. In our solution with pristine
ibuprofen, the initial increase of the absorption intensity at 420
nm can occur as a result of the increased H* concentration at
the contact with ibuprofen during the first 20 min of reaction,
which can lead to the formation of ion pair Ibu-Fe(CN)*~ and
HFe(CN)®", being regarded as the active oxidant that can
contribute to the oxidation of ibuprofen and thiosulfate ions,
resulting in the acceleration of this reaction during the next 25
min. In addition, electronic transitions of ibuprofen between
the phenyl ring and C—O bonds caused by oxidation can lead
to an enhanced efficacy of ibuprofen. In particular, Fe(CN)¢>~
reacts with H', resulting in HFe(CN)4*~, which also reacts
with S,0;>" and leads to the formation of S,0;” and
HFe(CN)*", and this reaction is slow. In addition, S,0;~
can react with H', resulting in the formation of $,04*", but at a
faster rate. The S,04>” ions undergo subsequent disproposi-
tion to S;04°" and S,0;°" on long standing. This is in
agreement with the increased intensities of absorption peaks in
the range from 272 to 321 nm. Therefore, the role of H atom
and hydrogen bonds between carboxylate groups and water
molecules of ibuprofen is crucial to the reaction.

The UV—vis absorption spectra of <Ibu-Ag> show two
intense bands at ~302 (33,112.58 cm™!) with the shoulders at
285 (35,087.72 cm™') and 322 nm (31,055.90 cm™") and at
~421 nm (23,752.97 cm™') (Figure 3D). In contrast to
pristine ibuprofen (~3.48), the absorption intensities of all
peaks were increased during 45 min of reaction at a 4.5 times
faster rate (~1S5.55) as estimated from the exponential fit
function (Figure 3E and Figure SSB). In addition, in <Ibu-
Ag>, the main peaks and their shoulders exhibited a

901
902

932

bathochromic shift of 1-2 nm, and the concentration of 933

oxidant ions in this process was higher at 103 (~71.4) in
comparison with pristine ibuprofen (~61.1). Distinct from
pristine ibuprofen, <Ibu-Ag>> has a silver—aromatic complex

934
93S
936

and enhanced electronic transitions in the entire structure of 937

NPs, which lead to acceleration of the charge transfer between
the phenyl and carboxyl groups of ibuprofen molecules in a
complex with Ag having C—O bonds. The electron exchange
mechanism in <Ibu-Ag>> resembles that in pristine ibuprofen
during the first 20 min of exchange reaction between
Fe(CN)s~ and S,0,>" involving H*, HFe(CN)s*", and
HFe(CN)>~ but at a faster rate due to the increased electron
density of NPs.

938
939
940
941
942
943
944
94S

Similar to <Ibu-Ag>>, the UV—vis absorption spectra of 946

<Ibu-Ag-NrGO> show absorption maxima at ~302
(33,112.58 cm™) and ~421 nm (23,752.97 cm™") but with
one shoulder at 322 nm (31,055.90 cm™), with decreased
intensities during 45 min of reaction (Figure 3G and Figure
SSC). The concentration of oxidant ions decayed from ~87.7
X 107* mol/L at the beginning of reaction to ~85.8 X 1074
mol/L after 45 min at a 42 times faster reaction rate
(~7696.85) than pristine ibuprofen (~183.25) (Figure 3H).
The enhanced catalytic performance of <Ibu-Ag-NrGO>>
NPs is likely to be governed by charge injection/ejection
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Figure 4. The plots show the dependence of the calculated electric field strength maximal peak values (E,,,,, V/m) on the electrical conductivity (o,
S/m) of (a) pristine ibuprofen, (b) <«Ibu-Ag>>, and (c) <«Ibu-Ag-NrGO>> being on the surface of the electrode inserted into the cervix tumor
tissue under microwave irradiation in the frequency range from 100 MHz to 1 GHz. The plots reveal the computed speed of E,, magnitude change
versus the electrical conductivity (E, V/m(Sm™)) under applied microwave irradiation field inside the cervix tumor tissue with (d) pristine
ibuprofen, (e) <Ibu-Ag>>, and (f) <Ibu-Ag-NrGO>>. The plots demonstrate the computed speed of the total power dissipation density of flow
distribution versus the electrical conductivity P.;, (W/kg(Sm™")) and its total power dissipation density magnitudes in the range of ¢ from 0.01 to
0.08 S/m with the highest values of the electromagnetic field at 100 MHz—1 GHz near the electrode’s tip and the slot inside of the cervix tumor
tissue with (g, i) pristine ibuprofen, (h, k) <Ibu-Ag>>, and (i, 1) <Ibu-Ag-NrGO>>.

957 processes into and out of the surface of the individual
958 semiconducting crystals. The overall increased electron density
959 of these NPs due to electronic 7._. = 7. * transitions in the
960 altered phenyl ring and 7,, — 7.,* in ibuprofen between the
961 phenyl ring and C—O bonds, groups in <NrGO>> acting as
962 electron donors, and atomic Ag-cluster structure in a

963 ferrocyanide—ibuprofen complex can alleviate the barrier and

significantly increase the reaction rate. From kinetic measure-
ments of some phenols, one can conclude that aryloxy radicals
can be formed at the contact of Fe(CN)*>~ ions with <Ibu-
Ag-NrGO>.*" As a consequence of this reaction, diaryls or
diaryl ethers can be obtained as final products. These reaction
products are stable because of the delocalization of the odd
electron by resonance, particularly over the ortho and para
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971 positions of the aromatic ring. Oxidation of phenols by
972 ferricyanide shows that the dimers may arise from
973 condensations between phenoxy anions and aryloxy cations.
974 This would mean that the coupling process is heterolytic,
975 involving a cationic substitution of the phenol by a mesomeric
976 aryloxy cation formed after a two-step oxidation of the
977 phenoxy radical. Consequently, the increase of the reaction
978 rate is proportional to the increased concentration of the
979 oxidizable species such as aryloxy anions. This is in agreement
980 with the hydrolyzed phenol rings of <«Ag-NrGO> and
981 ibuprofen complexes with a silver cluster structure in <Ibu-
982 Ag-NrGO>> NPs. According to the mechanism proposed for
983 the oxidation of aldehydes, ketones, and nitroparafins, we may
984 suggest that a complex is formed between ferricyanide and the
985 enolate anions of <Ibu-Ag-NrGO>> and possibly between
986 ferricyanide anion and a mesomeric structure of the enolate
987 anion. This complex can be attacked by a second ferricyanide
988 ion, resulting in the formation of final products with increased
989 catalytic activity. On the other hand, thiosulfate ion (S,0;),>”
990 can form strong silver—thiosulfate complexes Ag(S,0;),*".
991 The studies of the oxidation kinetics of S,0;*” by metallic
992 oxidants prove the formation of precursor metal—thiosulfate
993 complexes in an equilibrium step preceding the electron
994 transfer. Oxidation by transition metal complexes may proceed
995 via intermediate complexes of Fe(CN),(CNSO;)*” and
996 Fe(CN)(CNSO;)*". It has been suggested that in the
997 outer-sphere electron transfer mechanism, the cyanide ligands
998 play a significant role in view of the lower reactivity of the
999 protonated complexes Fe(CN)¢H?™ and Fe(CN)¢H,>~ with
1000 OH. Therefore, reaction of H* with $,0,>~ and Ag will lead to
1001 the formation of the active complex <AgHS,0;>>, and this
1002 will accelerate the action of Fe(CN)4*~. The rate of subsequent
1003 biomolecular processes with ibuprofen may be high when the
1004 concentration of reactants is of the order of 107°~10~* mol/L,
1005 and the activation energy is small. Therefore, it is likely that
1006 attack by Fe(CN)¢*~ would become rate determining.

1007 To understand the role of ibuprofen and individual inorganic
1008 components of <Ibu-Ag-NrGO>>, a series of control
1009 experiments have been performed in the study of the charge
1010 exchange reaction between hexacyanoferrate and thiosulfate
1011 ions—<KAg-NrGO>, <Ag-rGO>>, or S mM AgNO;—Dbefore
1012 and after stabilization with PEG and NPs without Ag (Figures
1013 S6—S8). All UV—vis absorption spectra exhibited bands similar
1014 to <KIbu-Ag-NrGO>> at 302—303 nm with a shoulder at 322
1015 nm and a characteristic peak at 420 nm but with lower reaction
1016 rates. In particular, the reaction rate of PEG-coated <Ag-
1017 NrGO> was ~157.61 and that of <NrGO> was ~66.80,
1018 demonstrating the important role of Ag in catalysis (Figure
1019 S6). Absorption spectra of the charge exchange reaction
1020 between free Ag cations and those in the PEG matrix revealed
1021 comparable reaction rates of ~32.02 and ~34.75, indicating
1022 that PEG acts as a stabilizer of Ag (Figure S7). Analysis of the
1023 UV—vis absorption spectra of <Ag-rGO> and <Ag-
1024 NrGO> NPs without PEG revealed the charge exchange
1025 rate to be ~15.27 times higher in «Ag-NrGO> (~1096.36)
1026 than in <«Ag-rGO> (~71.80) platform, demonstrating the
1027 pronounced catalytic effect of rGO due to the N-doped silver
1028 structure (Figure S8). In the presence of thiocyanate anions,
1029 Ag nanostructures undergo oxidation,*®*’ resulting in the
1030 formation of the sparingly soluble silver salt AgSCN(s)”* and
1031 the release of an electron, Ag + SCN™ <> AgSCN + e™. At high
1032 concentrations of thiocyanate, as in our case, AgSCN(s) can
1033 react with additional SCN™ anions and form higher-order

—_

_

soluble silver thiocyanate complexes [Ag(SCN)y]'™. Leaching 1034
of silver ions can be considered negligible because the isotropic 1035
or anisotropic dissolution of complexed silver nanostructures 1036
does not involve electrochemical oxidation processes. 1037

3.4. Theoretical Modeling of H* Production by «lbu- 103s
Ag-NrGO>> in a Cervix Tumor. In this model, it is assumed 1039
that a cervix tumor is electrochemically treated with direct 1040
current in the use of electrodes with a surface modified by 1041
pristine ibuprofen, <Ibu-Ag>>, and <Ibu-Ag-NrGO>> NPs, 1042
which are electrolyzed inside the tissue at an applied voltage of 1043
0.53 to 0.60 V, resulting in H" production (Figure 3C,F,I). The 1044
process of H' production can be derived from oxygen 104s
evolution reaction close to the surface of the electrode at the 1046
contact with pristine ibuprofen and NPs with the highest 1047
concentration at 0.53 V. At this voltage, <Ibu-Ag-NrGO>> 1048
NPs produced H' ions ~13,2 times larger than pristine 1049
ibuprofen and ~4,6 times larger than <Ibu-Ag>. As the 1050
applied voltage increased up to 0.60 V, the produced amount 1051
of H" ions linearly decreased in all three types of these 1052
compounds with the highest rate on <«Ibu-Ag-NrGO>>> of 1053
~1,5 x 10* (Figure 3C) in comparison with pristine ibuprofen 10s4
(~1.2 x 10*) (Figure 3F) and <Ibu-Ag> (~3.3 X 10%) 10ss
(Figure 31). In contrast, the rate of decreased production of H* 10s6
on bare Ag NPs was ~36.0, and that on <<Ag-NrGO>> was 1057
~6.7 X 10* (Figure S9). Therefore, one can conclude that the 10ss
catalytic efficiency of ibuprofen in <«Ibu-Ag-NrGO>> can be 1059
attributed to the complex effect caused by increased electron 1060
density of the <«<Ag-NrGO>> platform. This is in agreement 1061
with the experimental results obtained in the study of the 1062
charge exchange reaction between hexacyanoferrate and 1063
thiosulfate ions (Figure 3B,E,H). 1064

3.5. Theoretical Modeling of the Electromagnetic 10ss
Field Strength Intensity and Power Flow Density 1066
Distribution by «Ibu-Ag-NrGO> Coupled to a Bioheat 1067
Equation in a Cervix Tumor under Microwave Irradi- 1063
ation. This type of modeling is related to the field of 1069
microwave chemotherapy at conditions of locally creating 1070
gradients of elevated electric field intensity in combination 1071
with the effect of complexed ibuprofen within <<Ag-NrGO>> 1072
under microwave irradiation (1.0 X 10°~1.0 X 10° MHz, 10 1073
W). The aim of the biophysical modeling is to find out the 1074
conditions of fastest electric field strength acceleration speed E 1075
(V/m(Sm™)) and time-averaged power flow distribution 1076
P.ix (W/kg(Sm™)) on the surface of semiconductor NPs 1077
in comparison with pristine ibuprofen inside cervix tumor 1078
tissues. In this regard, Figure 4 shows the overall tendency of 1079 &4
the nonlinear increase of the computed maximal magnitudes of 1080
the electric field strength intensity of pristine ibuprofen (Figure 10s1
4a), <Ibu-Ag> (Figure 4b), and <Ibu-Ag-NrGO>> (Figure 1082
4c) NPs according to their physical properties at increased 10s3
values of the electrical conductivity in the studied range from 1 1084
X 107 to 1 X 10* S/m under microwave irradiation. 1085

The computed rate of the E_,, magnitude changes versus the 1086
electrical conductivity in the range from 1 X 107> to 1 X 107" 1087
S/m in the selected microwave irradiation region was the 1088
highest on <Ibu-Ag-NrGO>> NPs being ~1.27 X 10° (Figure 1089
4f) and with lower comparable rates on pristine ibuprofen 1090
(~6.68 x 10*) and <Ibu-Ag> (~6.74 X 10*) (Figure 4d,e). 1091
The computed rates of the total power dissipation density of 1092
bioheat flow distribution changes versus the electrical 1093
conductivity in the same selected range of ¢ were the highest 1094
on <Ibu-Ag>> being ~7.39 X 10° (Figure 4h) and with ~1.1 1095
times lower values on <Ibu-Ag-NrGO> (~6.83 X 10%) 109
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1097 (Figure 4i) and ~2.0 times lower values on pristine ibuprofen
1098 (~3.63 X 10%) (Figure 4g). The total power dissipation density
1099 P rvix (W/kg) of bioheat flow exhibited the highest intensity at
1100 the tip of the electrode in all three compounds, and their
1101 surface dissipation zones at the slot were decreased in the
1102 following order: from <Ibu-Ag> (Figure 4k) to <Ibu-Ag-
1103 NrGO> (Figure 41) and pristine ibuprofen (Figure 4j),
1104 indicating the pronounced effect of Ag. It is important to note
1105 that only on <Ibu-Ag-NrGO>> NPs did the P, dissipation
1106 of bioheat flow surface density profile showed the periodic
1107 appearance of local field changes in contrast to pristine
1108 ibuprofen and <Ibu-Ag>>.

4. CONCLUSIONS

1109 A method of activation of pristine ibuprofen organic molecular
1110 crystals was demonstrated via ultrasonic (20 kHz) complex-
1111 ation of drug ligands with silver in nitrogen-doped oxidized
1112 graphene nanostructures (~50 nm). Ultrasound can cause the
1113 formation of an atomic Ag cluster structure in a complex with
1114 ibuprofen in <Ibu-Ag-NrGO>> that is stabilized by intra-
1115 molecular transconformational interaction with PEG, leading
1116 to an increase in the solubility of drug ligands inside NPs. In
1117 contrast to pristine ibuprofen, <Ibu-Ag> has a silver—
1118 aromatic complex and enhanced electronic transitions in the
1119 entire structure of NPs, which lead to a 4.5 times faster
1120 reaction rate in the oxidation of thiosulfate by hexacyanoferrate
1121 jons because of the acceleration of the charge transfer between
1122 the phenyl and carboxyl groups of ibuprofen molecules in a
1123 complex with Ag having C—O bonds. However, the same
1124 reaction can be catalyzed by <Ibu-Ag-NrGO>> at a 42 times
1125 faster reaction rate than pristine ibuprofen by charge injection/
1126 ejection processes into and out of the surface of the individual
1127 semiconducting crystals. The electrokinetic activation of
1128 pristine ibuprofen can be caused by the overall increased
1129 electron density of <Ibu-Ag-NrGO>> due to electronic 7zc = ¢
1130 = mc = ¢* transitions in the altered phenyl ring and zpy —
1131 #co* in drug molecules between the phenyl ring and C—O
1132 bonds, groups in <KNrGO>> acting as electron donors, and an
1133 atomic Ag-cluster structure in a ferrocyanide—ibuprofen
1134 complex.

1135 Theoretical modeling of H+ production by <Ibu-Ag-
1136 NrGO>> in a cervix tumor tissue shows that the produced
1137 amount of H* ions decreased at a 12.5 times higher rate in
1138 <Ibu-Ag-NrGO>> than in pristine ibuprofen at increased
1139 applied voltage from 0.53 to 0.60 V. Relevant to microwave
1140 chemotherapy of cervix tumor tissues, the computed maximal
1141 magnitudes of the electric field strength intensity of <Ibu-Ag-
1142 NrGO>> undergo ~10° order higher changes than pristine
1143 ibuprofen or <Ibu-Ag> in the 100—1000 MHz range. The
1144 computed total power dissipation density of bioheat flow
1145 surface density profile showed the periodic appearance of local
1146 field changes only in <«Ibu-Ag-NrGO>> in contrast to pristine
1147 ibuprofen and <Ibu-Ag>>>. This method can be successfully
1148 applied to activate various organic molecular crystals with
1149 pharmaceutical properties and determine the biophysical
1150 conditions of improved microwave chemotherapy of cervix
1151 tissues.
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