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ABSTRACT A single step ultrasonic method (20 kHz, 18 W/cm?) is demonstrated for the
functionalization of pristine nonsteroidal anti-inflammatory drugs: acetylsalicylic acid and
diclofenac with preformed graphene oxide-coated CuO nanoparticles. These nanoparticles are
positively charged and have a flower-like morphology with a mean size < 340 nm consisting of a
pure CuO phase. Ultrasound causes complexation of each drug with these nanoparticles and, as a
consequence, new advanced pharmaceutical nanocomposites: acetylsalicylic acid-graphene
oxide-coated CuO and diclofenac-graphene oxide-coated CuO are formed. The surface
composition and electronic molecular structure of these nanocomposites is modified at pH from
1 to 8 through the specific interactions involving Cu-O, C-H and H-bond formation with the

carboxylic and carbonyl groups of acetylsalicylic acid, diclofenac and graphene oxide.
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1. Introduction

Acetylsalicylic acid (ASA) and diclofenac are nonsteroidal anti-inflammatory drugs
(NSAIDs) that are commonly prescribed to treat the inflammatory disorders and also cancer.[!-]
Salicylic acid (SA) is a product of ASA hydrolysis with valuable anti-inflammatory activity and
analgesic potency.!*>! The absorption rate and extent of ASA and salicylate in the gastrointestinal
lumen can be modulated by their pH-dependent molecular electronic structure. The gastric
metabolism of ASA, in which the acetyl moiety binds covalently to proteins and other molecules
in the stomach wall, is consistent with its gastric toxicity, and its analgesic activity increases with
the raised availability of the intact drug.[®! Only recently the effects of ASA on the platelet
functions are better understood so that new methods can be developed to lessen in extent of
harmful gastrointestinal damage.[”]

In contrast to ASA, diclofenac inhibits cyclooxygenase COX-2 enzyme with greater potency,
retains antidepressant and anxiolytic response in patients with pain, but leads to serious
cardiovascular and renal side effects.8] Similarly to ASA, diclofenac also causes severe dose-
dependent gastrointestinal injury.’! The pharmaceutical effects of diclofenac are frequently
associated with the formation of H-bonds between its carboxyl group and several side chains of
the COX enzymes.[!%] The modulation of the n-7* interaction and its interrelation with the H-
bonding can help to benefit from the biological activity of diclofenac.[!'l Up to now this
knowledge has been applied for the transformation of pristine diclofenac compound into various
modes of liquid-filled soft gel capsules!!?! or submicron particles in a tablet to treat osteoarthritis,
rheumatoid arthritis, and cancer-related pain.['314] In consequence, modified diclofenac caused
fewer digestive and central nervous system-associated side effects than ASA.['5] However, still

both ASA and diclofenac in their most frequent form, i.e. oral tablet, unavoidably lead to a
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bleeding of the gastrointestinal system and this damage is dose dependent.[! Therefore, there is a
need to find new healthier approaches to reduce the dosage of these NSAIDs and enhance their
therapeutic efficiency.

It has been shown that the anti-inflammatory activity of many NSAIDs can be significantly
improved through their metal complexes.l'®) Metal complexes and metallodrugs are in the
existent clinical use to treat inflammation ailment, diabetes, bacterial infections and many types
of cancer.l'’2!1 Among them copper (II) complexes with NSAIDs exhibit excellent ability to
cleave the pathogenic DNA and participate in the formation of H-bonds at the DNA surface.[??]
Nowadays both in vitro and in vivo studies confirm the enhanced anticancer and anti-
inflammatory effects of Cu(II)-NSAIDs complexes.[?3] For example, the copper-ASA complexes
exhibit more potent anti-inflammatory and anti-thrombotic activity than free drug resulting in a
fewer side effects in rats or mice.[*423] Such advanced pharmacological activity of this compound
is related to its final crystal structure, the specific coordination to water molecules via H-bonding
and the improved COX-1/COX-2 selectivity. The compounds based on the Cu(Il) complexation
with diclofenac exhibit good antitumor and antimicrobial activity.[!825] For example, tetranuclear
copper(Il) complexes containing multiple diclofenac and Schiff base moieties exhibit cytotoxic
effect on cancer stem and bulk breast cancer cells by elevating intracellular reactive oxygen
species (ROS) levels and inhibiting COX-2 expression.[?6! In another study, copper(Il)-
phenanthroline complexes bearing diclofenac demonstrate preferential potency towards bulk
breast cancer cells over breast CSCs.[?7]

In many compounds ASA or diclofenac are bonded to the central Cu atom through the
carboxyl groups and some of them had been constituting an important element of commercially

available anti-inflammatory drugs since 2001.1282%1 However, most of the existing Cu(II)-NSAID
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complexes have weakly bound carboxylic acid ligands and can easily dissociate favoring the
interaction of O, radicals with the free sites of copper. Therefore, it is necessary to understand
the electronic molecular surface structure of Cu(II)-NSAID complexes in aqueous solution at
different pH values in order to improve their functions.

The solubility, bioavailability, absorption and cell penetration of NSAID to the site of action
are strongly correlated with the H-bond formation and depend on the ionization form of the
pharmaceutical compound.?% Nonionized species of the drug compound are major forms in the
stomach and in the upper small intestine.3!) Drug molecular compounds undergo ionization to
different extents in various parts of the body and this process is pH-dependent.[?2] About 85% of
marketed drugs contain functional groups that are ionized to some extent at physiological pH
(1.5-8). However, if the compound forms many hydrogen or ionic bonds with water, the
desolvation becomes compelling. Therefore, an oral drug should follow the Lipinski “rule of
five” to be able to remain unimpaired at acidic conditions within the stomach (pH=1-3), undergo
absorption through the intestine and be soluble in a blood before it reaches the required area.l33!

In nanomedicine, nanoscale carriers can significantly enhance the bioavailability of drug and
decrease the dose of administration by utilizing safer methods for modification of NSAIDs with
metals and carbon-based substances.[3#33] Among nanoscale carriers graphene oxide (GO) is
biocompatible,*¢ bactericidal®”! and can provide high surface area enriched with carboxyl,
carbonyl, hydroxyl and lactone groups useful for the complexation with copper.38 The operation
of CuO nanoparticles lie beyond their antibacterial effects°] because of specific opticall]
electrical,l*!! and magnetic4?l morphology-dependent properties that can be beneficial for

pharmaceutical purposes. The mergence of CuO and GO into a new nanocomposite significantly
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improves antibacterial activity,[*3] enhanced anticancer catalytic sensing!*tl and specific binding
ability of drugs.[*’]

In aqueous solution ultrasound produces acoustic cavitation and so sonochemistry.[#6:47] The
synergetic effects of sonochemical reactions and high energy gradients in hot spots have been
successfully applied for the synthesis of various nanomaterials with enhanced antibacterial
functions.[*34] One can find much information about the CuO nanoparticle formation and its
interaction with carbon dots and textile material or polymers by using the fundamental principles
and mechanisms of sonochemistry. At present, this knowledge is restricted to CuO-GO
formation, and the interaction of this new nanomaterial with ASA or diclofenac is not revealed.

For this reason, the aim of our work is to develop a new single step method in the use of
ultrasound (20 kHz) for the graphene oxide-coated CuO nanoparticle formation and subsequent
functionalization of this material with pristine NSAIDs: ASA or diclofenac. The goal is to
disclose the specific binding of ASA and diclofenac to graphene oxide-coated CuO nanoparticles
as a result of complexation produced by ultrasound. To do so, we proposed to study the changes
of the electronic molecular structure of final products: ASA-GO-CuO and diclofenac-GO-CuO
nanocomposites in aqueous solution being adjusted to pH = 1, 5 or 8 that is closer to the
intraluminal media of stomach,l®® human gastrointestinal tract,’!] and duodenum.[>?! The
complexation of ASA or diclofenac with CuO and GO can be of use in the understanding of the
NSAID-metal and NSAID-graphene interaction, activation of NSAIDs by metal ions and oxides.
New knowledge can be applied to fundamental intracellular studies of the NSAID-enzyme

(COX, LOX, etc.) reactions that are of great significance in in vivo studies.
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2. Experimental Section

Materials and Synthesis. Graphite (9-47 um dispersion) with elemental composition: C
(95.0 £2.0 atom.%), O (4.0 + 1.0 atom.%), Ti (0.1 £0.0 atom.%), Ca (1.1 £0.1 atom.%).
Cu(CH;CO0), H,0, H3;PO,;, KMnO,4, H,SO4 H,0, (60 %), HCI (35 %), HNO; (40 %),
C,HsOH, C5HgO, KOH (44 %), NaOH and NH4OH are obtained from Belreachim JSC (Republic
of Belarus). Deionized water (pH = 5.5, specific conductivity 5 uS-cm!) was prepared by using a
homemade distillation apparatus (Republic of Belarus). We synthesized graphene oxide (GO)
using the improved Hummers method!33! and applied centrifugation (4.293 g) for multiple
rinsing, at first, with deionized water (pH = 5.5) for a total duration of 450 min and, at second,
with a mixture of {deionized water : isopropanol} at a volume ratio 1:3 for a total duration of
90 min (more details in supporting information). The final GO product was obtained after drying
at 100°C in the air.[>* Pristine NSAIDs: ASA and diclofenac sodium were purchased from Bayer
AG (Germany) and Holden Medical B.V. (The Netherlands). For experiments 10 tablets of each
NSAID were grinded to fine powder. The aqueous solution of ASA or diclofenac were prepared
by dissolving a powder of this drug in deionized water (pH = 5.5) under continuous stirring at a
critical concentration of dissolution at room temperature according to literature.[>3-%1 For
experiments both NSAID aqueous solutions were filtered through a cellulose membrane filter
(red line, the pore size 8-12 nm).

a) Sonochemical formation of graphene oxide-coated CuQ nanoparticles

At first, copper oxide nucleation centers were formed via the co-precipitation chemical
reaction in a solution containing 50 mL of liquid NH4,OH, 1.82 g of 0.2 M Cu(CH;COQO), H,0
and 0.80 g of 0.4 M NaOH. This solution was heated under vigorous stirring until the

temperature has reached 80°C. Since that moment 7 mL of deionized water (pH =5.5) was
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dropwise added into this heated solution under continuous stirring every 10 min during the total
duration of 150 min followed by the formation of dark brown sediment on the bottom of the
vessel. Then the obtained colloidal solution was cooled down to room temperature, triply rinsed
with deionized water and once with isopropanol by using centrifugation (8.117 g). At second, the
aqueous solution of GO, which has been previously sonicated in solution containing 10 mL of
deionized water and 10 mL of isopropanol, was added to this sediment (6.8 mg). Sonication
(20 kHz, 18 W-cm?) of this aqueous solution with GO was assisted with the mechanical stirring
for 30 min in the open air. Then the final product was triply rinsed with deionized water and
once with isopropanol by using centrifugation (8.117 g) for 20 min, then dried at 100°C.

The control experiment was performed by applying ultrasound (20 kHz, 18 W-cm™2) to the
colloidal mixture of GO and preformed copper oxide powder (synthesized without GO and dried
at 400°C in the air) during 15 min under continuous stirring. Then this colloidal solution was
stored for 12 h at room temperature. Finally the product was triply rinsed with deionized water
and once with isopropanol by using centrifugation (8.117 g) for 20 min and dried at 100°C.

In all our sonochemical experiments we used a homemade horn-type ultrasonic disperser
N.4-20 operating in a continuous mode at 20 kHz frequency designed by Cavitation Inc.
(Belarusian State University of Informatics and Radioelectronics, Republic of Belarus,
Figure S1 in supporting information). We applied a method of calorimetryl>*>7 to calibrate this
device (Figure S2, more details in supporting information).

The synthesis of nanocomposites was also conducted at different molar and volume
concentration of precursor compounds in order to investigate the GO-CuO morphology
evolution. At first, 25 mL of aqueous solution of 125 mM Cu(CH;COO), H,O and 25 mL of

500 mM NaOH were dissolved in 15 mL of liquid NH4OH and heated under vigorous stirring to
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T =80°C. During heating this solution was dropwise added by 65 mL of deionized water
(pH = 5.5) until we observed the appearance of dark green-brown sediment on the bottom of the
vessel. Afterwards the solution was cooled down to the room temperature and the sediment was
triply rinsed with deionized water (pH =15.5) and once with isopropanol by centrifugation
(8.117 g). In the next place, 2.5 mg of preformed GO was added to the sediment and sonicated
under vigorous stirring for 30 min at 18 W-cm™. In another procedure, 25 mL of aqueous
solution of 0.2 M Cu(CH3;COO), H,0 and 25 mL of 0.2 M NaOH were dissolved in 50 mL of
liquid NH4OH and heated under vigorous stirring until T =80°C. Then this solution was
dropwise added by 6.8 mg of GO and 100 mL of deionized water during 190 min of continuous
stirring with sonication (at 18 W-cm™). The sediment was formed by centrifugation (8.117 g)
and triply rinsed with deionized water and once with isopropanol followed by drying at 100°C.

b) Ultrasonic functionalization of pristine acetylsalicylic acid or diclofenac with graphene
oxide-coated CuQ nanoparticles

30 mg of sonochemically formed graphene oxide-coated CuO nanoparticles was added by
30 mg of ASA or diclofenac in 11 mL of deionized water (pH = 5.5) and treated by ultrasound
for 3 min (20 kHz, 18 W-cm?) under air in a vessel placed in the ice bath. After that the colloidal
suspension was triply rinsed with deionized water by centrifugation (8.117 g) for a total duration
of 45 min and dried at 100°C in air to obtain a powder. Several control experiments were
accomplished by ultrasound (3 min, 20 kHz, 18 W-cm2): 1) the mixture (60 mg) of GO and free
NSAID at a mass ratio 1:1, and 2) the mixture (60 mg) of preformed CuO nanoparticles and free
NSAID at a mass ratio 1:1; 3) aqueous solution of pristine ASA or diclofenac (30 mg in 11 mL

of deionized water) of 1, 3, 5, 10 and 15 min length in order to find out the effect of ultrasound
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on the chemical structure of each drug. After experiments solutions were triply rinsed with
deionized water by centrifugation (8.117 g) and dried at 100°C in the open air.

¢) pH test of acetylsalicylic acid-GO-CuO and diclofenac-GO-CuQO nanocomposites

30 mg of acetylsalicylic acid-GO-CuO or diclofenac-GO-CuO nanocomposites were added
by 3 mL of aqueous solution at pH=1, 5 or 8 and stored at room temperature. The aqueous
solution at pH = 1 was obtained by the addition of 1N HCI and at pH = 8 — by the addition of
44 9% of KOH aqueous solution. Samples were withdrawn after 7 h, triply rinsed by
centrifugation (8.117 g) for 15 min in order to remove the unreacted chemical residuals. The
obtained sediment was dispersed by deionized water (3.5 mL) and studied by UV-Vis absorption
spectroscopy by using quartz cuvette SUPRASIL Hellma Analytics 111-QS (Z600725) with a
pathlength of 10 mm. The presence of NSAIDs was examined by their characteristic UV-Vis
absorption peaks at 276 nm (ASA), ~ 300 nm (salicylic acid) and 277-280 nm (diclofenac).
Equipment and Analytical Methods. Synthesized nanoparticles and nanocomposites were
characterized by scanning electron microscopy (SEM) and energy dispersive X-ray fluorescence
spectroscopy (EDS), X-ray powder diffraction (XRD), dynamic light scattering (DLS), zeta
potential (ZP), Raman microscopy, Fourier transform infrared (FTIR) and UV-Vis absorption
spectroscopy methods. Their morphology and elemental composition were defined by SEM (S-
4800) Hitachi, Japan. The phase composition was identified by using the powder diffraction
patterns recorded with an EMPYREAN diffractometer (PANalytical, The Netherlands) using
Cu-Ka radiation (Ni-filter) at 296 K. The crystallite thickness S (of GO-CuO nanoparticles) was

determined by the Scherrer’s equation (1):

s-_ K4 (1)
B-cosb,
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where K — the constant dependent on the crystallite shape (0.89); 4 — the wavelength of the
X-Ray radiation (Cu K, = 1.54 A); B — the Full Width at Half Maximum (FWHM or integral
breadth) that equals to ((Oigh-Orow)*1)/180; 05 — the Bragg angle.

The size distribution and (-potential of nanoparticles were measured by DLS from Malvern
Instruments Ltd. in the use of a Zetasizer Nano instrument in a prepared buffer solution.>*! Each
measurement took 30 s; the particle distribution and electrophoretic curves were obtained by
averaging ten measurements. Raman spectra were recorded by using a 3D inverted confocal
Raman microscope Confotec NR500 from SOL Instruments Ltd. (Belarusian-Japanese joint
venture "SOLAR TII") at 633 nm excitation wavelength with a grating 600gr/mm blazed at
600 nm. The Si wafer with the characteristic Raman line at 520 cm™! was taken as a reference for
calibration and basic alignment during integration time from 0.3 to 1 s. The acquired Raman
spectra were corrected for the baseline and a background of the Si wafer. A linearly polarized
diode laser beam was focused through the objectives with the 100x magnification for Raman
spectra acquisition. The laser power was attenuated by using neutral density filters with the
following OD values were used 0.6 (25), 0.3 (50) and no filter (100). The molecular structure of
nanoparticles (unique fingerprints) was determined by the FTIR Vertex 70 Bruker spectrometer
(Germany) in the range from 400 to 4000 cm™! by using the Zeiss Jena Specord-75IR (Germany).
A Cary-500 spectrophotometer (Varian, USA) in the wavelength range from 200 to 800 nm was

used to acquire the electronic absorption spectra of colloidal solutions.
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3. Results and Discussion

As the interface dominates the structure and function of the material, graphene oxide (GO)
has been chosen because it provides the extended surface area at the nanoscale that is rich with
oxygen containing functional groups such as carboxyl and carbonyl on the edges, and hydroxyl,
epoxide groups on the basal plane. GO has amphiphilic properties and its surface is suitable for
chemical modification with molecular substances. For this reason we synthesized GO43-334] and
used it for the coating of CuO nanoparticles and subsequent functionalization with pristine

acetylsalicylic acid (ASA) or diclofenac by ultrasound as shown in Scheme 1.

Graphene Oxide-CuO

HO-:

0

Ultrasound
—_—
20 kHz

Functionalization

o — / \ — (0 Diclofenac
Acetylsalicylic acid )

Chlorophenol

Carboxyl group al

O OH :; i
O CHjAcetoxy N Carboxyl
T group c OH
group
(0] . o
Benzene Aminophenol
i GO-CuO- P

— Acetylsalicylic Diclofenac
acid

Scheme 1. Formation of graphene oxide-coated CuO nanoparticles by ultrasound (horn-type
disperser, 20 kHz, 18 W-cm?) and subsequent functionalization of pristine nonsteroidal anti-

inflammatory drugs: acetylsalicylic acid (ASA) or diclofenac with them.

3.1 Formation of CuO-GO nanoparticles
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Representative SEM image shows preformed GO with a sheet-like structure (Figure 1A).
Dynamic light scattering (DLS) analysis ostends two distinct peaks at ~ 90 £ 37 nm and ~
455 + 205 nm in the bimodal size distribution diagram (Figure 1B). GO is negatively charged (-
22.13 £4.62) mV (Figure 1C). The {-potential magnitude of GO is below the characteristic
threshold value ~ -30 mV of a stable colloidal system[®®] that can be caused by its lower
oxidation degree obtained at mild conditions of ultrasonic treatment resulting in lower amount of
ionized acidic groups on GO.15°1 Raman spectroscopy reveals two distinct characteristic bands of
GO: D line at ~ 1341 cm™! and G line at ~ 1585 cm! with their intensity ratio as Intp/Intg ~ 1.02,
indicating that synthesized GO is well crystallized with its low structural defect concentration
(Figure S3, supporting information). The relatively broadened D band is correlated to a
disordering in nanocrystalline carbonaceous dimensions, while its high intensity shows perturbed
aromatic rings caused by formation of defects, vacancies and distortions during oxidation.
Comparatively narrow G line shows up on localized dimers with sp? hybridization or shorter sp?
chains with a sharper length distribution. The absence of a small peak or a shoulder at ~ 1600-
1620 cm™! demonstrates no defects in the crystalline structure of GO induced by substitutional
despite the presence of negligible amount of impurities after the synthesis as shown in Figure S4
and Table S1 (supporting information). This is important because heteroatoms such as S can
replace carbon atoms in the skeleton and break the GO structure in substitutional doping.
Disordering in synthesized GO can be induced by surface transfer doping that doesn’t destroy the
chemical bonds of this material. Second order Raman bands of GO appear near 2682 cm™! and
2926 cm! that can be assigned to 2D and {D+G} overtones observed in defect-free GO with
induced disorder due to oxidation. The relatively broad feature of these two bands reveals the

presence of a small portion of amorphous carbon with sp® hybridization. Therefore we can
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assume that the structure of synthesized GO would enable functionalization of ASA or
diclofenac through the surface transfer interactions with oxygen functional groups.

The ultrasonically formed GO-CuO nanoparticles have a flower-like morphology consisting
of twisted thin sheets with a specific orientation as a result of the growth in a perpendicular
direction to the surface of the initial nucleation units, i.e. [Cu(OH)4]* (Figure 1D). The DLS
diagram exhibits a unimodal size distribution with a single peak at ~342 + 160 nm (Figure 1E).
The surface charge has a positive {-potential of 2.57 £ 1.13 mV, that is in agreement with CuO
nanoparticles at pH =7-9 and is indicative of the isoelectric point of CuO nanoparticles in
aqueous solution at pH = 5.420601 (Figure 1F). As next, we examined the electronic molecular
structure of GO and GO-CuO by using the UV-Vis absorption spectra (Figure 1G). GO exhibits
a strong narrow absorption band at 243 nm (5.10 eV) because of the 7—z* transition of aromatic
C=C bonds and a smaller broader peak at 320 nm (3.88 eV) as a result of the n—z* transition of
C=0 bonds. In contrast to GO, the absorption spectrum of GO-CuO nanoparticles is more
complex and exhibits multiple peaks with most prominent maxima at 268 nm (4.63 eV), 335 nm

(3.70 €V) and a very strong band at 744 nm (1.67 eV).
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Figure 1. Representative SEM images of A) synthesized graphene oxide (GO) and D)

ultrasonically formed GO-coated CuO nanoparticles. DLS size distribution diagrams of B) GO
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and E) GO-coated CuO nanoparticles. Zeta potential plots of C) GO and F) GO-coated CuO
nanoparticles. G) UV-Vis absorption spectra of GO and GO-coated CuO nanoparticles in

aqueous solution.

In Figure 1G 268 nm and 335 nm absorption peaks are red shifted in comparison to the
common absorption band of GO (220 - 230 nm and a shoulder near 300 — 303 nm), indicating a
restored electronic conjugation within the graphene sheets.[®!] An absorption band near 744 nm is
attributed to the electronic excitation of solvent molecules.l%?] The first absorption peak in the
CuO-GO nanocomposite is red shifted, indicating a reduction of GO. The second absorption
peak together with other small bands at 527 nm (2.35¢V), 607 nm (2.04 eV) and 662 nm
(1.87 €V) can be assigned to the band-to-band transition in a flower-like morphology of GO-
coated CuO nanoparticles based on the observation of similar n—z* transitions in CuO
nanoparticles with a sisal-like morphology due to a quantum confinement in radial direction of
nanoneedle structures.[63]

3.2 The crystalline structure of CuO-GO nanoparticles

The phase composition of GO and GO-coated CuO nanoparticles was defined by the X-ray
powder diffraction technique (Figure 2A and B). The XRD pattern of GO shows an intense
strong peak at 20 = 12.66 that corresponds to the interplanar spacing d of 5.83 A (Table S2,
supporting information). This d value is ~ 1.44 A larger than of a (001) reflex in diamond
(amcsd 0013983). Another XRD peak of GO is broad and has a lower intensity with a maximum
at 20 = 22.84 corresponding to d of 3.96 A that is closer to the d value of (002) reflex in graphite
(amcsd 0000049) at 20 = 26.63 (d = 3.34 A). Other four narrow sharp peaks of GO appear on the
amorphous halo at 20 = 35.06, 38.30, 40.05 and 42.87 and have the d values of 2.53 A, 2.60 A,

2.49 A and 2.33 A that are larger than of (111), (020), (021) and (201) reflexes in diamond.
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These changes of XRD reflexes point out to the thinning of graphite sheets and a disordered
stacking of graphene layers enriched with oxygen functional groups. The mechanical shock
waves and shear forces, arising in cavitation hot spots, can cause exfoliation and deformation of
GO leading to its amorphization.[64]

The XRD pattern of sonochemically synthesized GO-coated CuO nanoparticles shows
characteristic reflexes of CuO crystalline phase (amcsd 0018812). However, the calculated d
values of GO-coated CuO nanoparticles with (110), (111), (020) and (202) planes are on 0.1 A
larger than in CuO (Table S3, supporting information). In addition, the (112) reflex of CuO in
GO-coated CuO nanoparticles has a larger d value of 1.81 A than in CuO (1.77 A). The overall
broadening of reflexes is indicative for the presence of oxidized graphene and formation of
oxygen-containing functional groups in metal oxides in the sonochemically modified GO with
CuO nanoparticles, in agreement with the proposed sonochemical formation mechanism.[6>]
However, small (200) reflex of GO-coated CuO at 20 = 43.28 has a decreased d value of 2.07 A
that is on 0.24 A smaller than in CuO nanoparticles, pointing out to the coating of CuO with GO
through the binding with C-O or C=0 functional groups.

In a control experiment, in which the mixture of preformed CuO nanoparticles and GO was
ultrasonically treated (20 kHz, 18 W-cm™, 15 min), the XRD pattern reveals (001) and (002)
planes of GO, (002) and (111) planes of CuO, and strong (111), (200) and (220) planes of Cu
(Figure 2C). Among them the dominant XRD peaks arise from GO and Cu, demonstrating the
copper in a zerovalent state in GO as a result of sonochemical redox reactions involving electron
transfer from copper cations to carbon and oxygen through the interaction with -OH and -COOH

groups during acoustic cavitation.[%] This sonochemically formed{CuO+GO} colloidal mixture
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has a completely different structure than GO-coated CuO nanoparticles that are entirely

composed of a pure CuO phase and a carbonaceous network of graphene oxide.
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Figure 2. X-Ray powder diffraction patterns of (A) preformed GO, (B) ultrasonically

synthesized GO-coated CuO nanoparticles and (C) sonochemically formed {CuO+GO} colloidal

mixture (20 kHz, 18 W-cm2, 15 min).
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The elemental composition of GO-coated CuO nanocomposites was determined from EDX
spectra and compared to the sonochemically formed {CuO+GO} colloidal mixture (Figure S5
and Table S4, supporting information). GO-coated CuO nanocomposites are composed of
C (~51.2 atom.%), O (~36.8 atom.%) and Cu(~ 12.0 atom.%) (Figure S5A, supporting
information). For comparison, the carbon concentration in GO (C ~ 59.2 atom.%) (Figure S4
and Table S1, supporting information) is higher than in GO-coated CuO nanocomposites, but
comparable to the {CuO+GO} mixture (C~59.6 atom.%) (Figure S5B and Table S4,
supporting information). The oxygen concentration in GO (O ~ 39.7 atom.%) is higher than in
GO-coated CuO nanocomposites, but much lower in the {CuO+GO} mixture (O ~ 30.8 atom.%)
that contains Cu (~ 8.6 atom.%), and this is in agreement with the identified sonochemically
formed zerovalent Cu (Figure 2C).

3.3 The electronic molecular structure of ASA-CuO-GO and diclofenac-CuO-GO

The synthesized GO-coated CuO nanocomposites were used to functionalize pristine ASA or
diclofenac by ultrasound. The molecular chemical structure and complexation of ASA or
diclofenac with GO-coated CuO nanocomposites was defined by the FTIR transmittance
spectroscopy and compared to pristine drugs (Figure 3). FTIR spectra of ASA-GO-coated CuO
or diclofenac-GO-coated CuO nanoparticles show characteristic peaks of Cu-O vibrationl®’] at
485 cm™! (Table S5, supporting information) and at 537 cm’' (Table S6, supporting
information), pointing out to different binding mechanisms of ASA or diclofenac to the GO-
coated CuO surface caused by the changes in the electronic configuration of the neighboring
functional groups. The closest bands to the Cu-O vibration are the C-H out of plane ring bending
of ASA (~702 cm!), C-H vibration of the methyl group and the C=0-OH stretching of the

carboxylic group due to the interaction with the Cu-O-H in ASA-GO-coated CuO nanoparticles
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(Figure 3A). The ultrasonic binding of diclofenac to GO-coated CuO nanoparticles can occur
involving interaction with the Cu-O and C-H benzene ring (~ 664-853 and 1025 cm!) as
indicated by their strong bands, but also through the C=C-OH bonding and interaction with —
C=0 carboxylic groups (~ 900 and 1160 cm!), and C-Cl (to a much lesser degree) (Figure 3C).
The binding of both NSAIDs can also involve their interaction with the -C=0 carboxylic moiety
through the formation of the internal H-bonding: band at 1650 cm™! in ASA-GO-CuO and at

1638 cm’! in diclofenac-GO-CuO.
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Figure 3. Fourier transform infrared transmittance spectra of (A and B) ASA-GO-coated
CuO and (C and D) diclofenac-GO-coated CuO nanocomposites. FTIR spectra of pristine ASA

and diclofenac are shown for comparison.
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The presence of H-bonding is identified by the appearance of a broad band at 3260 cm™! in
ASA-GO-coated CuO (Figure 3B) and at 3435 cm’!' in diclofenac-GO-coated CuO
nanocomposites (Figure 3D). In contrast to diclofenac, the O-H stretching of free water
molecules at 3632 cm™!' in ASA-GO-CuO can be associated to CuO.[°8] The next question to
answer was, whether CuO and GO can prevent the drug from undesirable surface defects or
damage caused by ultrasound. To find it out, pristine ASA or diclofenac (in a powder form) were
treated by ultrasound (20 kHz, 18 W-cm™) in deionized water (pH = 5.5) for 1, 3, 5, 10, 15 or
30 min. To note, we were able to collect the powders of ASA treated only up to 15 min and had
to terminate sonication because of its complete dissolution in aqueous solution. In contrast to
ASA, sonication of diclofenac (powder) in aqueous solution for 30 min did not result in its entire
dissolution enabling us to collect the sediment and use it for the study by FTIR spectroscopy.

Overall, FTIR spectra of pristine ASA and diclofenac after 1-15 min of sonication are similar
to those of untreated powder, demonstrating that ultrasound did not changed the chemical
structure of these drugs (Figure S6 and S7, Table S7 and S8, supporting information). However,
considerable changes in spectra were observed in diclofenac after 30 min of ultrasonic treatment.
In particular, multiple peaks were replaced by two small C-H bands of diclofenac (440 and
675 cm™) and C-Cl vibration (1108 cm™) disappeared (Table S8, supporting information). In
addition, the C-H vibration in the far infrared region splitted into two peaks at 2853 and
2917 cm’! and the disappearance of the N-H stretching (3245 cm™') was accompanied by the
appearance of a strong broad OH band (3463 cm!), indicating the H-bond formation between the
disrupted benzene rings of diclofenac.

It is important to note, that the C=C-OH vibration of the carboxylic acid group in diclofenac

remained unchanged at 900 cm™!, but disappeared at 1367 cm’!, while the -C=0 band of this
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group was blue shifted at 1153 ecm! and disappeared at 1640 cm-!, indicating the loss of the
internal H-bonding involving the C=0O carboxylic acid groups after 30 min of sonication.
However, three small C=0 bands of carbonyl group in diclofenac appeared at 1725, 1796 and
1845 cm! after 30 min of sonication demonstrating that H-bonding mostly involves the C-H
vibrational bands of one of the benzene rings and carbonyl groups instead of the C-Cl and
carboxylic acid moieties. In general, ultrasound caused the scissoring of two benzene rings and a
significant loss of the carboxylic acid groups and C-Cl moiety in pristine diclofenac, but
preserved C=0O carbonyl groups that were interconnected by H-bonds. Therefore we can assume
that ultrasound binds diclofenac through the Cu-O bond formation with the C-H benzene ring
and —C=0 carboxylic acid moieties with the internal H-bonding in the presence of GO-coated
CuO nanoparticles.

3.4 The stability of ASA-CuO-GO and diclofenac-CuO-GO at pH =1, 5 or 8 in water

The interaction of ASA-GO-coated CuO and diclofenac-GO-coated CuO nanocomposites
with the UV-Visible radiation was examined in order to identify ASA molecules and its
hydrolysis products, diclofenac and its polyatomic species, including ions and complexes with
CuO, GO and GO-CuO (Figure S8 and S9, supporting information). The stability of
nanocomposites was explored by the UV-Vis absorption spectroscopy in aqueous solutions
adjusted to pH =1, 5 or 8 (Figure 4). The UV-Vis absorption spectrum of pristine ASA aqueous
solution shows two absorption maxima at 237 and 296 nm (Figure S8, supporting information).
The first absorption peak (5.23 eV) can be assigned to the singlet transition in the n (bonding)
molecular orbital from the phenyl ring involving —C=C- or C=0 bonds to its =* (anti-bonding)
orbital and is designated as !(my-m.,*) of ASA.I68] The z-z* transition typically occurs in a

molecule that possesses a chromophore with an unsaturated bond such as C=C or C=0 in the
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carboxylic acid. The second absorption peak (4.19 eV) results from the singlet transition in

electronically excited oxygen lone pair of the n (non-bonding) atomic orbital of the -C-OH bond

to the 7* (anti-bonding) orbital and is designated as !(n,-7.,*) of the salicylic acid.[®!

A)

GOAsA
240
30, | 3N GO-Cuo
2.5
5
\(0;2.0-
8 1.5
c
g 1.0 1
(@)
2 05 2176 495
< v

pH=1

g
o
1

200 300 400 500 600 700 800
Wavelength (nm)

B) Diclofenac
280
{ GO-CuO

2.0 320 pjclofenac-
~ GO-CuO
S s | \——
s’ | pH=8
o | ’\
2 1.0/
3
?, 05{ /| PH=5
Qo 247~ 1347
R AN LLLVAN

0.0{ /Go

200 300 400 500 600 700 800
Wavelength (nm)

4 GO ) /Acetvlsalicvﬁ KSaIicyIic N
acid acid
258 (4.81 eV) 300 (4.13 eV)
276 (4.49 eV) 1 X
Ty = 7o) (ny = 7co )
COOH OH
CH
|8
(e}
\_ AN J
/Diclofenac\ 4 GO-CuO N fDicIofenac-\
GO-CuO

280 (4.43 eV)

*
Toc = ¢
Cl

320 (3.88 eV)

*
Ne_o _H)O” c=0

380 (3.26 eV)
470 (2.64 eV)

¢
Tno, = T o,

Figure 4. UV-Vis absorption spectra of A) ASA-GO-coated CuO and B) diclofenac-GO-coated

CuO nanocomposites after incubation in aqueous solution at pH =1, 5 or 8.

The binding of ASA to GO transformed the peak at 237 nm into a shoulder of an intense

absorption band at 227 nm of GO due to the 7—z* transition in aromatic C=C bonds as confirmed

by the calculated triplet electronic transition, demonstrating the conjugation of this drug with
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GO. The absorption peak of salicylic acid at 296 nm appeared as a broad peak with a maximum
at 276 nm that is a characteristic band of ASA. These changes in the absorption spectra were
followed by the appearance of a small peak near 336 nm (3.69 eV) due to the C=0 band-to-band
n,-m.,* transition in GO. In contrast to GO, the binding of ASA to GO-CuO occurs via the n-7*
transition in the C=0 band of GO. Its closer junction to CuO (330 nm) takes place through the
singlet electronic transition of the acetyl-carbonyl group (341 nm) involving interaction with the
salicylic acid moiety of the second derivative (296 nm) component. These observations are in
agreement with the FTIR analysis.

It is important to note, that the electronic molecular structure of ASA-GO-coated CuO
nanocomposites changed at pH=1, 5 or 8 (Figure 4A).UV-Vis absorption spectra of these
nanocomposites exhibited an intense peak of GO at 240 nm at any pH. At pH=1 a single
absorption peak of ASA at 276 nm reveals that the drug (~ 99%) is in its nonionized form.
Therefore ASA-GO-coated CuO nanocomposites can be potentially able of diffusing through the
lipid membrane in the stomach acidic medium. Another very broad absorption band (~ 495 nm)
appeared at pH = 1, pointing out to the closer junction of ASA to the sisal-like CuO nanoparticle
with a typical band closer to GO (~2.27e¢V). At pH =15, the main absorption peak of ASA
(276 nm) appeared as a broad band with small maxima at 258 nm (4.81 e¢V) and 400 nm
(3.1 eV). These changes demonstrate the gradual ionization of ASA in contact with the
carboxylic and salicylic acid groups and CuO with a nanoplatelet morphology, which has a
characteristic absorption band at 400 nm. At pH = 8, three broad absorption maxima (300, 400
and 580 nm) appeared in addition to the previously mentioned GO peak at 240 nm. These peaks

point out to the dissolution of ASA from GO-coated CuO nanocomposites in basic medium,
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leaving the salicylic acid moiety as the hydrolysis product in the closer junction with the GO-
CuO surface.

In contrast to ASA, the UV-Vis absorption spectrum of pristine diclofenac showed only one
band at 278 nm (4.46 eV) as a result of 7—z* transition in aromatic C=C bonds, and the position
of this band was not influenced by the binding of diclofenac to GO or GO-coated CuO
nanocompositel®l (Figure S9, supporting information). The UV-Vis absorption spectra of
diclofenac-GO and diclofenac-GO-coated CuO nanocomposite exhibit a small peak at 333 nm
(3.72 V) pointing out to the band-to-band transition in GO. Another two broad weak peaks near
432 and 456 nm can be assigned to diclofenac with the structure comparable to the O-nitro
aniline depending on its oxidation state.[%]

The absorption spectra of diclofenac-GO-coated CuO nanocomposites in aqueous solution
adjusted to pH =1, 5 or 8 are shown in Figure 4B. It is established that diclofenac undergoes the
intramolecular cyclization in acidic medium leading to inactivation of this drug.[%° In contrast, at
pH =1, diclofenac-GO-coated CuO nanocomposites exhibit a complicated UV-Vis absorption
spectrum that shows multiple peaks with a maximum at 247 nm (5.02 eV) due to the interaction
with GO. In this absorption spectrum a broad peak at 280 nm (4.43 eV) that is assigned to
diclofenac appears with a lower intensity because the drug loses Na™ and becomes less soluble as
only Na* favors its dissolution in H,O.[%! The presence of a smaller band at 320 nm points out to
the binding of diclofenac to the GO-coated CuO nanoparticle. Another important feature is a
broad band with distinct maxima near 347 and 380 nm that are located in the absorption region
of n—r* transition in GO-coated CuO nanoparticles and 7—z* transition in NO, group of aniline’s
phenyl ring of diclofenac.[®®] At pH =35, all these peaks became weaker except of the main

absorption band of diclofenac (280 nm) and a very small peak appeared near 470 nm pointing
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out to the formation of Cu-8-quinolinate in H,O.7%1 At pH = 8, the characteristic absorption peak
of diclofenac became more pronounced but without any spectral shift. Other bands (320 nm,
347 nm and 740 nm) appeared with a decreased intensity, while the band near 380 nm
disappeared, demonstrating a lower amount of diclofenac molecules in GO-coated CuO
nanocomposite in basic medium.

In our experiments, CuO-GO nanoparticles have a relatively large average size
(342 £ 160 nm) and well-defined flower-like morphology, CuO crystalline phase and
amphiphilic GO coating in the complex with ASA or diclofenac that would be beneficial for
intracellular studies because of the following reasons. This large size and well-defined spherical
morphology of CuO would induce less toxicity to mammalian cells. The possible cytotoxicity
caused by ROS production and copper ion leaching of CuO-GO NPs could be controlled by the
specific interaction with ASA or diclofenac and functional groups of GO. The bioavailability of
ASA or diclofenac together with GO would also contribute to the reduction of possible toxic
effects in mammalian cells, and can profitably enhance antibacterial action in bacteria. For more
reliable in vivo studies the size of ASA-CuO-GO and diclofenac-CuO-GO nanocomposite should
be decreased to 100 nm or lower.

4. Conclusions

A feasible single step method was demonstrated for the design of GO-coated CuO
nanoparticles with a flower-like morphology by ultrasound (20 kHz, 18 W-cm). These
nanoparticles are positively charged and composed of GO with a pure CuO phase. We also
introduced how ultrasound can be applied for functionalization of pristine acetylsalicylic acid
(ASA) or diclofenac with these nanoparticles in a simple manner. In this approach ultrasound

binds free ASA to GO-coated CuO nanoparticles through the complexation with Cu-O, C-H of
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the benzene ring and carboxylic acid moiety that are linked with H-bonds, as determined by the
UV-Vis absorption and FTIR spectroscopy methods. In contrast, ultrasonic complexation of
diclofenac with GO-coated CuO nanoparticles takes place with the C-H bond in one of its
isolated benzene rings and carbonyl groups (instead of C-Cl bond) and involves carboxylic
groups of GO in the H-bonded network. Both ASA-GO-CuO and diclofenac-GO-CuO
nanocomposites are linked with H-bonds within the CuO-GO complex. As the aqueous medium
becomes more basic, ASA undergoes hydrolysis and its active component (salicylic acid) is
retained in GO-coated CuO nanoparticles within the H-bonded network. In contrast, diclofenac is
strongly bonded with GO-coated CuO nanoparticles and remains stable at higher pH values due
to complexation.

This new knowledge improves our understanding about the electronic molecular structure of
acetylsalicylic acid (ASA) and salicylic acid (SA) as well as diclofenac and their ionization states
during interaction with CuO nanoparticles and oxidized graphene that can be expanded to many
other drugs. New findings can be of use for the fundamental studies of the intracellular drug-

enzyme functions especially in in vivo application.

ACS Paragon Plus Environment

27



oNOYTULT D WN =

ACS Applied Nano Materials

ASSOCIATED CONTENT

Supporting Information.

The following files are available free of charge.

Synthesis of GO; calibration of N.4-20 ultrasonic disperser (20 kHz, Cavitation Inc., Republic of
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Ultrasound (20 kHz) causes complexation of pristine acetylsalicylic acid and diclofenac with
preformed graphene oxide-CuO nanoparticles via specific binding involving Cu-O and C-H

bonds, and H-bond formation with the carboxylic and carbonyl groups of the drug and GO.
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