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ANNOTATION 
 

This monograph is a comprehensive guide to creating advanced functional nanomaterials 
based on oxidized graphene and copper, iron, copper/iron and zinc oxides complexed with some 
nonsteroidal anti-inflammatory drugs (ketorolac, diclofenac, acetylsalicylic and salicylic acids) 
by ultrasound (20 kHz). It is written with the aim to introduce a new concept of ultrasonic 
functionalization of pristine NSAIDs at the contact with metallographene nanoplatform to 
ameliorate the electronic molecular structure and electrokinetic properties of drugs as potential 
pharmaceutical NSAID-metallographene nanoparticles. The text includes the defined principles 
of formation and stability of final nanomaterials in aqueous solutions adjusted to pH=1, 5 and 8. 
Moreover, it shows the defined conditions of improved in vitro bacteriostatic and anticancer 
efficiency of formed NSAID-metallographene nanoparticles, e.g. with E.coli M-17 bacteria, and 
three cancer cell lines: HeLa (cervix), HepG2 (liver) and HT29 (colon) supported by the electro-
Fenton cyclic voltammetry experiments of OH radical formation and inhibition. The reader can 
also find the discovered in vitro molecular switch in apoptosis of colon cancer cells HT29 by 
Fe3O4-rGO-SA nanoparticles in the addition of ascorbic acid in the frame of theoretically 
modeled H+ production on the surface of nanoparticles and their electromagnetic field 
distribution profile.  

This monograph is dedicated to the readears of the broad and multidisciplinary scientific 
community comprising of physicists and biophysicists, chemists and microbiologists working in 
the fields of nanoelectronics, nanomedicine and nanomaterials.  
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INTRODUCTION 
 

NSAIDs and their functions 
Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used to reduce inflammation, 

pain, fever, and to treat diseases such as Alzheimer's, type 2 diabetes, rheumatism and many 
types of malignancies [1]. NSAIDs have been used in one form or another for centuries as 
extracts and preparations from plants, e.g. willow tree, Salix alba, for relief from pain and fever. 
These plants contain derivatives of salicylic acid, which commercial production began by 1874, 
and first reports of salicylate (5–6 g per day) for the treatment of rheumatic disorders were first 
published in 1876. Since then research has been dedicated to the synthesis of NSAIDs, resulting 
in the production of one of the first well-known acetylsalicylic acid (ASA) being synthesized by 
Felix Hoffmann in 1897 and later marketed by Bayer as Aspirin [2]. The opinion of the scientist 
K.D. Rainsford from the Biomedical Research Centre at the Sheffield Hallam University (United 
Kingdom) about the aspirin, its history and development of the pharmacology and biochemistry 
of salicylates and related drugs is an example of the classical approach to the study of many 
NSAIDs [3]. Most of NSAIDs have common features in their chemical structure such as 
hydrophilic (carboxylic acid or enolic) and lipophilic (aromatic ring, halogen atoms) groups and 
ehxhibit high affinity in binding with plasma proteins, DNA and RNA. The NSAIDs can be 
classified according to their chemical structures into several main groups [4] (Table 1) 

Table 1 
Classification of NSAIDs according to their chemical structure 

 
Class NSAID 

1 Salicylic acid derivatives Acetylsalicylic acid, salicylic acid, diflunisal 
2 Aniline and p-aminophenol derivatives Paracetamol 
3 Arylalkanoic acid derivatives Diclofenac, indomethacin, tolmetin, sulindac 
4 Arylpropionic acid derivatives (profens) Ibuprofen, naproxen, ketoprofen, suprofen, 

fenoprofen 
5 N-Arylanthranilic(fenamic) acid Mefenamic, flufenamic, tolfenamic, meclofenamic, 

anthranilic acids 
6 Oxicams Piroxicam, meloxicam, tenoxicam, lornoxicam 
7 Sulfonamide Nimesulide 
 

In 1971 the scientist J.R. Vane was the first who proposed the mechanism of action of 
NSAIDs, which is based on inhibition of prostaglandin biosynthesis [5]. Since then, there has 
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been intense interest in the interactions between this diverse group of inhibitors and the enzyme 
known as cyclooxygenase (COX or PGH2 synthase), which exists in two isoforms COX-1 and 
COX-2. In 1994 the study of the X-ray crystal structure of the membrane protein prostaglandin 
H2 synthase-1 by scientists D. Picot and his colleagues allowed to determine the three-
dimensional structure of COX-1, thereby providing a new understanding for the actions of COX 
inhibitors [6]. Later it has been proven that most NSAIDs non-selectively inhibit both COX-1 
and COX-2 [7] and also lipoxygenase (LOX) [8]. As a consequence, it has been shown beyond 
doubt that the anti-inflammatory actions of NSAIDs arise from the inhibition of COX-2 because 
COX-2 is induced by inflammatory stimuli and by cytokines in migratory and other cells, while 
the ulcerogenic side effects (irritation of the stomach lining and toxic effects on the kidney) arise 
from inhibition of the constitutive enzyme, COX-1 [9]. Among NSAIDs aspirin, indomethacin 
and ibuprofen are much less active against COX-2 than against COX-1 and cause the most 
damage to the stomach [10]. In contrast, meloxicam is a new potent NSAID with the best activity 
relatively to the COX-2:COX-1 ratio as 1:5 and a minimal damaging effects on the 
gastrointestinal tract in comparison to aspirin with a ratio 1:150 [11]. Therefore, the 
identification of selective inhibitors of COX-1 and COX-2 will not only provide an opportunity 
to test the hypothesis that the anti-inflammatory (therapeutic) effects of NSAIDs are attributed to 
inhibition of COX-2, but also lead to advances in the therapy of inflammation. In this way, the 
selective inhibition of COX-2 is a promising drug target in the cancer treatment because the 
isoform of this protein is overexpressed in many human tumors cells [12], but not the 
surrounding healthy cells [13].  

Besides the COX-dependent mechanism, it has been reported that some NSAIDs 
participate in calcium-mediated intracellular response, suppression of free radicals and 
superoxide, downregulation of the production of IL-1, and inhibition of chemotaxis [14]. For 
example, inhibition of superoxide production by NSAIDs was reported in the study of infection 
caused by bacteria. In this way, the authors C. Gunaydin and S.S. Bilge from the University 
School of Medicine (Turkey) proposed to look for more innovative molecular methods for 
solving the problems of cellular pathways modulation and interaction of NSAIDs with multiple 
targets to learn more about their COX-independent mechanisms [15]. In particular, NSAIDs can 
exert activation of mitochondrial oxidative stress (MOS) through the electron leakage via partial 
reduction of molecular oxygen to form the membrane impermeable superoxide, O2

·-, and its 
immediate conversion to H2O2 by the mitochondrial superoxide dismutase (SOD) as a protective 
response against oxidative stress (Figure 1) [16].The membrane permeable H2O2 escapes the 
mitochondria before subsequent neutralization and causes oxidative damage to cellular 
macromolecules including DNA, protein, lipids and carbohydrates, rendering them functionally 
inactive. While inside mitochondria, O2

.- damages various Fe-S cluster proteins including 
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aconitase and cytochrome c, leading to Fe2+ release which in turn reacts with H2O2 via Fenton 
reaction to produce hydroxyl radical (.OH), the most damaging ROS [17]. All these events 
perturb the cellular redox homeostasis leading to the activation of intrinsic pathway of apoptosis. 
Therefore the major target of NSAIDs is mitochondrial electron transport chain (ETC) complex 
I. Among NSAIDs diclofenac has been found to be most potent in inhibition of ETC complex I 
activity, thereby leading to electron leakage from the respiratory chain. Other cytotoxic actions 
of NSAIDs also include arrested cell proliferation, activation of multiple death pathways 
including extrinsic apoptosis, increase of the sensitivity of cancer cells to apoptosis while 
overcoming chemo and radioresistance along with inhibiting tumor-associated angiogenesis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. – The illustrated scheme showing an overview of NSAID-induced mitochondrial 

reactive oxidants production leading to cellular pathology, adapted from ref. [16].  
 
Besides reported COX-dependent NSAID cytotoxicity in the gastric mucosa, the 

pathophysiology of NSAID-induced mucosal injury in stomach and small intestine can be 
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explained by the ‘ion trapping symmetry’ [18]. According to this theory it is proposed that the 
acidic pH of the gastric lumen facilitates passive cellular diffusion of the non-ionized, lipid 
soluble NSAIDs followed by re-conversion into ionized and lipophobic form within the neutral 
cytosolic pH of the gastric mucosal cell where they are assumed to induce subsequent toxicity. 
This theory has not been questioned for many years, but recent research has shown that 
suppression of gastric acid secretion and neutralization of luminal acidity can cause severe 
complications and alter intestinal microbiome composition [19,20]. On the other hand, the 
suppressive, protective and anti-inflammatory effects of NSAIDs as drugs against cancer and 
neurodegenerative diseases can be ascribed to their antioxidant properties via neutralization of 
the destructive free hydroxyl radicals and radical mediated neurotoxicity. In particular, it has 
been shown that the scavenging of hydroxyl radicals by aspirin, ibuprofen and naproxen can 
delay the onset and slow the progression of Alzheimer's disease [21].  

Molecular approaches may further enhance our understanding of the pathological 
pathways, improve the identification of risks, and aid in the design of novel treatment strategies. 
In this way, one of the successful strategies is related to the addition of metal ions to NSAIDs in 
order to modulate the bioavailability of these drugs to various biomolecules in cells. Most 
NSAIDs are anionic at physiological pH, and metal ion complexation can change the electronic 
molecular structure of NSAIDs to be able to interfere with the biological pathways of the cell, 
thereby causing either the enhancement or inhibition of their growth.  

Properties of metallo-NSAIDs complexes 
It has been established that the modification of NSAIDs with metal ions significantly 

improves the effectiveness of NSAIDs due to an energetically more favorable change in their 
electronic molecular structure. Metals have been used in medicine for many years, and drugs 
based on them have successfully passed clinical trials and some of them are now approved by the 
ministries of health in many countries [22]. With a fundamental understanding of how 
organometallic drugs interact with cellular targets at the atomic level, it is a growing need to 
identify factors that affect their action and efficacy [23]. Nowadays, the effectiveness of 
organometallic drugs is explained by the variety of molecular structures of the ligand, 
coordinated around the central metal ion through complexation. Such organometallic drug 
complexes manifest their action by modifying or replacing the ligand, which leads to a change in 
their thermodynamics and kinetics of interaction with biomolecules [24]. The acceleration of 
thermodynamic and kinetic biological processes with the participation of organometallic drug 
complexes is determined by the physicochemical characteristics of the metal complex and the 
oxidation states of the metal, which promotes interaction with biomolecules through controlled 
redox reactions. However, often in such reactions, the lack of bioavailability of organometallic 
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drug complexes and their low selectivity for different proteins leads to systemic toxicity and 
serious side effects caused by metal ions. 

Many NSAID metal complexes can mimic the action of the superoxide dismutase (SOD) 
enzyme, which accelerates the disproportionation of the superoxide radical into ordinary 
molecular oxygen (O2) and hydrogen peroxide (H2O2) in various inflammation processes. It has 
been established that the binary metal complex of NSAIDS (e.g. naproxen) exhibits improved 
catalytic properties in the oxidation of catechols to quinones due to a more efficient imitation of 
the SOD of the enzyme due to its low molecular weight relative to the enzyme itself.  

A great contribution to the development of NSAID metal complexes with improved 
antioxidant and anticancer properties was made by prof. N. Davies (University of Alberta, 
Canada) [25-27]. He and his colleagues extensively studied the cytotoxicity effects of many 
NSAIDs and defined the conditions of the gastrointestinal toxicity, anti-inflammatory activity, 
and SOD activity of their complexes with copper and zinc [28]. In his research, prof. Davies 
posed the question about the origins of ani-inflammatory and gastric-sparing actions of Cu-
NSAIDs, which still remain uncertain. According to the opinion of this researcher, the ability of 
Cu-NSAIDs to influence cellular copper metabolism belongs to the category of controversial 
statements because relatively little is known about how these metallodrugs ultimately regulate 
the inflammatory process and/or immune system. Furthermore, little knowledge exists about 
their pharmacokinetic and biodistribution profile in both humans and animals, stability in 
biological media and pharmaceutical formulations, or the relative potency/efficacy of the Cu(II) 
monomeric versus Cu(II) dimeric complexes. As a consequence, no Cu(II) anti-inflammatory 
drug is currently available for oral human use, although an ethanolic gel-base of Cu-salicylate 
(Alcusal) is available for topical temporal relief of pain, and inflammation in humans and a 
Cu(II) dimer of indomethacin with low toxicity is commercially available in Australasia [29], 
South East Asia and South Africa [30] in a variety of oral pharmaceutical dosage forms for 
veterinary use. 

Significant contribution to determining the antioxidant and anticancer properties of 
metallo-NSAID complexes has been made by a group of prof. S.K. Hadjikakou (University of 
Ioannina, Greece). In particular, his research group developed numerous methods of NSAID-Cu, 
Zn or Ag complexes and revealed binding effects of aspirin-Cu complex [31], enhanced 
anticancer effects of nimesulide-silver ligands against human breast cancer [32], and efficient 
wound healing activity of salicylic acid-silver complexes [33] amongst many others. Cu cations 
are of special choice because they serve as a catalytic component in many enzymes-
metalloproteins such as oxidases or hydroxylases, which exhibit oxidative reductase activity, and 
lysyl oxidase (required for connective tissue) and cytochrome oxidase (electron transport 
protein) [34]. In inflammation, Cu has been recognized for its role as a co-factor in metabolic 
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processes involving articular/connective tissue and the immune system and its effect on COX 
synthesis [35]. The research work of prof. Hadjikakou relied on the findings of prof. Sorenson, 
being proven by prof. Schubert, who proposed the hypothesis in 1966 that salicylates may 
deliver Cu to target cells in the body [36]. They also suggested that both monomer and dimer Cu-
NSAID complexes may occur for a given NSAID, depending upon the electronic properties of 
the added solvent. In 1995 Sorenson highlighted the modes of Cu-NSAID complexes including 
gastric-sparing activities caused by down-regulation (inhibition) of SOD activity. In this way, the 
stability of Cu-NSAID complexes has been shown to be a critical determinant of their activity 
and toxicity. Other proposed modes of amelioarated anti-inflammatory function of Cu-NSAID 
complexes include scavenging of free radicals, the activation of lysyl oxidases (collagen cross-
linking enzymes) and NO release [37]. However, whilst NO synthase has been recognized as a 
mediator of mucosal blood flow, mucus release, repair of mucosal injury, and an inhibitor of 
neutrophil activation, no significant difference has been reported between the NO synthase 
activities stimulated by pristine NSAIDs and Cu-NSAIDs, e.g. in case of indomethacin [38].  

Another significant contribution in this field of research has been made by prof. D.P. 
Kessissoglou (Aristotle University of Thessaloniki, Greece) through the development of 
synthetic models of drug ligands to improve enzymatic activity and determining the relationship 
between NSAID drug and metal ions to study the processes of antagonism in the body. In 
particular, Zn-flufenamic acid complexes with enhanced antioxidant activity [39] and Cu-
diclofenac complexes with high binding constants to calf-thymus DNA and increased 
cytotoxicity against HL-60 cells have been developed [40]. Overall, one can deduce that the 
synthesized Zn-flufenamic acid and Cu-diclofenac complexes exhibit better pharmacological 
activity than that of free NSAIDs due to possible contributions: 1) an intrinsic high activity of the 
complex itself, 2) a protection from the enzymatic degradation of the drug once it is firmly 
linked to a metal center, 3) the modulated hydrophobicity/hydrophilicity of final compound in a 
manner allowing a better solubility of drug in the biological fluids and 4) changed transport 
process through the cell membranes, which we can not distinguish at present. As metal ions are 
connected in several ways with inflammatory diseases, Zn(II) (at 80-200 μmol/L) has been found 
to inhibit Scl-70/Topoisomerase DNA unwinding enzyme essential for gene transcription and for 
selective activation of gene clusters required for the coding of dermal collagene [41]. 
Complexation of metal ions with NSAIDs of carboxylic acid family can be related to 
hydrophobic neutral molecules, thereby facilitating passage of the complex molecule through the 
membrane. It is proposed that the weakly apically bound ligands of most of the Cu(II) complexes 
can easily dissociate and the O2

·- radicals can interact with the metal via the free sites: in this way 
the SOD-like activity can be rationalized.  
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The described work highlights the need to develop methods enabling to predict the 
bioavailability of metal-NSAIDs and ameliorate their selectivity towards cellular targets besides 
COX-2 enzymes to reduce the systemic toxicity and side effects of pristine NSAIDs. Although 
metal-NSAID complexes exhibit better cytotoxicity than the parent drugs or cisplatin, their 
central mechanism of action on the immune and central nervous systems has not been 
determined yet. In this way, the investigation of the decay of the metal-NSAID complexes and 
the analysis of the interactions between the metal-contaning fragments and the biomolecules 
require new approaches to assess the COX-independent antioxidant mechanisms. These opened 
questions require the research efforts to perform in vitro studies of metal-NSAID complexes on 
biomolecules and cell lines with multiple tests for activity, toxicity and ·OH radical scavenging 
modulation to define those mechanisms. Of course, studies in this field of research mandate a 
high level of interdisciplinary effort, but there is ample opportunity for even small research 
groups oriented toward nanomedicine through the development of new advanced functional 
nanomaterials with precisely defined orthogonal bioavailability and selectivity to biomolecules.  

Strategies to improve the bioavailability and selectivity of organometallic drugs 
The required properties of bioavailability and selectivity of organometallic drug 

complexes can be qualitatively improved by objects on the nanoscale. One of these nano-objects 
is oxygen-containing graphene, which is used in the processes of absorption, transfer and 
targeted drug delivery due to its large effective surface area and variety of functional groups. The 
most important advantages of graphene oxide (GO, the highest oxidation state of graphene) are 
its biocompatibility and degradation properties, when interacting with peroxidase, which 
indicates its potential application in pharmacology. To date, the cytotoxicity and activity of 
oxygen-containing graphene in initiating inflammatory biochemical processes has been well 
studied depending on its size, morphology, surface composition, and colloidal stability. 
However, little knowledge has been acquired about metal-NSAID complexes of oxygen-
containing graphene. 

Unlike many methods of engineering nanoparticles based on metal oxides and graphene 
used in nanomedicine (e.g. hydrolysis, precipitation, thermal synthesis, self-assembly, etc.), the 
high-tech ultrasound method makes it possible to form functional nanomaterials with improved 
properties at a much lower cost, related to the amount of substance, time and process of 
synthesis. It is about the possibility of applying a new ultrasonic technique being based on the 
formation of free radicals and their products involved in redox reactions when interacting with 
gas bubbles formed in acoustic cavitation. In this case, unique conditions are formed for the 
synthesis of both organic and inorganic materials (metals, their oxides and various composites), 
as well as for the controlled modification of a substance on the nanoscale. The main advantage of 
ultrasonic technology is the creation of exceptional conditions for the production of functional 
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nanomaterials with improved properties based on the modification of existing components, 
which significantly reduces expenses and the cost of the final product. In general, the acoustic 
cavitation technology is highly efficient, easy and affordable to maintain an ultrasonic device 
(does not require high temperatures and pressure, specially trained personnel).  

Although metal-NSAID complexes exhibit better cytotoxicity than the parent NSAIDs or 
cisplatin, their central mechanism of action on the immune and central nervous systems has not 
been determined yet. The hypothesis of the tight relation of antioxidant properties of metal-
NSAID complexes and their anticancer activities (apoptosis, ROS modulation, inhibition of 
cellular proliferation, mitochondrial functions, etc.) through the mimickry of the enzymatic 
activity and their regulation processes has not been proven yet. The proposed hypothesis of metal 
ion activation of pristine NSAIDs resulting in precisely defined electron molecular structure of 
final metal-NSAID complexes with ameliorated functions modulated by ultrasound requires new 
knowledge and multidisciplinary research efforts. Moreover, the work highlights the need for 
new approaches to solve the problems of controlled hydrophilicity/hydrophobicity and 
bioavailability through the formation metal-NSAID complexes at the contact with inorganic 
allotropic forms of carbon at the atomic and molecular level in the aquatic environment. 
Therefore, the problems of the relationship between the parameters of acoustic cavitation and the 
properties of metal graphene nanomaterials with the original NSAID drugs remain open for 
research. In this regard, the hypothesis of ultrasonic formation of such nanomaterials has not 
been presented and the role of oxygen-containing graphene in them upon contact with metals has 
not been determined yet.  

The current state of affairs in the fields of research of NSAIDs and their metal ion 
complexes, ultrasound and nanomaterials based on GO prompted the authors to write an in-depth 
monographic study on the topic of formation of nonsteroidal anti-inflammatory drugs with 
metallographene structure and improved electrokinetic properties. High state standards of 
scientific activity in these research fields confirm the relevance of the topic chosen by the 
authors. The present work highlights the need to develop new approaches for rationalized 
functionalization of NSAIDs per se at the contact with oxidized metallographene structure 
through the metal ion complexation in the sonochemical redox reactions. In this context, we 
would like a reader to gain a deeper insight into the main principles of Cu-, Fe or Zn-based GO 
nanoplatform formation and ultrasonic complexation with some pristine NSAIDs such as 
ketorolac, diclofenac, acetylsalicylic and salicylic acids. As a result, we hope that a reader will 
obtain useful knowledge about interesting properties and functions of these potential 
pharmaceutical nanomaterials bearing the metal oxide-GO-NSAID structure.  
 



14 
 

CHAPTER 1 FORMATION OF PHOTOLUMINESCENT CuS/Cu2O/CuO-GRAPHENE 
OXIDE NANOPLATFORMS 

 
Biocompatible and biodegradable photoluminescent nanomaterials are highly required in 

nanomedicine, cell imaging and in chemo/biosensing applications especially in cancer 
diagnostics, imaging and treatment [1]. Among them SiO2 has been successfully employed as 
nanoscale carriers and biomolecular transport agents due to its monodispersity, higher specific 
surface area, controllable pore size and diameter, and versatile functionalization [2]. 
Incorporation of metals, metal or non-metal oxides, polymers, etc. into the SiO2 network results 
in new hybrid nanomaterials with highly reproducible and advanced photocatalytic properties.  

The combination of SiO2 with GO paves the way for hybrid properties of both substances 
such as improved interfacial contact, advanced conducting pathways and suppression of charge 
recombination [3]. GO especially stands out because of its dispersibility in aqueous medium due 
to the sp3-hybridized carbons enriched with hydroxyl and epoxy/carboxyl functional groups 
arranged on the top and bottom of its surface. Hydrogen bonds may appear between the GO 
layers due to the presence of sp2-hybridized carbons with carbonyl and carboxyl functional 
groups in the sheet and on the edges. However, pristine GO is a poor light emitter as its 
functional groups usually induce the nonradiative recombination by the transfer of their electrons 
to the holes present in sp2 clusters producing localized electron−hole (e-h) pairs. Ultrasonic 
technique, which is based on acoustic cavitation [4], can be used for oxygen removal and cause 
reduction of GO leading to the recovery of its electrical conductivity, thereby improving its 
photoluminescent efficiency. Therefore, novel hybrid nanomaterials based on rGO/CuS, 
rGO/Cu2O and CuO can significantly improve photocatalytic [5] and catalytic [6], selective 
sensing [7] and optoelectronic [8] properties, which make them useful in electronics, imaging 
and drug delivery applications [9]. 

1.1 Properties of synthesized graphene oxide 
We synthesized water soluble GO nanoparticles using the improved Hummers method 

proposed by Tour [10] by applying a horn-type ultrasonic dispergator N.4-20 (Cavitation Inc., 
Belarus) after calibration performed according to the method of calorimetry [11] (Figure 1a). The 
formation of GO was confirmed by the appearance of an absorption peak at 237 nm with a 
shoulder near 295 nm, indicating the π–π* transition of aromatic C=C bonds and the n–π* 
transition of C=O bonds, in agreement with literature [12] (Figure 1b). Synthesized GO consists 
of carbon with 37.2 at.% lower amount than the bulk graphite material, but with increased on 
35.9 at.% concentration of oxygen due to carbon oxidation (Tables 1,2, Figure 2). 
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a – prepared pristine GO powder; b – aqueous colloidal solution of synthesized GO 
Figure 1. – Representative SEM image and UV-Vis absorption spectrum of synthesized 

pristine GO 
 

Table 1 
Elemental composition of original bulk graphite material obtained from the EDX spectra 

 
Element Atomic number Atom. C, at.% 

C 6 95.9±10.0 
O 8 3.7±0.8 

 
The bulk graphite material also contains some impurities such as Ca, Ti and Mn at <1 at.%. 
 

Table 2 
Elemental composition of synthesized GO nanosheets obtained from the EDX spectra 

 
Element Atomic number Atom. C, at.% 

C 6 58.7±5.6 
O 8 39.6±5.2 
S 16 1.3±0.1 

 
The synthesized GO has some impurities such as P, Cl, K, Ca and Mn at <1 at.%. 
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a b 
a – original bulk graphite material; b – synthesized GO 
Figure 2. – Energy dispersive X-ray (EDX) fluorescent spectra of original bulk graphite 

material and synthesized GO nanosheets measured on Si wafers  
 

Surface molecular structure of synthesized GO 
Raman scattering spectra of graphite material and synthesized GO are shown in Figure 3. 

In general, Raman scattering is a process related to photo-excited electron–hole pairs, phonon 
scattering by electrons or holes, and electron–hole recombination, which determine the band 
structure of a material. Analysis of Raman spectrum of graphite reveals the characteristic D band 
at ~1331 cm-1, indicating the significant fraction of the diamond phase with the sp3-hybridization 
with T2g zone center mode [13], G band at ~1576 cm-1 due to highly ordered graphite with small 
crystal sizes [14] and a secondary order peak 2D at ~2660 cm-1 (Figure 3a). The peaks of D and 
G bands in the Raman spectrum of GO are upshifted on ~31 cm-1 and ~23 cm-1 because isolated 
double bonds resonate at higher frequencies than in graphite [15] (Figure 3b). The G mode has 
E2g symmetry with an eigenvector involving the in-plane bond-stretching motion of pairs of C 
atoms with the sp2 hybridization. This mode does not require the presence of hexagonal aromatic 
rings and occurs at all C atom sites with sp2 hybridization. The peak position of G mode is 
sensitive to external perturbations such as defects, doping, strain, and temperature [16]. 
Therefore the upshifted G peak position at ~1599 cm-1 is indicative of the phonon quantum 
confinement effect induced by the small domain size in GO. This G mode can be ascribed to the 
symmetric doping of physically adsorbed solvent molecules on the GO surface with no net 
electric field between the oxygenated graphene layers. The D mode has K-point phonons of A1g 
symmetry and is forbidden in perfect graphite, but becomes active in the presence of disorder, 
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which makes it dispersive upon variation of photon excitation energy. In contrast to G band, the 
intensity of D band is strictly connected to the presence of hexagonal aromatic rings and is 
increased in nanocrystalline graphite containing small aromatic clusters. The intensity ratio of D 
to G bands I(D)/I(G) of graphite (~0.273) is lower than of GO (~0.975), demonstrating the 
decreasing amorphization of final GO product and increasing number and clustering of aromatic 
rings. In contrast to graphite, the development of D band in GO is caused by disordering of 
graphite fraction and ordering of the amorphous carbon content. As a result the stronger and 
broader D band of GO together with higher I(D)/I(G) ratio confirm the GO’s lattice distortions 
and a large amount of sp3-like defects caused by the oxidation process.  

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

a b 
a –graphite after 4 h of grinding by balls with 3 mm diameter; b – synthesized GO 
Figure 3. – Raman spectra of grinded graphite and synthesized GO powders 

(λexc=633 nm, 40x objective, 60 s accumulation)  
 

The secondary order 2D peaks of graphite and GO (~2730 cm-1) arise from the overtone 
of TO phonons around the K point being activated by triple resonance Raman scattering (TRRS). 
This band is more dispersive in GO than in graphite, indicating stronger effects of a Kohn 
anomaly at the K point [17] sensitive to the defect formation. In contrast to graphite, the {D+G} 
band of GO at ~2961 cm-1 arises from the overtone of LO phonons around the G point, which is 
also activated by TRRS due to defect formation because of the broken translational symmetry. 
The defect formation can be caused by chemical doping resulting in either surface transfer 
doping (doesn’t destroy the chemical bonds of graphene) or substitutional doping (heteroatoms 
such as N, B, S replace the carbon atoms in the skeleton and break the structure of graphene). 
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The defects induced by doping are generally the active centers in graphene for the surface 
chemical reaction involving adsorbed OH molecules. Adsorbed water vapor on the GO’s surface 
can induce the p-type doping.  

The crystalline structure of synthesized GO 
The crystalline structure of synthesized GO was studied by the X-ray powder diffraction 

method in comparison with the oxidized graphite obtained without pretreatment of precursor 
compounds (Figure 4, Table 3). The XRD diffractogram of oxidized graphite shows a strong 
peak at 2θ=30.63° (λKα1 (Co) = 1,79 Å) and two smaller peaks at 2θ=22.34° and 41.59° 
(Figure 4a) with calculated interplanar spacing values listed in Table 3.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
a b 

a – oxidized graphite without pretreatment of precursor compounds; b – synthesized GO 
Figure 4. – X-ray powder diffraction patterns of synthesized oxidized graphite 

(λKα1 (Co) = 1,79 Å) and GO (λKα1 (Cu) = 1,54 Å)  
 

During oxidation hydroxyl, carbonyl, epoxy, and peroxy groups can be bonded to the 
edges of basal planes of the graphite structure, resulting in carbon hydrolyzation and the change 
from sp2 to sp3 bonds. At the same time, H2O, NO3

-, or SO4
2- ions can be inserted into the 
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graphene layer causing an increase in the interlayer spacing of the graphite structure. The 
calculated interplanar spacing values of oxidized graphite material can be assigned to oxidized 
graphite with the exfoliated structure (Table 3) and are indicative for reduced GO structure [18]. 

In contrast, the XRD pattern of synthesized GO reveals the underlying amorphous halo 
with a strong sharp peak at 2θ=12.04° (λKα1 (Cu) = 1,54 Å) and two little peaks at 2θ=25.77° 
and 42.50°, which are indicative of the full oxidation of exfoliated graphite (Figure 4b). The 
interplanar spacing value of the reflex at 25.77° is 3.453Å is comparable to the (002) reflex with 
d-spacing of a single graphene layer (∼0.34 nm) [19]. The broadening of the interplanar d-
spacing can be caused by the formation of oxygen-containing functional groups attached on both 
sides of the graphene sheet and the atomic scale roughness arising from structural defects 
involving carbon atoms with sp3 hybridization. Therefore individual graphene oxide sheets can 
be expected to be thicker than individual pristine graphene sheets. Besides, different molecules 
can be inserted into the graphite layers during oxidation, which can also expand the 
intergraphene spacing as indicated by the (201) reflex of graphite with the d-spacing ~2.11Å 
[20,21]. The interplanar spacing of the reflex at 2θ=12.04° is 7.342Å, which corresponds to the 
GO, in agreement with literature [22].  

 
Table 3 

X-ray powder diffraction analysis of synthesized GO and oxidized graphite 
 

Material 2θ, ° Intensity, a.u. (hkl) d, nm Assignment 

Oxidized graphite 
22.34 40 (001) 4.620 Diamond [20] 
30.63 100 (002) 3.389 Graphite [23] 
41.59 45 (020) 2.521 Graphite [23] 

GO 
12.04 100 - 7.342 GO [22] 
25.77 26 (002) 3.453 Graphene [19] 
42.50 10 (201) 2.125 Graphene [20,21] 

 
The electronic molecular structure of synthesized GO 
The optical absorption of GO is dominated by the π-π* plasmon peaks ~219 nm 

(5.66 eV), ~240 nm (5.17 eV), ~244 nm (5.08 eV), ~263 nm (4.72 eV) and n-π* transition at 
~283 nm (4.38 eV). Intense peaks at ~219 nm and ~263 nm can be ascribed to the absorption 
bands of individual conjugated olefins (-HC=CH-)2 and (-HC=CH-)3 of GO (Figure 5).  

The decreased intensity of the UV-Vis absorption spectra of synthesized GO can be 
caused by the conjugative effect of chromophore aggregation [24]. At increased reduction state 
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of GO the absorption peaks tend to shift to the longer wavelength region. The absorption bands 
with low intensity are relatively broad because each electronic energy level has multiple 
vibrational and rotational energy levels associated with it. The elevated underlying continuum of 
GO’ absorption band appears because of the overlap of a large number of the electronic 
transitions with the close energy spacing of the vibrational levels and rotational sublevels. The 
intensity distribution is related to the probability of the transition to a given vibrational sublevel, 
which can be determined using the Franck–Condon principle. At increased rotational and 
vibrational energies of molecules more absorption bands are added to a single band, thereby 
leading to the broadening of the absorption peak. However, their contributions to the band 
broadening are much smaller in comparison to the electronic excitation energy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
a – synthesized GO at C/O=6.22; b – at C/O=1.83 and c at C/O=1.22. 
Figure 5. – UV-Visible absorbance spectra of aqueous colloidal solutions of GO  

 
The π-π* transition in C=C bonds of GO undergoes a bathochromic shift at ~240 nm and 

~244 nm as a result of the reduced structure of GO if compared with the UV-Vis absorption 
spectrum of graphene with its band at ~270 nm [21]. In addition, the n-π* transition in epoxide 
(C-O-C) and peroxide (R-O-O-R) bonds acting as auxochromes of GO at ~283 nm undergoes a 
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hypsochromic shift, which can be caused by the reduction of the electronic conjugation 
increasing the HOMO and LUMO away in unshared (nonbonding) electron pairs such as OH, in 
agreement with the formation of reduced GO structure. The n electrons in a GO molecule are 
highly affected by hydrogen bond formation. The energy levels of n electrons decrease 
significantly in a solvent that has the ability to form hydrogen bonds. The result is an increase in 
the energy difference between the n orbital and the π orbital. This causes a hypsochromic shift in 
the absorption maximum of an n-π* transition by as much as 25–50 nm. It can be assumed that 
the decrease in the energy of n electrons is almost equal to the energy of the formed H-bond. 

The molecular structure of GO 
Analysis of FTIR transmittance spectrum of synthesized GO allowed to assess the 

molecular structure of final product (Figure 6 and Table 4). 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6. FTIR transmittance spectrum of synthesized GO at C/O=1.22 

 
The synthesized GO is composed of abundant of oxygen functional groups including 

epoxide, carboxyl and hydroxyl, which are conjugated to the graphitic domains with adsorbed 
water molecules. The GO structure contains intercalated S and P atoms as revealed by the 
appearance of weak peaks at ~712 cm-1 due to ν(C-S) and at ~873 cm-1 due to O displacement by 
P in C-O bonds.  
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Table 4 

FTIR transmittance spectrum analysis of synthesized GO at C/O=1.22 
 

Wavenumber, cm-1 Assignment 
712 ν(C-S)[25] 
873 O displacement (mode 4) in C-O [26] 

1021-1220 C-O stretching and C-O-C of epoxide group [27] 
1426 ν(COO-) symmetric of carboxyl groups [28] 
1625 C=C skeletal vibration of oxidized graphitic domains [29,30] 
1735 (C=O)carboxy stretching of carboxyl groups [31] 
2852 C-H [27] 
2923 C-H [27] 
3190 C-OH [27] 
3423 O-H stretching [27,29,30] 

 
In summary, the GO material can be synthesized by using the improved Hummers 

method allowing to control the transformation of bulk graphite phase to nanocrystalline oxidized 
graphene sheets with the electronic molecular structure determined by varying the atomic C/O 
ratio during ultrasonic treatment.  

 
1.2 Properties of CuS/Cu2O/CuO-GO nanoplatform ultrasonically synthesized at the 

air/water interface 
Morphology and surface molecular structure of CuS/Cu2O/CuO-GO 
Analysis of the synthesized material by SEM revealed rough morphology of GO sheets 

containing nanostructures (Figure 7a,b). The surface molecular structure of synthesized 
nanoplatform at the conditions of twofold and fivefold increased concentration of copper 
precursor was assessed by Raman scattering spectroscopy method (Figure 7c). The successful 
formation of covellite CuS (p-type semiconductor) in the GO structure was confirmed by the 
appearance of a sharp Raman peak at ~262 cm-1 [7]. Raman spectra also revealed the presence of 
cuprite Cu2O (~412 cm-1), which is a Bloch p-type semiconductor [6], and the successful 
formation of Cu bis-μ-oxo dimer [32] in GO nanocomposites due to the appearance of a sharp 
feature at ~608 cm-1. The formation of Cu(OH)2/Cu is less probable because of the absence of 
characteristic Raman bands at 298/347/591 cm-1 or at 297/344/629 cm-1 and 490/523/623 cm-1 
[33]. Therefore the structure of prepared nanoplatform is presumably composed of 
CuS/Cu2O/CuO-GO. The observed bands of copper compounds appeared with higher intensity in 
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nanoplatforms prepared at fivefold higher concentration of copper precursor, demonstrating the 
pronounced effect of copper ion at the contact with preformed GO structure.  
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c d 

а,b – SEM images of synthesized CuS/Cu2O/CuO-GO nanoplatform (scale bar 1 μm, 
200 nm); c – its Raman scattering spectra at twofold (spectrum 1) and fivefold (spectrum 2) 
increased concentration of copper precursor (λexc=633 nm); d – X-ray powder diffraction pattern 
of CuS/Cu2O/CuO-GO nanoplatform at fivefold increased concentration of copper precursor 
(λKα1 (Cu) = 1,54 Å).  

Figure 7. Characterization of morphology, surface molecular structure and phase 
composition of synthesized CuS/Cu2O/CuO-GO nanoplatform 
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In addition to these bands, two strong peaks at ~1353 cm-1 and ~1592 cm-1 appeared in 
Raman spectra of synthesized nanoplatform, indicating the characteristic D- and G-bands of GO 
in conjugation with the ultrasonically formed copper compounds. The intensity of these two 
bands decreases at a fivefold increased concentration of copper precursor, demonstrating that 
copper compounds in CuS/Cu2O/CuO-GO selectively act as activation centers in nanoplatform.  

Crystalline structure of CuS/Cu2O/CuO-GO 
In Figure 7d the XRD pattern of prepared nanoplatform reveals multiple peaks of tenorite 

CuO with reflections (002), (111), (200) and (020) (databases amcsd № 0018812 and JCPDS 
card № 80-1917), of cuprite Cu2O with (110) plane (database amcsd № 0007351 and JCPDF 
№ 78-2076), of covellite CuS with (101), (103), (110), (107), (108) and (116) planes (database 
amcsd № 0000065 and JCPDS card № 78-0876), but only small peak from graphene (100), 
while the reflection (100) of GO disappears, indicating the formation of complexes between 
carbon and copper without intercalation of water molecules.  

The presence of three phases (CuS, Cu2O and CuO) in individual GO nanoparticles 
demonstrates the efficiency of the developed ultrasonic method in the preparation of p-type 
doped semiconductor nanoplatform with advanced charge carrier properties. For example, CuS 
can provide a significant density of valence-band delocalized holes without the need for 
intervening metal vacancies in the lattice. However, CuS is reluctant to incorporate cation 
vacancies due to the high activation energy required for their formation and the slow diffusion 
coefficient of cations within the lattice [34]. Cu2O is known to produce water splitting into H2 
and O2 under the action of visible light [35]. In addition, Cu2O is intrinsically copper-deficient 
due to formation of copper vacancies that act as a shallow and efficient hole producers. The 
defect structure calculations of Cu2O revealed that hydrogen can form a strongly bound complex 
with a copper vacancy. This hydrogen prefers not to occupy the center of the vacancy, but to 
move away from the center closer to one of the two oxygen anions. Small fraction of Cu2O can 
be formed by reduction of CuO at fusion temperature of 773 K. Cu2O is a classic exciton active 
semiconductor and CuO is known to act as a charge-transfer gap insulator. In this way, the 
Cu2O/CuO heterojunction can facilitate the electron-hole separation and significantly improve 
photo-to-chemical energy conversion efficiency. The enhanced photocatalytic activity can be 
increased due to the efficient electron transfer in Cu2O-rGO-CuO via GO as a new and effective 
electron mediator providing large specific surface area.  

The electronic molecular structure of CuS/Cu2O/CuO-GO 
Analysis of UV-Vis absorbance spectra of CuS/Cu2O/CuO-GO revealed the 

characteristic π-π* transition of C=C bonds in aromatic ring of GO at ~230 nm (5.39 eV) at 1.5 
times stronger intensity and a hypsochromic shift of a plasmon peak in comparison with GO 
(~237 nm, 5.23 eV) (Figure 8a). The Zeta potential (ZP) of prepared CuS/Cu2O/CuO-GO is 
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slightly lower (-18±9 mV) than the ZP value of synthesized GO nanosheets (-21±7 mV) (Figure 
8b). In general, the π-π* plasmon peak depends on two conjugative effects related to the 
chromophore aggregation: i) nanometer-scale sp2 clusters and ii) linking chromophore units such 
as C=C, C=O and C–O bonds. On one side, the change of the UV-Vis absorbance intensity can 
be explained by a conjugative effect related to chromophore aggregation: higher intensity 
indicates a few-layer (1-3) of GO and a smaller one – multilayer (4-10) of GO [36,37]. This can 
indicate that our nanocomposite has a few-layer structure with the thickness of GO sheets 
increased by the presence of CuS/Cu2O/CuO-GO, in agreement with the XRD analysis (Figure 
7d). On the other side, the hypsochromic shift of the plasmon peak of CuS/Cu2O/CuO-GO can 
be explained by the closer conjugation of copper compounds and GO nanosheets resulting in 
rapid electron transfer and increased transition energy. In addition, a hypsochromic shift can be 
also caused by introducing Cu vacancies into the CuS lattice resulting in generation of hole 
carriers. Ideally, a few-layer of GO should exhibit a single strong plasmon peak, but prepared 
CuS/Cu2O/CuO-GO has a weak shoulder at ~340 nm (3.64 eV), which is smaller and has a 
bathochromic shift at 45 nm than a plasmon band of the synthesized GO. This bathochromic shift 
can be caused by the electronic conjugation within CuS/Cu2O/CuO-GO nanosheets during the 
ultrasonic synthesis.   

 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
 

a b 
a – UV-Vis absorbance spectra of synthesized GO (1) and CuS/Cu2O/CuO-GO at fivefold 

concentration of copper precursor (2); b – Zeta potential plots of these nanomaterials (1 and 2) 
Figure 8. Optical absorbance spectra and surface charge of synthesized GO and 

CuS/Cu2O/CuO-GO nanoplatform 
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In general, the electronic absorption spectrum of the Cu(II)2 side-on peroxo-bridged 
species (i.e. Cu bis-μ-oxo) shows intense charge transfer band at 28000 cm-1 (3.47 eV), which is 
assigned as O2

2- πσ* Cu(II) dxy transition involving transfer of e- density [36,37]. This charge 
transfer is indicative of a high degree of Cu-O covalency. A weak plasmon shoulder of our 
CuS/Cu2O/CuO-GO is related to the charge transfer with the energy of 3.64 eV, indicating an 
energy increase on 0.17 eV involving O-Cu-O on the surface of GO nanosheets. If one compares 
plasmon peaks from GO (5.23 eV) and our CuS/Cu2O/CuO-GO nanoplatform (5.39 eV), one can 
find an increase of the energy on 0.16 eV, which can be explained by the presence of O-Cu-O or 
sulfide nanostructures on the GO surface.  

 
1.3 Properties of CuS/Cu2O/CuO-GO nanoplatform ultrasonically synthesized at the 

oil-SiO2/water interface 
Ultrasonic emulsification was performed of a biphasic mixture containing 

CuS/Cu2O/CuO-GO at the SiO2:oil interface. Control experiments were carried out by applying 
ultrasound to the mixture of CuS/Cu2O/CuO-GO and SiO2 or oil (Figure 9).  

 
 
 
 
 

 

a b c 
a – microspheres with an air-core and a SiO2-CuS/Cu2O/CuO-GO-shell structure; b – 

microspheres with an oil-core and SiO2-CuS/Cu2O/CuO-GO-shell; c – microspheres with an oil-
core and CuS/Cu2O/CuO-GO-shell 

Figure 9. Representative optical phase contrast microscopy images of ultrasonically 
synthesized (20 kHz, 27 W/cm2 intensity, 3 min of treatment) microspheres with a 
CuS/Cu2O/CuO-GO-shell and a core (air, oil) prepared at a volume ratio of SiO2:oil as 1:1 and 
5 wt.% polyvinyl alcohol as the aqueous phase 

 
Those microspheres, which were formed by emulsification with SiO2 (without oil) 

consisted of encapsulated air and changed their shape upon evaporation under ambient air 
(Figure 9a). However, they retain their morphology at 100°C and after additional 30 min of 
ultrasonic treatment at 18 W/cm2 in water. Most of the sonochemically prepared microspheres 
were stable colloidal solutions if consisted of encapsulated oil (Figure 9b,c). These oil-filled 
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microspheres did not change their morphology and avoided coalescence or damage against 
repeated washing with isopropanol and centrifugation at 3.287xg for 30 min, pointing out that 
the outer shell may be rigid by its composition.  

Air-filled silica@CuS/Cu2O/CuO-GO microspheres 
The mechanism of colloidal stability of CuS/Cu2O/CuO-GO in microspheres was 

determined by extending the synthesis at acidic (pH=2) or alkaline (pH=12) conditions of 
aqueous phase. Analysis of colloids by optical phase contrast microscopy revealed that at low pH 
of aqueous phase no microspheres were formed and at alkaline conditions they appeared to be 
larger than those at pH=5.5, but were destroyed during separation from the mother liquor 
solution. After incubation in aqueous solution at pH=2 or at pH=12 most of preformed 
microspheres shrinked. Although microspheres were very stable during 7 days before separation 
from the mother liquor solution, they also shrinked after incubation in deionized water (DI) at 
pH=5.5. Analysis of the morphology of these microspheres allowed determining small particles 
of different phase contrast. TEOS undergoes hydrolysis and can condensate in the form of small 
silica particles acting as nucleation centers during ultrasonic emulsification. The appearance of 
these small silica nuclei was previously reported in the frame of the proposed ultrasonic 
clustering model [38]. When microspheres were dispensed on a glass cover slip under ambient 
air some of them were entrapped in partially crystallized silica on top of them and retained their 
morphology during evaporation process. Addition of small amount of isopropanol resulted in 
separation of dried microspheres from the pieces of crystallized silica, but led to the microsphere 
collapse. When isopropanol was replaced by a drop of DI water (pH=5.5), similar effects were 
observed. However, when a drop of SiO2 was added, no visible changes of microspheres were 
noticed: no separation from crystallized silica, no shrinking and no collapse. The evaporation of 
the SiO2 drop resulted in the formation of a microsphere shell with enhanced phase contrast and 
a transparent core, in agreement with the ultrasonic clustering model. However, this shell 
developed visible defects, was ruptured and collapsed during evaporation under air. 

Oil-filled silica@CuS/Cu2O/CuO-GO microspheres 
The stability of microspheres was significantly improved when oil and polyvinyl alcohol 

(PVA) were added into the biphasic SiO2:water mixture containing CuS/Cu2O/CuO-GO 
nanoplatform. In the aqueous phase PVA acted as surface active material resulting in the 
formation of a precursor emulsion system, which consisted of the hydrophobic part pointing 
towards the core and leaving outer OH- groups in the bulk aqueous solution. PVA is known to 
contribute to the formation and stability of colloidal suspension by lowering the interfacial 
tension, increasing the surface elasticity (viscosity) and electric double layer repulsion, 
enhancing the tighter packing of hydrophobic groups at the oil/water interface.  
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The presence of oil in the SiO2:water mixture or in water was essential for the enhanced 
stability of these microspheres, in agreement with the previous findings of dodecane or soya 
bean oil [39,40]. Indeed, without oil (with SiO2) most microspheres quickly dried and collapsed 
during evaporation independently on the presence of PVA. In contrast, our sonochemically 
formed oil-filled microspheres were stable upon drying under ambient air and after 2 h of heating 
at 100°C, retained their shape and could be dispersed in water without collapse or shrinking. No 
defects of the microsphere morphology or its damage after heating at 100°C were noticed 
because the oil-core of microspheres was protected by the densely formed 
silica@CuS/Cu2O/CuO-GO composite shell. In addition, no damage of these microspheres was 
revealed after repeated centrifugation cycles, mechanical shaking and stirring.  

Surface molecular composition of microspheres 
The surface molecular composition of ultrasonically prepared microspheres was studied 

by Raman scattering spectroscopy method (Figure 10).  
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 10. Raman spectra of microspheres with the following composition: 1) oil-SiO2-

CuS/Cu2O/CuO-GO, 2) oil-SiO2 and 3) CuS/Cu2O/CuO-GO acquired at 2x10-3 W of laser 
power, λexc=473 nm, averaged over 5 measurements of each for 1 s of integration time  

 
Raman spectra of oil-filled microspheres containing SiO2 and CuS/Cu2O/CuO-GO 

showed the presence of D band at ~1362 cm-1 and a shifted G at ~1604 cm-1, indicating the 
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presence of GO (Figure 10, spectrum 1). Both peaks appeared with lower intensity than in 
CuS/Cu2O/CuO-GO (Figure 10, spectrum 3) and became broader with small peaks nearby at 
~1267 cm-1 due to oil phase δ(=C-H) and 1442 cm-1 due to the presence of liquid (SiOC2H5)4, 
indicating that CuS/Cu2O/CuO-GO is indeed incorporated into the silica matrix [41]. This silica- 
CuS/Cu2O/CuO-GO matrix is in close contact with the oil phase due to the appearance of a weak 
shoulder at 1655 cm-1 arising from the cis double bond stretching of ν(C=C) [42]. For 
comparison, Raman spectrum of oil-SiO2 microspheres shows characteristic bands of liquid 
phases (SiOC2H5)4 at ~965 cm-1, 1080 cm-1 and 1442 cm-1 and oil at 1267 cm-1, 1302 cm-1 (=C-
H), 1655 cm-1 and 1747 cm-1 ν(C=O).  

Photoluminescence of CuS/Cu2O/CuO-GO microspheres 
Analysis of morphology of ultrasonically synthesized oil-PVA-CuS/Cu2O/CuO-GO 

microspheres by optical phase contrast microscopy revealed the color change in their shell from 
intense green through yellow to red (Figure 11).  

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 

a b 
a – green and green-yellow photoluminescent microspheres with an oil-core and a PVA 

coated CuS/Cu2O/CuO-GO-shell; b – yellow-red and red photoluminescent microspheres with 
oil-PVA-CuS/Cu2O/CuO-GO structure 

Figure 11. Representative optical phase contrast microscopy images of ultrasonically 
synthesized photoluminescent oil-PVA-CuS/Cu2O/CuO-GO microspheres (scale bar 50 μm) 

 
Not all of microspheres appeared to be highly photoluminescent and we found this 

optical property to be dependent on pH, the presence of SiO2 and PVA. At higher pH (5.5 or 12) 
and without SiO2 only few oil-PVA/CuS/Cu2O/CuO-GO microspheres were photoluminescent. 
No photoluminescence was detected from microspheres at acidic conditions without SiO2. We 
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suggest that the hydrophilicity of CuS/Cu2O/CuO-GO and their interaction with PVA may play a 
role in the mechanism of photoluminescence. At pH=5.5 CuS/Cu2O/CuO-GO is amphiphilic and 
at higher pH it becomes more hydrophilic, facilitating interaction with PVA in the aqueous phase 
during sonication. In addition, at higher pH photoluminescence can arise due to the electronically 
excited carboxylate ion of GO [43,44]. However, at low pH CuS/Cu2O/CuO-GO is more 
hydrophobic, facilitating the interaction with the oil phase, which may lead to the quenching of 
photoluminescence.   

Very intense photoluminescence appeared from oil-SiO2-PVA/CuS/Cu2O/CuO-GO 
microspheres after 2 h of drying at ~100°C. These microspheres exhibited intense pale yellow 
color independently on pH. Presumably SiO2 may lead to the decrease of the oil phase viscosity 
and facilitate the hydrolysis with CuS/Cu2O/CuO-GO and PVA during sonication. In this case 
the hydrophilicity of CuS/Cu2O/CuO-GO becomes less significant. Thermal treatment of these 
microspheres may lead to the removal of excess of water from the microsphere’s shell containing 
SiO2 network, PVA and CuS/Cu2O/CuO-GO and induce the radiative processes.  

However, the highest detectable photoluminescence was observed from oil-
PVA/CuS/Cu2O/CuO-GO microspheres without SiO2. The most intense colors of their shells 
were green, yellow and red, while their core remained black during exposure to the visible light. 
To explain this effect, the role of electrostatic interactions in the formation mechanism of 
microspheres can be excluded because the surface charge of cavitation bubbles, PVA precursor 
emulsion and CuS/Cu2O/CuO-GO nanoplatform is negative. Interaction of PVA with 
CuS/Cu2O/CuO-GO may occur via the formation of hydrogen bridges. It was reported that 
hydrogen bonds can be formed between the hydroxyl groups of PVA and GO due to the 
supramolecular organization of GO-PVA complex, which is facilitated in acidic medium (pH=4) 
during prolonged sonication (~2 h) [43]. This PVA-GO hybrid is highly photoluminescent and 
exhibits intense green light because of passivation by hydrogen bonding. Our ultrasonic 
synthesis was carried out in aqueous solution at pH=12 and sonication lasted for only 3 min in 
order to prepare green-light emitting PVA-CuS/Cu2O/CuO-GO microspheres. In a basic medium 
CuS/Cu2O/CuO-GO become more hydrophilic and their interaction with the –OH groups of PVA 
can be easier during sonication and may lead to the formation of a joint photoluminescent 
complex at the oil/water interface.  

On the other hand, it was reported that Cu2O exhibits yellowish-red color as a result of 
light absorption before thermal oxidation under air [35]. However, after thermal oxidation it 
changes its color to black, indicating the formation of CuO. This color change is reversible as a 
result of a bilayer structure that is composed of an inner Cu2O layer and an outer CuO layer with 
a possible Cu2O/CuO heterojunction between the two layers. In our PVA-CuS/Cu2O/CuO-GO 
microspheres the color of the emitted light reversibly changes from green to yellow and to red 
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and back to green in each photoluminescent microsphere during exposure to the visible light for 
several min under air. Therefore the shell of highly photoluminescent microspheres may consist 
of sonochemically formed PVA-CuS/Cu2O/CuO-GO complex via H-bonding and the color 
change is due to the light absorption by Cu2O avoiding reactive oxidation species (ROS) 
formation with the CuO acting as a charge transfer insulator.  

In this way, the electronic molecular structure of ultrasonically synthesized 
CuS/Cu2O/CuO-GO can be used as an versatile nanoplatform for encapsulation and 
complexation of different NSAID and their interaction with the outer medium can be accurately 
controlled by oil and PVA phases in analogy with dye molecules as model compounds [45]. 
Moreover, the CuS/Cu2O/CuO-GO nanoplatform can be applied as an efficient photoluminescent 
biosensor enabling controlled targeted delivery of NSAIDs in vitro and in vivo. 

 
⃰  ⃰  ⃰  ⃰  ⃰  

The presented results allow us to draw the following conclusions: 
1. The compostion of GO synthesized by the improved Hummers method proposed by Tour 

can be precisely controlled by the C/O ratio from 6.22 to 1.22 during ultrasonic treatment 
through the transformation of bulk graphite phase to nanocrystalline oxidized graphene. 

2. Ultrasonically formed CuS/Cu2O/CuO-GO nanoplatforms at the air/water interface are 
composed of two p-types semiconductors and Cu bis-μ-oxo dimer in nanometer scale sp2 
clusters of GO and linking chromophore units such as C=C, C=O and C-O bonds within 
electronically conjugated nanosheets. 

3. Photoluminescence was discovered from ultrasonically formed oil-PVA-CuS/Cu2O/CuO-
GO microspheres in aqueous medium. 

4. The ultrasonic synthesis of highly photoluminescent oil-PVA-CuS/Cu2O/CuO-GO 
microspheres requires the basic condition of a reaction aqueous phase solution facilitating 
interaction of CuS/Cu2O/CuO-GO with PVA and electronic excitation of carboxylate 
ions of GO.  

5. The reversible color change of oil-PVA-CuS/Cu2O/CuO-GO microspheres from green 
through yellow to red can be attributed to the passivation of PVA-GO by hydrogen 
bonding, light absorption by Cu2O avoiding reactive oxidation species (ROS) formation 
and charge transfer insulation by CuO. 
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CHAPTER 2 FORMATION OF KETOROLAC-COPPER/IRON-GRAPHENE OXIDE 
NANOPARTICLES 

 
In the last few decades much efforts have been invested into developing of inorganic 

nanostructures based on GO with controlled morphology, size, crystallinity and functionality. 
Among them the most studied nanomaterials have been based on the crystal structure of Cu [1], 
Cu2O [2] and Fe3O4 [3] because they exhibit improved electronic, optical and electrochemical 
properties. The methodology of chemical functionalization of GO is based on in situ 
crystallization of metals or metal oxides on the surface of GO. One of main advantages of this 
methodology is the controlled formation of a uniform nanocrystalline coating on the surface of 
GO through the directed growth of nucleation centers located nearby during the process.  

Functionalization of GO can be assessed by applying the chemical reduction methods 
when exposed to 1) microwave irradiation, 2) electrochemical deposition, 3) electrostatic 
interaction with aminopropyltrimethoxysilane, 4) hydrolysis of tetraethyl orthosilicate or 5) 
FeCl3 and 6) redox chemical reactions in aqueous solution of Fe2+ and Fe3+ with NaOH [4]. 
Distinctive features of the 1st method are the relative simplicity of the process and material 
production scalability lacking of accurate uniform nanostructure formation and its distribution on 
the GO surface. The advantage of the 2nd method is the direct formation of uniform nanostructure 
on GO, the possibility of applying a nanostructured template on GO and appropriate combination 
with the sol-gel technology. However, the electrochemical potential of inorganic material limits 
its application. In 4th-6th methods the synthesis of nanomaterial is versatile being based on redox 
reactions or hydrolysis followed by crystallization of metal oxide structure on GO.  

In these methods sonochemistry especially stands out as one of the efficient tools to 
construct multifarious molecular GO nanostructures for drug modification, functionalization, 
delivery and release [5]. Sonochemistry derives from acoustic cavitation, which is the formation, 
growth and implosive collapse of gaseous bubbles formed by ultrasound, acting as highly 
energetic hot spots. These hot spots can reach 5000 K and ~103 bar in a bulk aqueous solution 
producing sonolysis of water [6]. Sonolysis of water generates OH· and H· radicals and the 
primary products such as H2, H2O2 and HO2· in redox reactions [7]. Sonochemistry is involved 
in the molecular assembly and encapsulation processes through the cross-linking mechanisms in 
proteins [8] that retain their biological function. In many cases superoxide (HO2·) is the principal 
cross-linking agent [7,9]. To date, this sonochemical pathway has been very successful in the 
encapsulation of antibiotic nanoparticles in GO [10] that is immaculate or modified with Ag 
[11], Fe3O4 [12], Au [13] and their bimetallic compounds [14]. Nowadays little is known about 
the sonochemical formation mechanism of copper/iron GO nanostructures and much less about 
their complexation with NSAIDs.   
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2.1 Strategies to improve the efficiency of ketorolac 
Ketorolac is a synthetic pyrrolizine carboxylic acid derivative with anti-inflammatory, 

analgesic, and antipyretic activities with efficacy comparable to opioids [15]. Ketorolac’s 
pyrrolizidine carboxylic acid derivative is structurally related to indomethacin acting as 
cyclooxygenase-2 (COX-2) inhibitor and is involved in the progression of several types of 
cancer [16]. The anticancer activity of ketorolac can be associated with its free binding energy 
being closer to DDX3 inhibitors, its capability to form strong hydrogen bonds similar to 
crystallized DDX3 protein and to inhibit the ATP hydrolysis decreasing the number of neoplastic 
lesions. Ketorolac also suppresses early breast cancer relapse and improves its postoperative 
oncological outcome [17]. Ketorolac’s anticancer effects and its aptitude to deactivate 
inflammatory pathways can be particularly useful in retardation of tumor growth [18]. However, 
in its most frequent form, i.e. the oral tablet, the drug is delivered to the human body through the 
gastro-intestinal system, which undergoes bleeding and develops gastritis after repeated doses 
over prolonged administration [19]. In addition, its ability to selectively inhibit COX2 has 
important cardiovascular side-effects that include increased risk for myocardial infarction, 
stroke, heart failure and hypertension [20]. Therefore for human health benefits one has to 
consider appropriate approaches for the administration of ketorolac at a lower dose over shorter 
period of the systemic exposure while maintaining its therapeutic efficacy. 

The anti-inflammatory activity of ketorolac can be enhanced through the metal ion 
complexation [21] with the carboxylate group operating as a bridging ligand involving Cu-O and 
Cu-Cu bonds in the complexes undertaking the enzyme superoxide dismutase (SOD) [22]. These 
neutral binuclear molecules with a high peripheral hydrophobicity can exert a SOD-like activity 
once the apical positions on Cu(II) are made free, which can be useful in the understanding of the 
drug-metal and drug-enzyme interactions [23]. Importantly, the copper carboxylates drugs 
constitute an important element of anti-inflammatory and anticancer agents, some of which are a 
part of several commercially available drugs [24].  

The complexation of many NSAIDs with other metals such as Cd (II), Pt (II), Fe (II), 
Ni (II) or Zn (II) [21,25] leads to the scavenging of free radicals (incl. oxygen) and results in 
enhanced gastric protection [26]. This improved pharmacological activity of metal complexes of 
active drugs as ligands can derive from the synergistic effects of the ligand and the coordination 
residue upon the decomposition of the molecular metal-NSAID complex or an intrinsic high 
activity of the complex itself, the neutralization of overall negative charges on the drug molecule 
upon the complex formation, superior transport process through the cell membranes due to the 
changes of the hydrophobicity/hydrophilicity ratio. The anti-inflammatory, anti-pyretic and 
analgesic activity of NSAIDs can be improved through the formation of the Fe(III)-peptide 
complex yielding the ligand moieties containing oxamide functionality [27]. Other studies show 
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the antibacterial efficiency of some Fe(III)-NSAID complexes against Escherichia coli [28] and 
Staphylococcus aureus due to the ability of the complex to cross a cell membrane and inactivate 
the pathogens secreting various enzymes, which are involved in the breakdown of activities [29]. 
Importantly, the Fe(III)-complex can facilitate the ion diffusion through the lipid layer of the 
spore membrane to the site of action and ultimately kill them by combining with the OH, SO2 
and C=N groups of certain cell enzymes. On the other hand, the metal complex of Fe(II) can be 
very active against breast cancer cell line (MCF7) with inhibition ratio values between 74-86 %. 

Other approaches in minimizing dosage can be based on NSAID encapsulation, which 
utilize a nanoscale carrier that transports the active drug ingredient and facilitates controlled 
release at the therapeutic target site [30-32]. This strategy can overcome issues with drug 
solubility, prevent degradation in the gastrointestinal system, improve bioavailability at the 
therapeutic site, and reduce systemic exposure. Still a major obstacle of the encapsulation 
approach is the uptake of nanoscale carriers by macrophages and clearance of the drug [33,34].  

One of the successful approaches is to use GO as a nanoscale carrier for ketorolac due to 
its high surface area, biocompatibility and a very rich surface chemistry offering a wide choice 
for the smart design of effective delivery nanoplatform [35-39]. GO can remain for a long time 
in a body and have good biocompatibility, but size, shape, agglomeration state and toxicity 
(presence of contaminants) can cause undesired inflammation [33, 40]. GO biodegradation can 
be modulated by dispersion and digestion by peroxidases naturally present in cells. Appropriate 
GO purification and modification can increase the efficacy of drug loading in GO and optimize 
adsorption/desorption kinetics at minimal toxicity [41-44]. The rich GO surface chemistry 
facilitates functionalization with diverse molecular compounds: dyes [45], inorganic[46-48] and 
organic (DNA [49], ssRNA [50], gene [51]) substances, polymers [52-54], luminescent or 
fluorescent particles [55,56] enabling synergistic effect of drug delivery and bioimaging [57-60] 
of a carrier platform. Immobilization with drug molecules can regulate GO dispersal in water or 
in the cell culture media, reduce its cell/tissue toxicity and induce accumulation to the target cells 
and tissues [10, 61-63]. Drug release from GO can be activated by the pH gradient naturally 
present in the cells/tissues through the distortion of the interactions between the drug and GO 
nanocomposite [53].   

2.2 Formation of copper/iron-GO nanoplatform 
The successful GO formation was confirmed through the characterization of its physico-

chemical properties by using SEM and UV-Vis absorption spectroscopy (Figure 1), Energy 
dispersive X-ray fluorescence (Figure 2, Tables 1,2), Raman scattering spectroscopy (Figure 3), 
X-ray powder diffraction (Figure 4, Table 3) and FTIR transmittance spectroscopy (Figure 6, 
Table 4). Synthesized GO has a broad size distribution of ~ 500 nm (r.s.d. ≈25%) (Figure 1a).   
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The thermal stability of GO 
The thermal stability of synthesized GO was examined during thermal treatment at 600°C 

at a rate 10°/min under O2 or N2 atmosphere via monitoring a substance mass loss as a function 
of temperature and was compared to the bulk graphite material. Thermogravimetric analysis 
(TGA) of synthesized GO was conducted to understand the transformation mechanism and phase 
processes of GO including decarboxylation, oxidation and reduction (Figure 1b).  

 
 
 
 
 
 
 
 

 
 

 
a b 

a – Size distribution diagram of synthesized GO; b – Thermogravimetric plot of GO and 
graphite in O2 or N2 atmosphere (the color coding presents TGA curves of GO after thermal 
treatment under O2 (red line, 1) and N2 (green line, 3) atmosphere; TGA curves of original bulk 
graphite after thermal treatment under O2 (black line, 2) and N2 (blue line, 4) atmosphere) 

Figure 1. Size of synthesized GO and its phase composition during decarboxylation, 
oxidation and reduction  

The mass loss, which was studied under O2, is attributed to the combustion processes, 
and under N2 – to the thermal decomposition of material. Synthesized GO undergoes combustion 
via a three stage process at ~58.4°C, ~213.6°C and ~599.1°C with the corresponding mass loss 
of ~16.08%, ~33.65% and ~44.23% leaving 6.05% of the residual mass. In contrast, the TGA 
curve of bulk graphite material does not exhibit any peak and its residual mass is 1.16%, 
demonstrating that the bulk graphite is of high quality. The residual mass of GO after 
combustion is about six times higher than of graphite because of the presence of small impurities 
such as P (≤0.07±0.01 at.%), S (≤1.31±0.10 at.%), Cl (≤0.18±0.01 at.%), K (≤0.04±0.01 at.%), 
Ca (≤0.05±0.01 at.%) and Mn (≤0.04 ± 0.01 at.%). At a temperature below ~70°C the structure 
of GO is retained and this temperature is often used to obtain a dried powder of GO. At ~58.4°C 
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GO loses ~16.08% of its mass because of the removal of the adsorbed H2O molecules. A strong 
vaporization of adsorbed H2O molecules and a partial exfoliation of GO take place in the higher 
temperature range from ~140°C to ~180°C. Much larger loss of the GO mass (~33.65% and 
~44.23%) occurs below 350°C due to the thermal removal and partial decomposition of oxygen-
containing functional groups such as carboxyl, OH, epoxy and carbonyl, [64] and also CO, CO2 
and O2 release [65]. The critical dissociation temperature of OH groups is about ~650°C and 
their full removal from the GO plane can occur only above this value, while epoxy groups 
remain even at ~700°C. In contrast, carboxyl groups tend to be slowly reduced at ~100-150°C, 
while carbonyl groups are much more stable, and their removal requires much higher 
temperature (i.e. > 600°C). 

The sudden mass loss of GO due to the thermal decomposition can be attributed to the 
removal of labile oxygen functional groups on plane surface, and ~48.08% of the mass loss at 
~343.1°C can designate the CO release under the N2 atmosphere. At ~400°C carboxyl groups are 
removed at the edge plane of GO but the carbonyls remain stable. At ~600°C the carbon skeleton 
undergoes combustion with the release of CO2 and CO under the O2 atmosphere. Overall, the 
following effects are observed: reduction of oxygen concentration and introduction of defects in 
reduced GO structure. Under N2 at ~600°C significant mass loss of the synthesized GO may 
signify the extent of defects in GO, which is mostly associated with the departure of the rest of 
carbonyl groups, resulting in GO of smaller size with wrinkled morphology [66]. This can be 
explained by the fact, that the decomposition of oxygen-containing groups also removes carbon 
atoms from the carbon plane, which splits the graphene sheets into small pieces and causes the 
distortion of the carbon plane. The thermal exfoliation may cause the structural damage of 
graphene sheets because of the release of CO2. 

Sonochemical functionalization of GO with Cu(II) and Fe(III) 
The main principle of GO functionalization with Cu2+ and Fe3+ precursor compounds by 

ultrasound and its subsequent complexation with pristine ketorolac is demonstrated in Figure 2. 
As a result, Cu/Fe-GO nanoplatform was synthesized at first step and ketorolac-Cu/Fe-GO 
nanomaterial – at the second step (Appendix 2). The ultrasonic synthesis was extended to the 
ketorolac-Cu-GO and ketorolac-Fe-GO formation following the proposed principle of 
nanostructure growth and NSAID complexation.   

Figure 3 shows representative SEM images of morphology of the synthesized GO, 
Cu/Fe-GO, Cu-GO and Fe-GO nanostructures (Figure 3). SEM analysis of nanomaterials 
revealed the change of GO nanosheets (Figure 3a) into elongated Cu-Fe-GO nanostructure in the 
shape of smaller grain rice of ~460 nm (r.s.d. ≈3%) (Figure 3b). The GO surface was decorated 
by spherical nanostructures in Cu-GO nanoplatforms (Figure 3c) and elongated rice-like 
morphology of ~580 nm (r.s.d. ≈16%) in Fe-GO (Figure 3d). 
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Figure 2. Schematic illustration of the principle of ultrasonic functionalization of 

synthesized graphene oxide (GO) in aqueous solution containing Cu2+ and Fe3+ precursor 
compounds followed by complexation with pristine ketorolac (20 kHz, 18 W/cm2, 3 min) 
 

These sonochemically formed morphologies are clearly distinct from nanoparticles that 
were ultrasonically grown on the external walls of sonicated multi-walled carbon nanotubes 
functionalized with the carboxylic acid groups from our previous studies [67]. In contrast to GO, 
those erbium carboxioxide nanoparticles appeared with the nonuniform geometry and a broad 
diameter distribution from 50 nm to 200 nm, the size being comparable to the highly fluorescent 
polymeric nanoparticles that exhibit the 4.5-fold increase in the quantum efficiency, when 
compared with the free dye molecules in water [68].  

Importantly, the presence of GO leads to the growth of nanoparticles with a more 
pronounced morphology that has a spherical or elongated rice-like shape than carbon nanotubes 
being used as template material. On the other hand, ultrasonic treatment with the carbon 
nanotubes yields smaller nanoparticles than those with GO. Presumably GO provides a larger 
surface area enriched with higher amount of oxygen containing chemical groups than carbon 
nanotubes resulting in enhanced nanoparticle’s growth with a more defined morphology. 

 
 



38 
 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 
a b 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 
c d 

 
a – synthesized GO; b – Cu/Fe-GO; c – Cu-GO; d – Fe-GO nanostructures  
Figure 3. Representative SEM images of GO and ultrasonically synthesized Cu/Fe-GO, 

Cu-GO and Fe-GO nanoplatforms (20 kHz, 18 W/cm2 intensity, 3 min of treatment)  
 

The crystalline structure of Cu/Fe-GO nanoplatform 
The phase composition of crystalline structure of Cu/Fe-GO nanoplatform was 

characterized by X-ray powder diffraction in comparison with pristine GO, Fe-GO and Cu-GO 
(Figure 4). XRD pattern shows the GO phase due to the presence of a characteristic peak at 
2θ=11.9° arising from (001) plane, demonstrating that GO has a layered structure and its 
calculated interplanar spacing is ~0.61 nm (Figure 4a). This strong diffraction peak is relatively 
broad as a result of very short range atomic coherence. Small XRD peaks of graphene at 
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2θ=25.8° from (002) plane and 2θ=42.7° from (100) plane infer a loss of coherence between 
graphene-like layers [ref. 45 Chapter 1].  
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 

a b 
a – XRD patterns of synthesized GO (1), Cu/Fe-GO (2) and Fe-GO (3) nanoplatforms; b 

– XRD pattern of Cu-GO nanoplatform 
Figure 4. X-ray powder diffraction patterns of GO, Cu/Fe-GO, Cu-GO and Fe-GO 

nanoplatforms (λKα1 (Cu) = 1,54 Å)  
 

The phase composition of Cu/Fe-GO is complex and consists of characteristic reflections 
(110) and (111) of cuprite Cu2O; (202) of tenorite CuO; (104), (110), (006), (113) and (214) of 
hematite α-Fe2O3; (422) of maghemite γ-Fe2O3; (120) of ε-Fe2O3; (002) of recently discovered 
Fe4O5[69]; (203) and (110) of covellite CuS; (332), (046) and (12 4 2) of Cu2S and (001) of GO 
(XRD pattern 2) (Figure 4a). In this nanoplatform the XRD (001) plane of GO is very weak, 
indicating large range atomic coherence. The relatively larger d-spacing of GO may also indicate 
the formation of oxygen-containing functional groups in metal oxides in the sonochemically 
modified GO [70]. Most prominent reflexes appear from (111) Cu(HCOO), (111) Cu2O, (110) 
CuS, (104) α-Fe2O3 and (422) γ-Fe2O3, indicating that synthesized nanoplatform indeed contains 
copper and iron oxides as well as copper sulfide. 

Analysis of EDX spectra reveals that Cu/Fe-GO is composed of C ~35.6 at.%, O 
~44.5 at.%, Cu ~1.7 at.%, Fe ~13.8 at.% and S ~2.6 at.% (Figure 5a, Table 1), in agreement with 
the XRD analysis (Figure 4a). For comparison, GO contains only higher amount of C 
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~58.7 at.%, but lower concentration of O ~39.5 at.% with the amount of sulfur being twice less 
than in Cu/Fe-GO.  

 

  
a b 

 
 
 
 
 
 
 
 
 

c 
a – synthesized Cu/Fe-GO (at U=20.3 kV); b – Cu-GO (at U=20.0 kV); c – Fe-GO (at 

U=20.0 kV) nanoplatforms 
Figure 5. Energy dispersive X-ray fluorescence spectra of Cu/Fe-GO, Cu-GO and Fe-GO 
 
These changes in the elemental composition can be attributed to the ultrasonic defect 

formation and intercalation of S in the carbon lattice of GO, the sonochemical redox reactions 
between copper, iron, sulfur and radical species, i.e. hydrogen acting as reductant, hydrogen 
peroxide, hydroxyl and oxygen acting as oxidants [5-8]. The dominant (111) XRD peak of Cu2O 
is relatively sharp, demonstrating the presence of a material larger than 5 nm in Cu/Fe-GO 
(Figure 4a). Very small (110) peak of Cu2O may result from nanocrystal partial reduction post 
synthesis involving diffusion of atoms and lattice expansion process, which may be limited to 
atom rearrangement and lattice/unit cell reconstruction yielding rich Cu2O phase (i.e. copper in 
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oxidized state). We assume that complete transformation of Cu2O to crystalline CuO does not 
occur because of the following possible reasons: i) sonochemical reactions involving reductants 
such as Na2S and radicals (i.e. H2·) and oxidants (i.e. OH·, H2O2·, HO2·); ii) there is a 
considerable energetic difference between the Pn3 group of Cu2O and monoclinic C2/c group of 
CuO structure; iii) Cu2O has the high-symmetry cubic and CuO has a low-symmetry monoclinic 
structure; iv) possible stabilization of the (I) oxidation state by the carbon network of GO and the 
present Fe3+ ions may take place. This carbon network of GO can be ultrasonically doped by S2- 
due the presence of Na2S resulting in the formation of reduced S-GO nanostructure, and later 
CuS synthesis through the sonochemical reduction of Cu(II). Indeed, XRD reveals CuS, Cu2O 
and CuO phases in Cu-GO nanoplatform, indicating that Cu(I) phase may be stabilized by the 
carbon lattice network of GO containing intercalated sulfur as a result of interaction with the 
sonochemically produced radicals, Cu2+ and S2- ions (Figure 4b). 

Table 1 
Elemental composition of synthesized Cu/Fe-GO, Fe-GO and Cu-GO nanosheets 

 
Sample C, at.% O, at.% Cu, at.% Fe, at.% S, at.% 

GO 58.7±5.6 39.5±5.2 - - 1.3±0.1 
Cu/Fe-GO 35.6±2.2 44.5±3.4 1.7±0.2 13.8±0.9 2.6±0.2 

Fe-GO 58.5±4.5 29.9±3.1 - 5.6±0.5 2.3±0.2 
Cu-GO 33.5±1.6 18.2±1.1 28.2±0.5 - 17.9±0.6 

 
The synthesized GO contains P, Cl, K, Ca and Mn at <1 at.%; Cu/Fe-GO has Mg, Cl and 

Ti at <1 at.% (Al 0.69 at.% and Si 0.58 at.% arise from the substrate on which the powder of 
nanoplatforms was placed); Fe-GO has Mg, Cl, K, Ca, Ti, Cr, Mn, Ni and Cu at <1 at.% (Al 
0.25 at.% and Si 0.90 at.% arise from the substrate); Cu-GO has Mg, Ca, Ti and Fe at <1 at.% Al 
0.91 at.% and Si 0.14 at.% arise from the substrate). 

Three crystal structures of Fe2O3: γ-ε-α as well as rare Fe4O5 phase were revealed in 
Cu/Fe-GO nanoplatform, showing that the phase transformation may take place depending on 
the particle size, temperature or pressure during the sonochemical synthesis [71-73]. Most of 
these XRD peaks are relatively small, but not significantly broadened, denoting the formation of 
nanoparticles smaller than submicron size, in agreement with the SEM in Figure 3b. The XRD 
pattern reveals α-Fe2O3 (≈80%) as the main phase along with γ-Fe2O3 (≈10%), ε-Fe2O3 (≈7%) 
and Fe4O5 (≈3%). In this iron oxide polymorph structure the most thermodynamically stable 
form is α-Fe2O3. Other metastable polymorphs can be stabilized during the decrease of the iron 
oxide crystallite size.  
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Another parameter is the reaction temperature: at 530°C all these polymorphs can be 
formed, while heating to 650°C may lead to the disappearance of γ-Fe2O3 and ε-Fe2O3 phases, 
and leaving α-Fe2O3 at 700°C. Such high temperatures can arise during the acoustic cavitation, 
which forms highly energetic hot spots upon the bubble collapse (T ≈5000 K and P ≈103 atm) in 
the bulk solution [6]. The existence of these conditions is confirmed by the presence of a high-
pressure and high-temperature polymorph of iron oxide Fe4O5, which is stable from 5 to at least 
30 GPa [69]. Fe4O5 can be readily synthesized at 10 and 20 GPa upon heating at 1500-2200 K. 
This recently discovered phase can result from the breakdown of magnetite into Fe4O5 and 
Fe2O3. The magnetite can be also formed as a result of transformation of γ-Fe2O3 under 600 K 
[74] and due to the sonochemical reduction of Fe3+ [75]. There is no β-Fe2O3 in Cu/Fe-GO, 
which can be a result of longer thermal treatment during sonication, indicating the existence of 
independent transition chain γ-Fe2O3 → ε-Fe2O3 → α-Fe2O3. Other factors such as increase of 
the α-Fe2O3 particle size may contribute to the formation of the β polymorph [76].  

XRD discloses (001) plane of GO and the following phases (110), (006) and (214) α-
Fe2O3; (120) and (330) ε-Fe2O3; (440) β-Fe2O3, (100) and (210) FeS along with (100) graphene 
in Fe-GO nanoplatform (Figure 4a). In contrast to Cu/Fe-GO, in XRD pattern of Fe-GO the 
(100) plane of GO disappears and (001) plane of GO appears as intense and broad reflection, 
indicating the layered structure of nanomaterial with a very short range atomic coherence. Strong 
XRD (001) peak is characteristic of GO because it shows oxygen containing functional groups 
on carbon sheets. To note, the γ-Fe2O3 phase was not revealed in XRD pattern. The presence of 
polymorph metastable ε-Fe2O3 and β-Fe2O3 phases, which exhibit relative intensity comparable 
to that of the α-Fe2O3 phase may result from high heating/cooling rates (i.e. >107 K/s) during 
acoustic cavitation, which can lead to the partial or complete amorphization or recrystallization 
of material [77]. The layered structure of GO doped by Fe3+ ions may act as a buffer against 
transition to the α-Fe2O3 phase in aqueous solution. The existence of the transition chain ε-Fe2O3 
→ α-Fe2O3 without γ-Fe2O3 shows effects of high temperature during the sonochemical 
synthesis. Typically ε-Fe2O3 is an intermediate polymorph between γ-Fe2O3 and α-Fe2O3. The 
formation of the γ-Fe2O3 phase requires the presence of Fe3O4 at 300°C, but XRD does not 
reveal this phase in material [78] because of the absence of Fe4O5 [69]. On the other hand, there 
is a FeS phase, which is a very stable crystalline phase even at 800°C and under pressure of up to 
several GPa. Presumably FeS may be formed according to the mechanism similar to copper 
sulfide, in agreement with our recent work. In this way, the difference in the composition 
between copper- and iron-modified-GO may be attributed to the characteristic electrochemical 
potential of Cu (0.153 J/mol) and Fe (-0.037 J/mol), implying that more energy may be required 
for the reduction of Fe3+.  
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In Figure 4b the crystalline phases in Cu-GO nanoplatform are indicated by black arrows 
as following (001) of Cu(HOOC) at 2θ=14.5; (101) of CuS at 27.6, (102) at 29.2, (103) at 31.9; 
(002) of CuO at 34.9, (111) at 38.4, (200) at 40.0; (200) of Cu2O (at 42.1), (108) at 52.8(200) at 
55.1; and (116) of CuS at 59.0; and (-113) of CuO at 62.7 according to the database listed in the 
Table 2. Red arrows indicate strong peak at 2θ=46.4 being assigned to the (-112) plane of CuO 
considering its shift from 2θ=48.8.  

Table 2 
X-ray powder diffraction data of crystalline phases obtained from American Mineralogist 

Crystal Structure database 
 

Crystalline phase Database 
Cuprite Cu2O amcsd № 0007351 and JCPDF № 78-2076 
Tenorite CuO amcsd № 0018812 and JCPDS № 80-1917 
Covellite CuS amcsd № 0000065 and JCPDS № 79-2321 

Chalcocite Cu2S amcsd № 0019203 
Cu(HOOC) amcsd № 0012979 

Cu amcsd № 0011145 
 
The surface chemical composition and bonding in Cu/Fe-GO nanoplatform 
The surface chemical composition and bonding of synthesized GO, Cu-GO, Cu/Fe-GO 

and Fe-GO nanoplatforms was studied by X-ray photoelectron spectroscopy (Figure 6). Analysis 
of XPS spectra revealed that GO is mainly composed of carbon and oxygen containing surface 
groups at atomic ratio C/O=1.7 (Table 3) and a small amount of S (~0.6 at.%) (Figure 6a). The 
identified surface groups can be assigned to carbonyl (R-C=O-R'), epoxide (R-C-O-C-R') and 
carboxyl (C(=O)OH) [79].  

As the C/S ratio is relatively high ~105, presumably the carbon lattice is not intercalated 
by S and sulfur undergoes oxidation during ultrasonic dispersion of GO in the aqueous solution. 
Sulfur has several oxidation states and tends to stabilize into SO4 (O/S ratio ~62). The lower 
energy C1s line at ~284.5 eV (C-C bond in each nanomaterial) is assumed to be rather generic 
aliphatic than graphitic carbon (~284.0 eV) [80]. Another C1s component at ~286.7 eV (in each 
nanomaterial) is attributed to the π-π* shake-up bands of the highly aromatic 18π electron system 
and can be assigned to the C-O bond. The OH group may also present in the GO structure 
because its C1s binding energy is similar to the epoxide group (C-O-C) [81].  
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a b 

a – XPS C1s spectra of synthesized GO (1), Cu-GO (2), Cu/Fe-GO (3) and Fe-GO (4); b 
– XPS O1s spectra of these nanomaterials, respectively. The curve fitting of the C1s and O1s 
XPS spectra was performed using a Gaussian-Lorentzian peak shape after performing a Shirley 
background correction. The color coding represents raw spectra (black) and their fits (red), and 
fitted peak components are shown in other colors. 

Figure 6. X-ray photoelectron spectra of synthesized GO, Cu-GO, Cu/Fe-GO and Fe-GO 
nanoplatforms 

 
The lower energy C1s line is indicative for the carbon atoms with sp2-hybridization in 

graphite consisting of the hexagonal network of parallel carbon layers with covalent C-C bonds. 
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The C1s component at ~ 288.4 eV (present in each nanomaterial) is indicative for the oxidized 
surface containing higher amount of oxygen (Figure 6a). The higher energy C1s component is 
attributed to the carbon atoms with sp3-hybridization in a typical diamond structure. Overall, the 
ratio of all samples is higher with the sp3 hybridized carbon chemical state that is related to a 
diamond structure with a C-C bond length ~0.15 nm.  

Table 3 
Atomic concentration (at.%) estimated from peak areas corrected by the sensitivity factor 

for the chemical bonds derived from the XPS spectral lines of synthesized GO, Cu-GO, Cu/Fe-
GO and Fe-GO nanoplatforms 

 
C, at.% C O Fe Cu S Na 

GO 62.8 36.7 - - 0.6 - 
Cu-GO 61.3 29.2 - 3.8 3.8 1.4 

Cu/Fe-GO 15.7 55.2 24.2 1.2 3.1 - 
Fe-GO 65.2 27.1 4.9 - 0.9 1.6 

 
The lower C/O atomic ratio ~0.3 of Cu/Fe-GO indicates the excess of oxygen and 

oxygen-containing compounds involving both copper and iron, and a much lower amount of 
carbon (Table 3). In Fe-GO and Cu-GO the amount of carbon is twice higher than oxygen (C/O 
~2.4 and 2.1), but their surface enrichment with copper or iron oxides is comparable (O/Cu ~8 
and O/Fe ~6). The increasing loss of oxygen from Cu-GO to Fe-GO could be associated with the 
oxygen-deficient regions (i.e. vacancies) [82,83] and the S ion doping effect. In contrast to GO, 
the binding energy of the C-C band in each type of nanomaterials shows another component at 
higher values ~285 eV (aromatic carbon), indicating that the separation between C and other 
atoms decreases. The binding energy of this second C-C component is systematically shifted by 
~0.1 eV to the lower values being at ~285.5 eV (in Cu-GO), ~285.4 eV (in Cu/Fe-GO) and 
~285.3 eV (in Fe-GO). In general the peak at 285 eV corresponds to the C-O or C-S suggesting 
that S ion can be intercalated into the carbon lattice. To note, in Cu-GO and Fe-GO a small broad 
C1s component peak at ~290.5 eV discloses copper or iron carbonaceous compounds or their 
sulfides bound to the carbonyl groups of GO [84]. It will be proven later in the text that this peak 
cannot be assigned to the presence of CuCO3, FeCO3 or iron-hydroxyl carbonate Fe(OH)2CO3.  

In Figure 6b the XPS O1s line in GO is introduced by two components: main peak at 
~532.6 eV (C-O/C=O) and minor peak at ~531.6 eV (SO4). In Cu/Fe-GO the O1s line is 
composed of four components being assigned to Fe2O3 and Cu2O (~530.2 eV), SO4 (~531.5 eV), 
C-O/C=O (~532.5 eV) and OH (~533.7 eV). We assume that the surface of Cu/Fe-GO is more 
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enriched with oxygen (C/O ~0.3) and sulfur (C/S ~5) than in Cu-GO or Fe-GO, in contrast to GO 
(Table 3). Cu/Fe-GO nanoplatform contains more iron than copper (Fe/Cu ~20), which is bound 
to sulfur (S/Fe ~0.1) and oxygen (O/Fe ~2), implying the presence of FeS (i.e. Fe2+S2-) and 
FeOOH compounds. Cu/Fe-GO may also contain Cu+Fe3+S2 and Cu+Fe2+Fe3+S3 because S/Cu 
~2.6 and also Cu-CO(O) and CuO because O/Cu ~46 and C/Cu ~13 (Table 3). For comparison, 
Cu-GO can contain CuS (S/Cu ~1) and CuO (O/Cu ~8). The carbon lattice can be intercalated 
with a greater amount of sulfur in Cu-GO than in Fe-GO because C/S ~16 and ~72, respectively. 

It can be ascertained that in Fe-GO iron hydroxides and oxides such as Fe3+O2-(OH)-, 
Fe2+(OH)2

-, Fe3+(OH)3
-, Fe2O3 and Fe2+O2- may be also present. In Cu-GO and Fe-GO XPS 

spectra confess the appearance of Na KLL Auger lines at 534-541 eV that overlap with O1s, 
suggesting the presence of NaOH and Na2SO4. In Fe-GO FeS with Fe2+ and S2- oxidation states 
and SO4 can be formed. We expect that the presence of negligible amount of sodium compounds 
in both Cu-GO and Fe-GO may be also contributed by the acoustic cavitation impact on the glass 
walls of a reaction vessel due to diffusion processes [85,86], in addition to the sonochemical 
reactions involving Na2S and radical species. The XPS Cu2p lines reveal main component peaks 
for the Cu+ (designated as Cu (I)) in Cu-GO and Cu/Fe-GO, proving the formation of Cu+S-, 
Cu2

+S2- and Cu2
+O2- (Figure 7a). 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
a b 

a – XPS Cu2p spectra of synthesized Cu-GO (2) and Cu/Fe-GO (3); b – XPS Cu LMM 
Auger spectra of these nanoplatforms  

Figure 7. X-ray photoelectron spectra of copper in synthesized Cu-GO and Cu/Fe-GO  
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The existence of the Cu+ state in Cu-GO and Cu/Fe-GO was also confirmed by the Cu 
LMM Auger line at ~918 eV (Figure 7b). The possible formation of metallic copper cannot be 
excluded because its binding energy values are at ~933 eV and ~952.75 eV [87]. It is suggested 
that no CuCO3 or Cu(OH)2 are produced because their binding energies for the Cu2p3/2 and 
Cu2p1/2 lie at higher values, i.e. ~935 eV and ~955 eV in Cu-GO, and ~937 eV and ~957 eV in 
Cu/Fe-GO. The appearance of CuCO3 is associated with the C1s peak at ~287.5 eV and O1s at 
~533.9 eV, which are not observed in either Cu-GO or Cu/Fe-GO. In addition, the formation of 
CuSO4 and Cu3(SO4)(OH)4 can be excluded because the XPS Cu2p also have higher binding 
energy values (~935.2 eV and ~955.0 eV) [84]. Small broad peak at ~934.8 eV and shake-up 
components at ~943.5 eV and ~963.8 eV appear only in Cu-GO, disclosing the Cu2+ state [84, 
87, 88], which can be attributed to the formation of Cu2+S2 and Cu2+O2- [89-92]. High 
temperature (~ 800°C) may lead to the appearance of Cu2O preventing CuO formation [93]. On 
the other hand, the reduction of CuO to Cu2O may be expected from the decomposition to Cu2O 
at >1073°C [94], i.e. conditions of hot spots during acoustic cavitation [95]. 

The XPS Fe2p line reveals a doublet at ~711.6 eV and ~725.6 eV in Cu/Fe-GO and Fe-
GO, denoting hydrated iron oxide [96] or ferric oxidation products [97] (Figure 8).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 8. X-ray photoelectron spectra of iron in Cu/Fe-GO (3) and Fe-GO (4) 
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This doublet may be indicative for Fe2+O2-, hematite α-Fe2O3 (~711.4 eV), γ-Fe2O3 
(~711.8 eV), hydroxyl-oxide FeO(OH) that may have an intermediate composition between 
goethite α-FeOOH (711.8 eV) and α-Fe2O3 [98]. Small satellite peaks (at ~719.8 eV and 
~733.2 eV) appear only in Cu/Fe-GO, designating for Fe3+ in FeO(OH) and Fe2O3. The 
magnetite phase is not detected on the surface of neither Cu/Fe-GO nor Fe-GO, in agreement 
with the XRD data (Figure 4a). Usually the formation of magnetite requires low temperature 
(<100°C) and reducing conditions, meaning low or no-oxygen environment. The presence of the 
sulfate ion may lead first to the formation of iron oxyhydroxysalts followed by transformation 
into goethite [99], which is a product of pyrite oxidation [100]. Pyrite oxidizes to produce S and 
SO4, and the formation of S is restricted to the order of a monolayer in basic aqueous solution. 
Products of pyrite dissolution in alkaline medium are hematite α-Fe2O3 and ferrihydrite. Cu/Fe-
GO and Fe-GO contain hematite, whilst ferrihydrite can be produced only in Fe-GO because of 
the higher O/Fe ratio ~6 in Fe-GO and ~2 in Cu/Fe-GO. Reduction of iron hydroxide in the 
presence of S leads to the formation of iron sulfide. Iron hydroxide can be formed on the pyrite 
surface in Fe-GO because of stronger OH peak relatively to O. 

Formation mechanism of Cu/Fe-GO nanoplatform 
The synthesis of Cu/Fe-GO is conducted in three successive steps: 1) ultrasonic treatment 

of the synthesized GO with Na2S acting as a strong reductant; 2) sonication of pretreated GO in 
aqueous solution of Cu2+ and Fe3+ ion precursors; 3) sonication of Cu/Fe-GO with Na2S.  

In the first step water undergoes sonolysis, producing free H· and OH· radicals and their 
recombination products such as molecular hydrogen (H2) and hydrogen peroxide (H2O2). In an 
oxygenated aqueous solution, additional H2O2 may be formed by a route involving hydroperoxyl 
(HO2) radical. These radical species are not scavenged as no additives were added during the 
synthesis. Treatment of GO with Na2S leads to the reduction of GO and intercalation of S ions 
into the carbon lattice, yielding S-rGO with a C-S bond acting as a mild oxidizer. S is most 
probably intercalated in the carbon lattice of GO by substitution with oxygen and this reaction is 
enhanced by acoustic cavitation (jets, shock waves, capillary waves) [85]. Oxidation of 
unreacted S forms SO3 followed by SO4 through the nucleophilic reaction between the surface 
OH and epoxy groups of GO.  

In the second step Cu2+ and Fe3+ can react with the S-rGO, sulfate ions (adsorbed on GO) 
and sonochemically formed radical species. Metal ions can react with sonochemically produced 
H· (reductant) and a number of oxidizers such as OH·, H2O2 and O2· and lead to the oxidation of 
copper and iron in the form of oxides or hydroxides. According to the oxidation potentials of Cu 
and Fe [89], Cu2+ can remain in its oxidation state as Cu+ is not stable in the presence of Fe3+. 
According to the standard chemical potentials of Cu and Fe [90], Cu2+ and Fe3+ can react with S 
and undergo oxidation, yielding copper and iron oxides/sulfides and iron hydroxides. The 
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structure of CuS can be introduced by trigonal Cu ion bridge Cu3S-CuS3 with the disulfide layer 
(S-S). Oxidation of CuS produces sulfates. Pyrite oxidation in alkaline medium (our solutions 
have pH=10) causes reduction of Fe2+ and formation of SO4 [96]. Product of pyrite oxidation is 
Fe3+ oxyhydroxide, i.e. goethite α-FeOOH [100]. In addition, ultrasound also causes dissolution 
and hydrolysis of chemical substances [101], whilst oxidation and dissolution reactions are not 
well-distinguished processes.  

In the third step sonochemical reactions proceed with the excess amount of a strong 
reductant (Na2S/Me molar ratio is ~100) meaning that the dominant process will be reduction. 
Faster and easier reduction will proceed at higher values of the standard chemical potential of 
metals, i.e. the reduction from ferric Fe3+ to ferrous Fe2+ will be faster and more favorable than 
from Cu2+ to Cu+, while formation of metallic compounds (i.e. Fe0 and Cu0) will proceed very 
slowly. Sonochemical reduction may also lead to the formation of binary compounds such as 
Cu+Fe3+S2 (chalcopyrite) and Cu+Fe2+Fe3+S3 (cubanite), taking into account similar system with 
Ag [101]. Strong reducing conditions will lead to the formation of iron hydroxide, which may 
have an intermediate composition between α-FeOOH and α-Fe2O3 (at pH=10). Outer hydrous 
FeOOH may act as a matrix for the Fe3+/Fe2+ reactions. In this case possible reaction products 
could be Fe2O3, Fe(OH)2, Cu2S and Cu2O. 

2.3 Ultrasonic complexation of ketorolac with Cu/Fe-GO nanoplatform 
Raman scattering spectroscopy was applied to examine the formation of ketorolac-Cu/Fe-

GO nanoparticles (Figure 9). Raman spectrum 4 of ketorolac-Cu/Fe-GO is compared with 
pristine GO (spectrum 1), ketorolac-GO (spectrum 2) and ketorolac-Fe-GO (spectrum 5). All 
these Raman spectra except of GO show characteristic peaks of ketorolac as indicated by green 
arrows, but with different intensities depending on the type of nanoplatform. In particular, the 
most prominent Raman bands of ketorolac appeared at ~1002 cm-1 of βHCC bending (in 2-4); 
shifted at ~1278 cm-1 of {γCC+βHCC} stretching and bending (3) and ~1258 cm-1 of 
{τHCCC+βHCC} (4); ~1328 cm-1 of {γCC+βHCC} stretching and bending (2-5); shifted at 
~1423 cm-1 (2) and ~1432 cm-1 (3-5) of {βHCH+γNC+γCC}; shifted at ~1459 cm-1 (2) and 
~1472 cm-1 (3) and 1469 cm-1 (4); ~1524 cm-1 (2-4) of βHCC bending; shifted ~1555 cm-1 of γCC 
stretching (2-4) and shifted at ~1622 cm-1 (2-5) of {γCC+βHCC} stretching and bending, in 
agreement with literature [102, 103]. Most of these peaks became broader and less defined in 
ketorolac-Fe-GO. The prominent Raman peaks from the ketorolac at 1328 cm-1 and 1622 cm-1 
appear as strong bands in all nanomaterials. The band of ketorolac at 1328 cm-1 develops closer 
to the D band of GO, and its stronger delocalization illustrates the significant contribution by 
carboxylate groups. Another band of ketorolac at 1622 cm-1 is shifted towards the G band of the 
GO and appears as a shoulder in all samples, perturbing the G peak, indicating particular binding 
or complexation mechanisms, which we cannot distinguish at the moment.  
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Next, we were interested in understanding why explicit Raman peaks of ketorolac appear 
as multiple bands in ketorolac-Cu/Fe-GO than in ketorolac-Cu-GO or ketorolac-Fe-GO 
nanomaterials. Heretofore the functioning mechanism of ketorolac (like many other NSAIDs) is 
not completely understood, but may be related to prostaglandin synthesis inhibition. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 9. Raman scattering spectra of synthesized GO (1), ketorolac-GO (2), ketorolac-

Cu-GO (3), ketorolac-Cu/Fe-GO (4) and ketorolac-Fe-GO (5) (At least five Raman spectra were 
collected with 10 s of integration time for an individual spectrum acquisition at 6x10-3 W laser 
power, λexc=633 nm) 

 
It is accepted that the biological activity of ketorolac tromethamine is associated with the 

S-form having analgesic activity. We found a model dye, S-containing methylene blue (MB) that 
is Raman active and has a similar chemical structure to the ketorolac that can be used for the 
sonochemical complexation with Cu-GO, Cu/Fe-GO or Fe-GO nanoplatforms to reveal the 
binding mechanism of this drug under acoustic field. In contrast to ketorolac, Raman spectra 
show multiple characteristic peaks of MB after sonochemical intercalation into Cu-GO, Cu/Fe-
GO and Fe-GO nanoplatforms (Figure 10). Intense Raman peak at ~447 cm-1 is attributed to the 
δ(C-N-C) skeletal bending band of MB, indicating that the dye molecules were adsorbed on the 
surface of GO nanoplatforms [104]. The shifted small Raman peak (~600 cm-1) designates δ(C-S-
C) vibration, suggesting that sonochemical intercalation of MB into nanoplatforms may access 
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via the linkage with S and the carbon lattice or via the complexation with CuS or FeS sites 
including interaction with the sulfate groups. Negligible Raman peaks positioned at 677 cm-1 and 
~1039 cm-1 may signify the out-of-plane bending γ(C-H) and β(C-H), and at ~1183 cm-1 may 
specify the stretching ν(C-N) bond of MB, suggesting the in-plane intercalation of MB into the 
GO carbon network structure.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 10. Averaged Raman scattering spectra of synthesized GO (1) and methylene blue 
(MB) after ultrasonic complexation with Cu-GO (2), Cu/Fe-GO (3) and Fe-GO (4) (10 s of 
integration time, 6x10-3 W, λexc=633 nm). The inset shows the chemical structure of MB. 

 
In these spectra strong Raman bands of MB appear at ~1326 cm-1 and ~1396 cm-1 being 

assigned to α(C-H) in-plane ring deformation, at ~1431 cm-1 and ~1441 cm-1 designating νasym(C-
N) and at ~1624 cm-1 demonstrating ν(C-C) ring vibration. These Raman bands develop 
shoulders at ~1360 cm-1 and ~1606 cm-1 corresponding to the characteristic Raman D and G 
bands of GO, evidencing successful intercalation of MB into all three types of nanoplatforms.  

2.4 Stability of ketorolac-Cu/Fe-GO nanoparticles 
The stability of ketorolac-Cu/Fe-GO nanoparticles was examined through the changes of 

the characteristic Raman band of ketorolac (~1328 cm-1) before and after incubation in aqueous 
solutions adjusted to one of the following pH values 1, 5 and 8 (Figure 11). These pH values 
were chosen in accordance with the pH values of human gastric juice in stomach (~1.5-3.7) 
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[105], lysosomes (~4.3-5.3) [106], urine (~5.9-6.7) [107], duodenum (~6.0-8.0) [108] and 
pancreas or insulin secretion (~5.0-10.5) [109].   

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 11. Plot of normalized intensity of prominent Raman peak of ketorolac 

(~1328 cm-1) complexed with GO (1), Cu-GO (2), Cu/Fe-GO (3) or Fe-GO (4) before and after 
incubation in aqueous solution adjusted to one of the following pH values: 1, 5 and 8. 
Experimental data (dots of different shapes and color coding) are fitted with the exponential 
decay curves according to the mathematical equations y1=3+794e(-x/0.5), y2=3+1132e(-x/0.4), 
y3=5+521e(-x/0.6) and y4=2+1.6e(-x/0.1), where the calculated decay constants are 0.6 (ketorolac-
Cu/Fe-GO), 0.5 (ketorolac-GO), 0.4 (ketorolac-Cu-GO) and 0.1 (ketorolac-Fe-GO).  

 
Release of ketorolac from GO-based nanoplatforms was compared to the pristine GO 

with the aim to find out the usefulness of Cu, Cu/Fe or Fe compounds in the binding to ketorolac. 
Overall the Raman intensity of ketorolac in each GO material monotonically decreases following 
the exponential decay curve if the pH of aqueous solutions was increased from 1 to 8. From the 
values of the peak intensity at maximum conditions of the precipitant one can estimate the peak 
intensity decay values from the drops of supernatant at the studied pH values in terms of the 
approximate amount of the unreacted ketorolac (in mg) after incubation (Table 4). The rate of 
Raman intensity decay of ketorolac depends on the type of GO nanoplatform over the selected 
pH range. In particular, the decay constant of Cu/Fe-GO is higher (~0.6) than of Fe-GO (~0.1), 
suggesting the faster release of ketorolac from Fe-GO amongst all types of GO nanoplatforms 
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starting from low pH values. In contrast, ketorolac is still entrapped in Cu/Fe-GO carrier at 
acidic conditions and slowly disintegrates at pH values increased to 8. 

Table 4 
Values of the residual mass of the unreacted ketorolac in the aqueous solution of 

ketorolac-GO (m1), ketorolac-Cu-GO (m2), ketorolac-Cu/Fe-GO (m3) and ketorolac-Fe-GO (m4) 
nanoparticles after the incubation at one of the pH values 1, 5 or 8, estimated by using Raman 

peak intensity 1328 cm-1 
 

pH m1, mg m2, mg m3, mg m4, mg 
1 0.43 0.34 0.68 0.08 
5 0.21 0.11 0.22 0.07 
8 0.04 0.09 0.19 0.05 

 
The disintegration of ketorolac from pristine GO and Cu-GO is comparable with a decay 

constant being 0.5 and 0.4, suggesting that the complexation of ketorolac with Cu in the carbon 
structure of GO enriched with oxygen compounds is important for drug retaining. This action is 
strengthened by the presence of both Cu and Fe compounds in Cu/Fe-GO. In addition, at pH=5 
and 8 the surface of GO is enriched with COO- groups and GO becomes more hydrophilic, while 
the drug is hydrophobic, meaning that the trapped ketorolac in the GO will stay in the fluid flow 
for extended period of time. This finding suggests that ketorolac intercalated into the Cu/Fe-GO 
nanoparticles may survive aggressive gastric medium avoiding harmful action on stomach cells 
and most probably stay in the flow of aqueous medium for the targeted delivery.  

 
⃰  ⃰  ⃰  ⃰  ⃰  

The presented results allow us to draw the following conclusions: 
1. Ultrasonic functionalization of preformed GO with Cu2+ and Fe3+ cations results in 

formation of Cu/Fe-GO nanoplatform with improved semiconductor properties due to 
a complex crystalline structure being composed of CuS, Cu2O and CuO with α-, γ-
Fe2O3 and Fe4O5 phases. 

2. We proposed an approach of microspheres with a core-shell structure to study the 
charge transfer process of an organic substance complexed with the Cu/Fe-GO 
nanolatform. 

3. Ketorolac that is ultrasonically complexed with Cu/Fe-GO nanoplatform disintegrates 
at the slowest rate in aqueous medium at pH=8 in contrast to that from Cu-GO or Fe-
GO nanoplatforms. 
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CHAPTER 3 FUNCTIONALIZATION OF DICLOFENAC THROUGH 
ULTRASONIC COMPLEXATION WITH GRAPHENE OXIDE COATED COPPER 

OXIDE NANOPARTICLES 
 

Based on analysis of NSAIDs, it was postulated that an effective antirheumatic agent 
should have the following characteristics: acidity constant between 4 and 5, a partition 
coefficient of approximately 10, and two aromatic rings twisted in relation to each other [1]. For 
example, sodium diclofenac inhibits cyclooxygenase COX-2 enzyme with greater potency and 
retains antidepressant and anxiolytic response in patients with pain. Such enhanced efficiency of 
this drug amongst other NSAIDs is ascribed to the chemical structure that is introduced by a 
phenylacetic acid group, a secondary amino group, and a phenyl ring containing chlorine atoms, 
which cause maximum twisting of the ring (Figure 1). The chlorine atoms cause maximal 
twisting of the phenyl rings acting as chief points of biotransformation of diclofenac with the 
corresponding hydroxy derivatives being found as metabolites.   

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
a b 

 
a – the structural elements of sodium diclofenac per se; b – the crystalline structure of 

diclofenac molecule with the phenyl rings being twisted at an angle of torsion α=69°and the 
intramolecular hydrogen bond δ between the carboxyl oxygen and the amino hydrogen adapted 
from ref. [1]. 

Figure 1. The electronic-molecular structure of pristine sodium diclofenac 
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3.1 The properties of Cu-complexes of diclofenac 
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 [2]. Prolonged 
administration of diclofenac causes severe dose-dependent gastrointestinal injury [3,4] and leads 
to serious cardiovascular and renal side effects [5]. The modulation of the n-π* interaction and its 
interrelation with the H-bonding can improve the biological activity of diclofenac. Such 
modulation has been realized in liquid-filled soft gel capsules [6] or submicron particles in a 
tablet to treat osteoarthritis, rheumatoid arthritis, and cancer-related pain [7,8]. In consequence, 
modified diclofenac caused fewer digestive and central nervous system-associated side effects.  

It has been shown that the anti-inflammatory activity of many NSAIDs can be 
significantly improved through their metal complexes. Metal complexes and metallodrugs are in 
the existent clinical use to treat inflammation ailment, diabetes, bacterial infections and many 
types of cancer [9-12]. 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 [13]. Nowadays both in vitro and in vivo studies confirm the enhanced anticancer and 
anti-inflammatory effects of Cu(II)-NSAIDs complexes [14]. The Cu(II) complexes of 
diclofenac exhibit good antitumor and antimicrobial activity [15]. For example, tetranuclear 
copper(II) 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 [16].  

Diclofenac is bonded to the central Cu atom through the carboxyl groups and can 
constitute an important element of commercially available anti-inflammatory drugs since 2001 
[17]. However, most of the existing Cu(II)-NSAID complexes have weakly bound carboxylic 
acid ligands and can easily dissociate favoring the interaction of O2· radicals with the free sites 
of copper. Therefore, it is necessary to understand the electronic molecular surface structure of 
Cu(II)-NSAID complexes and define their ionization form in aqueous solution at different pH 
values. The solubility, bioavailability, absorption and cell penetration of drug to the site of action 
are strongly correlated with the H-bond formation and depend on the ionization form of the 
pharmaceutical compound [18]. Nonionized species of the drug compound are major forms in 
the stomach and in the upper small intestine [19]. Drug molecular compounds undergo ionization 
to different extents in various parts of the body and this process is pH-dependent. 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. An oral drug should follow the Lipinski “rule of five” to be 
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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 [20].  

3.2 The role of CuO and GO for functionalization of diclofenac 
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 [21,22]. Among nanoscale carriers GO is 
biocompatible [23], bactericidal [24] and can provide high surface area enriched with carboxyl, 
carbonyl, hydroxyl and lactone groups useful for the complexation with copper [25]. The 
operation of CuO nanoparticles lie beyond their antibacterial effects [26] because of specific 
optical [27], electrical [28], and magnetic [29] morphology-dependent properties that can be 
beneficial for pharmaceutical purposes. The mergence of CuO and GO into a single 
nanoplatform significantly improves antibacterial activity [30], enhanced anticancer catalytic 
sensing [31] and specific binding ability of drugs [32]. The improved antibacterial effects of such 
a nanoplatform arise from Cu ions release from the CuO surface and enhanced formation of 
reactive oxygen species (ROS) at the contact with GO (e.g. H2O2, OH·, O2

-) resulting in 
deformation of cellular biomolecules such as proteins, fats, DNA and RNA and, as a 
consequence, destruction of cellular membrane in bacteria and microbes [33].  

The size, morphology and crystallinity of CuO nanostructures are equally important to 
control their properties of light absorption and catalytic activity [34]. Different synthetic methods 
were developed to control the properties of CuO nanoparticles such as sonochemical [35], sol-gel 
[36], electrochemical [37], laser ablation [38] and chemical precipitation [39]. The size of CuO 
nanoparticles can be precisely controlled from 4 nm to 10 nm by using the methods of 
electrochemical, chemical precipitation or sol-gel synthesis, and from 20 nm to 30 nm by 
applying the sonochemical technique. Electrochemical method is based on reactions taking place 
between the electrode and electrolyte. Therefore the final product is formed in a small amount at 
the surface of electrode. Despite this drawback the electrochemical method allows a very precise 
control over the size and morphology of CuO nanoparticles by adjusting reaction temperature, 
synthesis duration, current density and voltage. Sol-gel method is the most widespread thanks to 
the simplicity of operation and speed of obtaining of final product with the required size and 
morphology. The advantage of this method is the possibility of formation of stable nanoparticles 
with the desired morphology in the absence of additional chemical substances to control the 
colloidal stabilization.  

The optical properties of CuO nanoparticles can be predicted in the use of thermal 
treatment, e.g. at T=400±1°C [40], and through the control over size and morphology [41]. The 
electrical conductivity of CuO nanoparticles increases if their diameter is increased up to 95 nm, 
also at higher temperature and concentration of colloids. Mechanical strength and capacity of 
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CuO nanoparticles can be ameliorated via mergence with graphene [42]. Overall the improved 
properties of CuO-graphene based nanoplatform depend on the morphology design, at which 
CuO nanoparticles are coated by a thin layer of graphene acting as elastic buffer. Oxidized 
graphene at the contact with CuO exhibit improved catalytic activity in hydrogenation reactions 
of nitrogen-containing aromatic compounds [43]. In particular, CuO-GO exhibits high efficiency 
of reduction of 4-nitrobenzine and conversion of 4-aminobenzine. Enhanced catalytic property of 
CuO-GO is explained by a synergetic effect between CuO and GO [44]. CuO-GO can be used as 
efficient and environmentally friendly catalyst of a one-step reaction of a new compound based 
on flavanone and its complexation with triazole [45]. Compounds of flavanone exhibit a wide 
range of biological and pharmaceutical properties such as antiviral, anticancer, anti-
inflammatory, antioxidant and antiallergic as triazole molecules do. Up to date, CuO-GO has 
never been used as nanoplatform for direct functionalization of NSAID, e.g. diclofenac, and their 
interaction remains unexamined.  

Among many techniques a sonochemical method especially stands out because of unique 
physico-chemical effects produced by ultrasound in aqueous solution during acoustic cavitation 
[46,47]. 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 [48,49]. 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 diclofenac is 
not revealed. 

3.3 Formation of CuO-GO nanoplatform 
As the interface dominates the structure and function of the material, 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 the synthesized GO was used for the 
coating of CuO nanoparticles and ultrasonic (20 kHz) functionalization with diclofenac per se. 
The ultrasonically formed CuO-GO nanoplatform has 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]2- (Figure 2a).  

The DLS histogram exhibits a unimodal size distribution of CuO-GO with a single peak 
at ~342±160 nm (Figure 2b). The surface charge has a positive ζ-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=5.42 [51] (Figure 2с). 
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a b c 
a – representative SEM image of synthesized CuO-GO (scale bar is 2 μm); b – DLS 

histogram of size distribution of CuO-GO; c – Zeta potential plot of CuO-GO. 
Figure 2. The morphology, average size and surface charge of synthesized CuO-GO 
 
As next, the electronic molecular structure of CuO-GO was examined in comparison with 

GO and CuO colloids by using the UV-Vis absorption spectra (Figure 3).  
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 3. The UV-Visible absorption spectra of aqueous solutions of GO (1), CuO (2) 

and CuO-GO (3)  
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GO exhibits a strong narrow absorption band at ~243 nm (5.10 eV) due to the 
πC=C→πC=C* transition in aromatic rings and a smaller broader peak at ~320 nm (3.88 eV) as a 
result of the nC=O→πC=O* transition.  

In contrast to GO, the absorption spectrum of CuO-GO nanoplatform is more complex 
and exhibits multiple peaks with most prominent maxima at ~268 nm (4.63 eV), ~335 nm 
(3.70 eV) and a very strong band at ~744 nm (1.67 eV). The first two 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 [52]. An 
absorption band near ~744 nm is attributed to the electronic excitation of solvent molecules [53].  

The first absorption peak in the CuO-GO nanoplatform is red shifted, indicating a 
reduction of GO. The second absorption peak and other small bands at ~527 nm (2.35 eV), 
~607 nm (2.04 eV) and ~662 nm (1.87 eV) 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–
π* transitions in CuO nanoparticles with a sisal-like morphology due to a quantum confinement 
in radial direction of nanoneedle structures [53]. 

 
The crystalline structure of CuO-GO nanoplatform 
The phase compositions of GO and CuO-GO nanoplatform were defined by the X-ray 

powder diffraction technique (Figure 4). The XRD pattern of GO shows an intense strong peak at 
2θ=12.66° that corresponds to the interplanar spacing d=5.83 Å (Table 1, Figure 4).  

 
Table 1 

The X-ray powder diffraction data (2θ, °) and interplanar spacing (d(hkl), Å) of GO 
 

2θ, ° Int., a.u. (hkl) d(hkl), Å 
12.66 100 (001) 5.83 
22.84 27 (002) 3.96 
35.06 15 (111) 2.53 
38.30 19 (020) 2.60 
40.05 33 (021) 2.49 
42.87 24 (201) 2.33 

 



60 
 

 
 
Figure 4. The X-Ray powder diffraction patterns of GO (1), synthesized CuO-GO 

nanoplatform (2) and ultrasonically formed {CuO+GO} colloidal mixture (20 kHz, 18 W·cm-2, 
15 min) (3)  

 
This d value is on ~1.44 Å 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 2θ=22.84° 
corresponding to d=3.96 Å that is closer to the d value of (002) reflex in graphite (amcsd 
0000049) at 2θ=26.63° (d=3.34 Å). Other four narrow sharp peaks of GO appear on the 
amorphous halo at 2θ=35.06°, 38.30°, 40.05° and 42.87° with d=2.53 Å, 2.60 Å, 2.49 Å and 
2.33 Å that are larger than of (111), (020), (021) and (201) reflexes in diamond. These changes 
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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 [55].  

The XRD pattern of synthesized CuO-GO nanoplatform shows characteristic reflexes of 
CuO crystalline phase (amcsd 0018812) (Figure 4). However, the calculated d values of CuO-
GO with (110), (111), (020) and (202) planes are on ~0.1 Å larger than in CuO (Table 2). In 
addition, the (112) reflex of CuO in CuO-GO has a d=1.81 Å being larger than in CuO (1.77 Å). 
The overall broadening of reflexes is indicative for the presence of oxidized graphene and 
formation of oxygen-containing functional groups in CuO-GO, in agreement with the proposed 
sonochemical formation mechanism [56]. However, small (200) reflex of CuO-GO at 2θ=43.28° 
has a d=2.07 Å that is on ~0.24 Å smaller than in CuO nanoparticles, pointing out to the coating 
of CuO with GO occurs through the binding with C-O or C=O bearing functional groups. 

In a control experiment the mixture of preformed CuO nanoparticles and GO was 
ultrasonically treated (20 kHz, 18 W·cm-2) for 15 min. The XRD pattern of this {CuO+GO} 
mixture reveals (001) and (002) planes of GO, (002) and (111) planes of CuO, and strong (111), 
(200) and (220) planes of Cu (Figure 4). Among them the dominant XRD reflexes 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 [57].  

Table 2 
The X-ray powder diffraction data (2θ, °) and interplanar spacing (d(hkl), Å) of CuO-GO 

 
2θ, ° Int., a.u. d(hkl), Å (hkl) 
32.43 9 2.76 (110) 
35.46 100 2.53 (002) 
38.66 90 2.33 (111) 
43.28 7 2.07 (200) 
46.21 5 1.96 (-112) 
48.78 24 1.87 (-202) 
50.47 4 1.81 (112) 
53.36 9 1.72 (020) 
58.10 12 1.59 (202) 
61.50 18 1.51 (-113) 
65.72 13 1.42 (022) 
66.35 17 1.41 (-311) 
67.89 17 1.38 (220) 
72.27 8 1.30 (311) 
75.04 10 1.27 (004) 
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The structure of {CuO+GO} colloidal mixture is completely different from CuO-GO 

nanoplatform being entirely composed of a pure CuO phase and a carbonaceous network of 
graphene oxide. Analysis of the elemental composition of CuO-GO was performed in 
comparison with the {CuO+GO} colloidal mixture and GO (Table 3, Figure 5). 

 
Table 3 

 
Elemental composition of synthesized GO, CuO-GO and {CuO+GO} colloidal mixture 

 

Sample C, at.% O, at.% Cu, at.% 
GO 59.2±5.7 39.7±5.3 - 

CuO-GO 51.2±2.4 36.8±1.6 12.0±0.5 
{CuO+GO} mixture 59.6±4.5 30.8±3.2 8.6±1.0 

 
The carbon concentration in CuO-GO is on 0.8 at.% lower than in GO and {CuO+GO} 

mixture, which is indicative for the bonding between CuO and GO in nanoplatform.  
The oxygen concentration in CuO-GO nanoplatform is on 2.8 at.% lower than in GO, 

which can be caused by the partial removal of carbon oxide or dioxide during the CuO phase 
formation at the contact with GO.  

The concentration of O and Cu in the {CuO+GO} mixture is on 6.0 at.% and 1.4 at.% 
lower than in CuO-GO nanoplatform, demonstrating less amount of CuO phase in the mixture, 
which is in agreement with the XRD results (Figure 4). 
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a b 

 
 

 

c 

a – synthesized GO (at U=20.0 kV); b – Cu-GO nanoplatform (at U=15.0 kV); c – 
{CuO+GO} colloidal mixture (at U=15.0 kV) 

Figure 5. Energy dispersive X-ray fluorescence spectra of GO, CuO-GO nanoplatform 
and {CuO+GO} colloidal mixture 

 
3.4 Functionalization of diclofenac with CuO-GO nanoplatform 
The molecular chemical structure and complexation of diclofenac with CuO-GO 

nanoplatform was defined by the FTIR transmittance spectroscopy and compared to pristine drug 
(Figure 6, Table 4).  

The ultrasonic binding of diclofenac to CuO-GO nanoplatform can occur involving 
interaction with the Cu-O and C-H benzene ring (~664-853 cm-1 and 1025 cm-1) as indicated by 
their strong bands, but also through the C=C-OH bonding and interaction with –C=O carboxylic 
groups (~900 cm-1 and 1160 cm-1), and C-Cl (to a much lesser degree) (Figure 6a).  

The complexation of diclofenac can also involve its interaction with the –C=O carboxylic 
moiety through the formation of the internal H-bonding: band at 1638 cm-1 in diclofenac-CuO-
GO. The presence of H-bonding is identified by the appearance of a broad band at ~3435 cm-1 in 
diclofenac-CuO-GO nanoparticles (Figure 6b). 
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a b 

a – FTIR transmittance spectra of diclofenac per se (spectrum 1) and diclofenac-CuO-GO 
(spectrum 2) in 450-2500 cm-1; b – in 2500-4500 cm-1  

Figure 6. The molecular chemical structure of diclofenac per se and diclofenac-CuO-GO 
obtained from FTIR transmittance spectroscopy analysis  

Table 4 
Analysis of FTIR transmittance spectra of diclofenac-CuO-GO in comparison with pristine 

diclofenac in the powder form 
 

Diclofenac-CuO-GO nanoparticle Pristine diclofenac  
ν, cm-1 Assignment ν, cm-1 Assignment 

537 Cu-O 437-875 C-H 
664-853 C-H 1033 C-H[d] 

900 C=C-OH[a] 1080 C-Cl 
1025 C-H (ring) 1156 -C=O (carboxylic group) 
1112 C-Cl 1296-1500 C=C-OH 
1160 -C=O (carboxylic group) 1556 -C=O[b] 

1240-1440 C=C-OH 2357 CO2* 
1638 -C=O[b] 2920, 3055 C-H 
2340 CO2*   
2905 C-H   
3435 O-H[c]   
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[a]C=C-OH bonded to the carboxylic group, [b]-C=O of the carboxylic group with the internal H-
bonding, CO2* - atmospheric carbon dioxide, [c]O-H in the H-bonding, [d]C-H benzene ring 
vibration 

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 sodium 
diclofenac (in a powder form) was treated by ultrasound (20 kHz, 18 W·cm-2) in DI water 
(pH=5.5) for 1, 3, 5, 10, 15 or 30 min. To note, 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 diclofenac after 1-15 
min of ultrasonic treatment in aqueous solution are similar to those of untreated powder, 
demonstrating that ultrasound did not changed the chemical structure of this drug (Figure 7).  

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 cm-1 and 675 cm-1) and C-Cl vibration (1108 cm-1) disappeared (Table 5). In 
addition, the C-H vibration in the far infrared region splitted into two peaks at 2853 cm-1 and 
2917 cm-1 and the disappearance of the N-H stretching (3245 cm-1) was accompanied by the 
appearance of a strong broad OH band (3463 cm-1), indicating the H-bond formation between the 
disrupted benzene rings of diclofenac.  
 

  
a b 

a – FTIR transmittance spectra of diclofenac per se powder after 30 min of ultrasonic 
treatment in aqueous solution in 400-2200 cm-1; b – in 2200-4000 cm-1  

Figure 7. The molecular chemical structure of diclofenac per se and diclofenac-CuO-GO 
fter 30 min of ultrasonic treatment obtained from FTIR transmittance spectroscopy analysis  
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It is important to note, that the C=C-OH vibration of the carboxylic acid group in 
diclofenac remained unchanged at 900 cm-1, but disappeared at 1367 cm-1, while the –C=O band 
of this group was blue shifted at 1153 cm-1 and disappeared at 1640 cm-1 after 30 min of 
sonication, indicating the loss of the internal H-bonding involving the C=O carboxylic acid 
groups. However, three small C=O bands of carbonyl group in diclofenac appeared at 1725 cm-1, 
1796 cm-1 and 1845 cm-1 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=O carbonyl groups that were interconnected by H-bonds. Therefore 
ultrasound can cause binding of diclofenac through the Cu-O bond formation with the C-H 
benzene ring and –C=O carboxylic acid moieties with the internal H-bonding in CuO-GO 
nanoparticles.  

Table 5 
Analysis of FTIR transmittance spectra of pristine diclofenac after ultrasonic treatment at 

20 kHz (18 W/cm2) in the aqueous solution at pH=5.5 in the open air. 
 

1 min 3 min 5 min 10 min 30 min Assignment 
400-712 400-712 400-712 400-712 440-675 C-H 

900 900 900 900 900 C=C-OH[a] 
1040 1040 1040 1040 1040 C-H[b] 

1108 1108 1108 1108 - C-Cl 
1160 1160 1160 1160 1153 -C=O[c] 

1325 1325 1325 1325 1325 
C=C-OH 1367 1367 1367 1367 - 

1428 1428 1428 1428 1428 
1640 1640 1640 1640 - -C=O[d] 

- - - - 1725 
C=O (carbonyl group) - - - - 1796 

- - - - 1845 
2355 2355 2355 2355 2355 CO2 (atmospheric) 

- 2853 
C-H 

2903 2917 
3245 - N-H stretching 

- 3463 O-H[e] 

 
[a]C=C-OH bonded to the carboxylic group, [b]C-H of the benzene ring, [c]-C=O of the carboxylic 
group, [d]-C=O of the carboxylic group with the internal H-bonding, [e]O-H (H-bonding) 
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3.5 Stability of diclofenac-CuO-GO nanoparticles 
The stability of diclofenac-CuO-GO nanoparticles was explored by the UV-Vis 

absorption spectroscopy in aqueous solutions adjusted to pH=1, 5 or 8 (Figure 8).  
 

 

a 

 
b 

a – UV-Vis absorption spectra of aqueous solutions of pristine diclofenac (spectrum 1), 
diclofenac-GO (spectrum 2) and diclofenac-CuO-GO (spectrum 3) prepared by ultrasound 
(20 kHz, 18 W/cm2); b – UV-Vis absorption spectra of aqueous solutions of diclofenac-CuO-GO 
adjusted to pH=1, 5 or 8  

Figure 8. The electronic structure of diclofenac per se, diclofenac-GO and diclofenac-
CuO-GO (after incubation at pH=1, 5 or 8)  
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In general, pristine diclofenac absorbs light at 278 nm (4.46 eV) as a result of π–π* 
transition in aromatic C=C bonds, and the position of this band cannot be influenced by the 
binding of diclofenac to GO or CuO-GO nanoplatform (Figure 8a). Diclofenac-GO and 
diclofenac-CuO-GO nanoparticles exhibit a small peak at ~333 nm (3.72 eV) showing the band-
to-band transition in GO. Another two broad weak peaks near ~432 nm and ~456 nm can be 
assigned to diclofenac with the structure comparable to the O-nitro aniline depending on its 
oxidation state [58-60].  

The absorption spectra of diclofenac-CuO-GO nanoparticles in aqueous solution adjusted 
to pH=1, 5 or 8 are shown in Figure 8b. 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 nanoparticles 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 H2O. The presence of a smaller band at 320 nm points out to 
the binding of diclofenac to the CuO-GO surface. Another important feature is a broad band with 
distinct maxima near 347 nm and 380 nm that are located in the absorption region of n–π* 
transition in CuO-GO nanoplatform and π–π* transition in NO2 group of aniline’s phenyl ring of 
diclofenac.  

At pH=5, 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 out to the formation 
of Cu-8-quinolinate in H2O [61]. At pH=8 the characteristic absorption peak of diclofenac 
became more pronounced but without any spectral shift. Other bands appeared at ~320 nm, 
347 nm and 740 nm with a decreased intensity, while the band near ~380 nm disappeared, 
demonstrating a lower amount of diclofenac molecules in CuO-GO nanoparticles in basic 
medium. 

In our experiments, CuO-GO nanoplatform has a relatively large average size 
(342±160 nm) and a well-defined flower-like morphology, CuO crystalline phase and 
amphiphilic GO coating in the complex with 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 could be controlled by the specific interaction 
with diclofenac and functional groups of GO. The bioavailability of 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. We suggest that for more reliable in vivo 
studies the size of diclofenac-CuO-GO nanoparticles should be decreased to 100 nm or lower. 
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⃰  ⃰  ⃰  ⃰  ⃰  

The presented results allow us to draw the following conclusions: 
1. Ultrasound-assisted synthesis of CuO-GO nanoplatform leads to the coating of pure 

CuO phase with GO through the binding with C-O or C=O bearing functional groups, 
in contrast to the ultrasonically treated mixture of preformed GO and CuO particles. 

2. The ultrasonic binding of diclofenac to CuO-GO nanoplatform can occur involving 
interaction with the Cu-O bond and C-H benzene ring, the C=C-OH and –C=O 
carboxylic groups bonding.  

3. The ultrasonic complexation of diclofenac can also involve its interaction with the –
C=O carboxylic moiety through the formation of the internal H-bonding with CuO-
GO nanoplatform. 

4. Ultrasound acts differently on the structure of pristine free and complexed diclofenac 
molecules: 15 min of treatment of free drug did not change its structure, but after 
30 min leads to H-bond formation and disruption of benzene rings of diclofenac, in 
contrast to complexed diclofenac. 

5. We defiend the conditions of stability of diclofenac-CuO-GO nanoparticles: at pH=1 
diclofenac is strongly bonded to CuO-GO and becomes less soluble, at pH=5 and 
pH=8 diclofenac retains its structure as Cu-8-quinolinate in H2O, but becomes more 
soluble at higher pH.  
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CHAPTER 4 FUNCTIONALIZATION OF ACETYLSALICYLIC ACID 
THROUGH ULTRASONIC COMPLEXATION WITH GRAPHENE OXIDE COATED 

COPPER OXIDE NANOPARTICLES 
 

After more than a century, acetylsalicylic acid (ASA, aspirin) remains one of the most 
commonly used drugs for its anti-thrombotic, anti-pyretic, and analgesic properties [1]. Aspirin 
is an O-acetyl derivative of salicylic acid and its dominant mechanism of action is believed to be 
through the transfer of this acetyl group to (−OH) and amino (−NH2) functionalities present in 
biological macromolecules. The acyl ester group is unstable under basic conditions, and its 
hydrolysis to acetate can proceed by a general base-assisted mechanism. Computational studies 
reveal the existence of an n→π* interaction between the aromatic carboxylic acid and the 
carbonyl carbon of the acetate group in ASA [2]. The chemistry of ASA explains that the 
negatively charged a nucleophilic hydroxide anion generated by water can attack the carbonyl 
carbon of the acetate group resulting in hydrolysis of ASA into salicylate and acetate (general 
base catalysis) (Figure 1) [3,4]. It was suggested that a mixed anhydride can be formed through a 
hemiorthoester anion intermediate, but the detailed mechanism of hydrolysis remains 
unexplored. 

 
 

 
Figure 1. Scheme explaining the basic chemistry of acetylsalicylic acid under basic 

conditions adapted from reference [2] 
 
ASA inhibits COX-1 and COX-2 via the covalent modification of active site serine 

residues, resulting in irreversible inhibition through steric blockade of the active site. The site-
selective acetylation of COX-1 and COX-2 can occur through molecular recognition of the 
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benzoic acid functionality of ASA, while the non-specific acetylation function of ASA depends 
on the chemical environment and its pH. For example, in the acidic medium of the gastric 
mucosa (pH=2-3) the carboxylic acid (pKα=3.5) is in the protonated state, thereby reducing the 
hydrolysis rate of ASA. In contrast, in the basic medium of the gastroduodenum (pH=7-8) the 
carboxylate group is deprotonated, thereby increasing the rate of hydrolysis and transacetylation. 
In addition to pH of the chemical environment, the aromatic ring and carboxylic acid play 
important roles in aspirin’s reactivity and stability through π-π stacking interactions or hydrogen 
bonding of the carboxylic acid and/or the free hydroxyl.  

Overall 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 biomolecules in the 
stomach wall, is consistent with its gastric toxicity, and its analgesic activity increases with the 
raised availability of the intact drug [5]. Only recently the effects of ASA on the platelet 
functions are better understood so that new methods based on metal ion complexation can be 
developed to lessen in extent of harmful gastrointestinal damage [6].  

For example, the copper-ASA complexes can exhibit improved potent anti-inflammatory 
and anti-thrombotic activity than free drug resulting in a fewer side effects in rats or mice [7,8]. 
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. In many compounds ASA is bonded to the central Cu atom through the carboxyl 
groups. However, most of the existing Cu(II)-ASA complexes have weakly bound carboxylic 
acid ligands and can easily dissociate favoring the interaction of O2· radicals with the free sites 
of copper. Therefore, it is necessary to understand the electronic molecular surface structure of 
Cu(II)-ASA complexes in aqueous solution at different pH values in order to improve their 
functions. 

Important functions like the selective bioavailability and biodegradability of drug and 
increase of its surface active area can be modulated by conjugation with GO as a nanoscale 
carrier [9,10,11]. The joint CuO-GO structure can significantly improve selectivity towards 
catalytic oxidation of cyclohexane [12], anticancer sensing [13], antimicrobial and antioxidant 
activities [14], while aspirin-loaded GO-based nanomaterials can constitute anti-inflammatory 
biomaterials with enhanced bioactivity [15,16]. Up to present the physico-chemical properties of 
complexed ASA with CuO-GO are not yet defined.   

 
4.1 Functionalization of pristine acetylsalicylic acid with CuO-GO nanoplatform 
We use preformed CuO-GO nanoplatform, which was characterized in details in Chapter 

3, for the ultrasonic complexation of pristine ASA to synthesize ASA-CuO-GO nanoparticles. 
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The molecular chemical structure and complexation of ASA with CuO-GO was defined by the 
FTIR transmittance spectroscopy and compared to pristine ASA (Figure 2). 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 

 
 

a b 
a – FTIR transmittance spectra of acetylsalicylic acid (ASA) per se (spectrum 1) and 

ASA-CuO-GO (spectrum 2) in 450-2500 cm-1; b – in 2500-4500 cm-1  
Figure 2. The molecular chemical structure of pristine ASA and ASA-CuO-GO obtained 

from FTIR transmittance spectroscopy analysis  
 
FTIR spectra of ASA-CuO-GO nanoparticles show characteristic peaks of Cu-O 

vibration [17-20] at ~485 cm-1 and at ~537 cm-1 (Table 1). These observations point out to the 
binding mechanism of ASA to CuO-GO that is different from diclofenac because of 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-1), C-H vibration of the methyl 
group and the C=O-OH stretching of the carboxylic group due to the interaction with the Cu-O-
H in ASA-CuO-GO nanoparticles (Figure 2a). The binding of ASA can involve its interaction 
with the –C=O carboxylic moiety through the formation of the internal H-bonding due to the 
appearance of a band at ~1650 cm-1 in ASA-CuO-GO. The presence of H-bonding is identified 
by the appearance of a broad OH band at ~3260 cm-1 in ASA-CuO-GO (Figure 2b). In contrast 
to diclofenac, the O-H stretching of free water molecules at ~3632 cm-1 in ASA-CuO-GO can be 
associated to CuO [21,22]. To note, sonication of pristine ASA (20 kHz, 18 W·cm-2) in DI water 
(pH=5.5) for 1, 3, 5, 10 or 15 min did not change the chemical structure of this drug (Figure 3).  
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Table 1 
Analysis of FTIR transmittance spectra of pristine ASA and ASA-CuO-GO  

 
ASA-CuO-GO nanoparticle Pristine acetylsalicylic acid 

ν, cm-1 Assignment ν, cm-1 Assignment 
485 Cu-O 410-875 C-H 
702 C-H (ASA) 890 C=C 
993 C-H 925 C-H (CH3) 
1140 C=O-OH/Cu-O-H 1053 C-H (ASA) 
1267 C-O 1184 C-H (ASA) 
1500 C=C-C 1272 C-O 
1650 C=O-OH 1445 C=C (ASA) 
1815 -C=O (Carbonyl) 1513 C=C-C 
2320 CO2 (atmospheric) 1727 C=O-OH 
3260 O-H (H-bonding) 2860 C-H 
3632 O-H (free H2O)   

 

  
a b 

 
a – FTIR transmittance spectra of acetylsalicylic acid (ASA) per se after 15 min of ultrasonic 

treatment in aqueous solution (20 kHz, 18 W/cm2) in 380-2120 cm-1; b – in 2120-4000 cm-1  
Figure 3. The molecular chemical structure of pristine ASA and ASA-CuO-GO after 15 min 

of ultrasonic treatment obtained from FTIR transmittance spectroscopy analysis  
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4.2 Stability of ASA-CuO-GO nanoparticles 
The stability of ASA-CuO-GO was examined in solutions at pH=1, 5 or 8 (Figure 4). 
 

 
 
 
 
 
 
 
 
 
 
 

a 

 
b 

 
a – UV-Vis absorption spectra of aqueous solutions of pristine ASA (spectrum 1), ASA-

GO (spectrum 2) and ASA-CuO-GO prepared by ultrasound (20 kHz, 18 W/cm2); b – UV-Vis 
absorption spectra of aqueous solutions of ASA-CuO-GO adjusted to pH=1, 5 or 8  

Figure 4. The electronic structure of ASA per se, ASA-GO and ASA-CuO-GO (after 
incubation at pH=1, 5 or 8)  
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The UV-Vis absorption spectrum of pristine ASA aqueous solution shows two absorption 
maxima at ~237 nm and ~296 nm (Figure 4a). The first absorption peak (5.23 eV) can be 
assigned to the singlet transition in the π (bonding) molecular orbital from the phenyl ring 
involving –C=C- or C=O bonds to its π* (anti-bonding) orbital and is designated as 1(πpy-πco*) of 
ASA [21-23]. The π-π* transition typically occurs in a molecule that possesses a chromophore 
with an unsaturated bond such as C=C or C=O in the 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 π* (anti-bonding) orbital and is 
designated as 1(no-πco*) of the salicylic acid [23].  

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 π–π* transition in aromatic C=C bonds as 
confirmed by the calculated triplet electronic transition, demonstrating the conjugation of this 
drug with 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=O 
band-to-band no-πco* transition in GO. In contrast to GO, the binding of ASA to GO-CuO occurs 
via the n-π* transition in the C=O 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 (Figure 2, Table 1). 

It is important to note, that the electronic molecular structure of ASA-CuO-GO 
nanoparticles changed at pH=1, 5 or 8 (Figure 4b). UV-Vis absorption spectra of ASA-CuO-GO 
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-CuO-GO 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 (~2.27 eV). 
At pH=5, the main absorption peak of ASA (~276 nm) appeared as a broad band with small 
maxima at ~258 nm (~4.81 eV) 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 (indicated by an 
orange color in Figure 4b). At pH=8, three broad absorption maxima (~300 nm, ~400 nm 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 CuO-GO in basic medium, leaving the salicylic acid 
moiety as the hydrolysis product in the closer junction with the CuO-GO surface. 
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Overall, the results show that ultrasound binds free ASA to CuO-GO nanoplatform 
through the complexation with Cu-O, C-H of the benzene ring and carboxylic acid moiety that 
are linked with H-bonds, as determined by the UV-Vis absorption and FTIR spectroscopy 
methods. ASA-CuO-GO nanoparticles 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 CuO-GO within the H-bonded network. This knowledge improves 
our understanding about the electronic molecular structure of ASA and salicylic acid and their 
ionization states during interaction with CuO nanoparticles and oxidized graphene that can be 
expanded to many other drugs. The obtained results can be of use for the fundamental studies of 
the intracellular drug-enzyme functions especially in in vivo application. 

 
⃰  ⃰  ⃰  ⃰  ⃰  

The presented results allow us to draw the following conclusions: 
1. Ultrasound-assisted synthesis of CuO-GO nanoplatform leads to the binding of ASA 

to GO-CuO via the n-π* transition in the C=O band of GO. 
2. The closer junction of ASA to CuO takes place through the singlet electronic 

transition of the acetyl-carbonyl group involving interaction with the salicylic acid 
moiety of the second derivative component. 

3. The electronic molecular structure of ASA-CuO-GO nanoparticles undergoes changes 
in aqueous medium at pH=1, 5 and 8. 

4. At pH=1 ASA is in its nonionized form, meaning that ASA-CuO-GO nanoparticles 
can be potentially able of diffusing through the lipid membrane in the stomach acidic 
medium. 

5. At pH=5 ASA undergoes the gradual ionization in contact with the carboxylic and 
salicylic acid groups and CuO with a nanoplatelet morphology. 

6. At pH=8, ASA dissolves from nanoparticles, leaving the salicylic acid moiety as the 
hydrolysis product in the closer junction with the CuO-GO surface. 
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CHAPTER 5 FORMATION OF ACETYLSALICYLIC ACID-ZnO-GRAPHENE 
OXIDE NANOPARTICLES WITH ENHANCED ANTIBACTERIAL FUNCTION 

 
Acetylsalicylic acid, the common household drug, is extensively used as cardioprotective 

and antithrombotic agent. Numerous clinical observations and laboratory studies show that 
regular use of ASA enhances the chemopreventive and chemotherapeutic effects, resulting in 
reduced risk for cancer: colorectal, oesophageal, breast, lung, prostate, liver and skin via COX-
dependent or independent mechanisms [1]. Overall, studies have revealed that inhibition activity 
of ASA on proteins can be enhanced through the increased binding affinity for either steric 
blocking of enzymatic transformations, or the covalent acetylation of nucleophilic functional 
groups (Figure 1).  

 
 
 
 
 
 

 
 
 

 
Figure 1. Schematic illustration of protein inhibition activity of ASA in reaction with 

serine hydroxyl groups in the active site of proteins, in which the acetylation renders the target 
protein inactive, adapted from ref. [1] 

 
ASA can also affect mitochondrial functions. It increases the mitochondrial membrane 

permeability, causing the release of cytochrome c, resulting in the activation of caspases 
followed by cell apoptosis in several cell lines. Another mechanism includes the inhibition of 
mitochondrial calcium uptake by salicylic acid leading to anti-proliferative effects. Overall, 
targets of ASA may directly or indirectly modulate the activity of transcription factors, cell 
signaling proteins, metabolic enzymes and mitochondrial proteins. The acetyl group of ASA can 
acetylate several proteins other than COX: human serum albumin and fibrinogen in vitro and in 
vivo, haemoglobin, DNA, RNA, histones, transglutaminase, hormones and enzymes, 
glycoproteins and lipids of the stomach, kidney, liver and bone marrow [2-5]. However, ASA is 
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not currently prescribed for cancer prophylaxis owing to its adverse effects such as the risk of 
bleeding.  

5.1 Antibacterial properties of ASA 
Among many NSAIDs, ASA has been applied in co-treatment of bacterial infections 

showing significant inhibition of bacterial clinical isolates. Studies show that the mixture of ASA 
and vancomycin results in reduction of E. faecalis and methicillin-resistant S. aureus 
endocarditis [6]. ASA with ibuprofen and interferon-gamma exhibit antibacterial activity in the 
spleen, liver, and main organs infected with Listeria monocytogenes [7]. The growth of Gram-
negative and Gram-positive bacteria can be significantly inhibited by ASA in combination with 
lidocaine hydrochloride [8]. Functionalization of ASA with a D-alanine-D-alanine dipeptide 
moiety through its attachment to the carbonyl carbon leads to the significant reduction of 
Escherichia coli bacterial growth and colony-forming units (CFU) in contrast to pristine 
ampilicin [9]. The pronounced antibacterial effect of dipeptide functionalized ASA can be 
attributed to a larger value of molecular size, indicated by greater values for molar volume, 
parachor, and molar refractivity.  

At therapeutic plasma levels ASA can inhibit the growth of Gram-negative 
microaerophilic bacteria Campylobacter pylori; Gram-negative, microaerophilic and spiral 
bacteria Helicobacter pylori; Gram-negative, non-motile, encapsulated, lactose-fermenting, 
facultative anaerobic, rod-shaped bacteria Klebsiella pneumoniae; filamentous fungus 
Epidermophyton floccosum; Microsporum spp. and Trichophyton spp. [10-12]. Salicylic acid 
(SA) can reduce fibronectin binding in S. aureus and the adherence of E. coli to silastic catheters 
[13,14] and overall the biofilm production in many types of bacteria [15]. In addition to the 
modulation of genes by SA, ASA can reduce the production of hemolysin, elastase, protease, and 
pyocyanin, urease and vacuolating cytotoxin activities. ASA can increase the antimicrobial 
susceptibility of many pathogens and induce β-lactamase activity through the modulation in the 
permeability of the outer membrane porin protein (OMP) to antibiotics. The exposure of E. Coli 
to ASA can result in an increase in the relative expression level for grpE and recA whereas no 
significant change has been observed for katG and fabA genes [16]. Up regulation of grpE gene 
upon exposure to ASA can be caused by protein damage because ASA can activate heat shock 
transcription factor 1 (HSF1), resulting in increased expression of heat shock genes involving in 
protein misfolding repair pathway. In bacteria ASA can inhibit quorum sensing, reduce virulence 
and toxins, and protect human melanocytes against H2O2-induced oxidative stress [17]. 

5.2 Effects of Zn-based graphene oxide nanomaterials on bacteria 
Contact-dependent growth inhibition is one of competitive mechanisms, which have been 

identified in probiotic E. coli bacteria [18]. The probiotic E. coli-mediated growth inhibition 
involves a Zn2+-dependent enzymatic process, resulting in degradation of the target-cell genomic 
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DNA. Zinc supplementation can be used in prophylaxis to reduce diarrhea morbidity or as a 
treatment to shorten the duration of symptoms, and ZnO can protect the cultured human 
enterocytes from the damage by inhibiting the adhesion of pathogenic bacteria.  

It was reported that small ZnO nanoparticles (< 100 nm) exhibit shape-dependent 
biomimetic inhibition of enzyme and antibacterial activity [19], and have been used in the 
treatment for oral biofilms [20] and bacterial infections. Overall, ZnO is considered 
biocompatible and biosafe as approved by U.S. Food and Drug Administration (FDA) [21]. 
Although the modes of antibacterial action of ZnO nanoparticles are not entirely understood, it 
has been observed that the bacterial growth inhibition can be increased if smaller NPs are used 
(6.8 nm size -~ 99.8 %) and their concentration is <100 μg/mL. Three possible mechanisms have 
been proposed explaining the bacterial growth inhibition by ZnO nanoparticles: 1) bacterial 
membrane disruption caused by the active surface area of nanoparticles and their concentration; 
2) generation of oxidative stress by the formation of reactive oxygen species (ROS), and 3) 
toxicity caused by the release of free Zn2+ ions.  

The active surface area and stability of nanoparticles can be modulated by the deposition, 
precipitation or adsorption of ZnO on GO [22]. GO is biocompatible and its interaction with E. 
coli can be controlled by the oxidation degree (i.e. amount of oxygen functional groups), C 
radical density, and orientation of nanosheets [23]. In addition, the extended 2D surface of GO 
can serve as a storage for concentration-dependent released Zn2+ ions. Deposition of ZnO 
nanoparticles on GO significantly can lead to the reduction of the minimum inhibitory 
concentration (MIC) of E. coli (~7 μg/mL) as GO cuts the bacterial membrane. Moreover, ZnO-
GO nanoparticles can enable a long-term antibacterial activity. At higher concentration these 
nanoparticles can form complexes with pathogens, leading to either inhibition or enhancement of 
bacterial growth in a surface potential-dependent manner. 

Many methods such as hydrothermal [24], solvothermal [25], spray pyrolysis [26], 
microwave-assisted [27] and sonochemical [28] have been introduced to produce ZnO 
nanoparticles with various carbon containing structures (e.g. carbon dot-ZnO, GO-Zn or spindle-
like ZnO-GO) for various biological applications [29]. In particular, ZnO nanoparticles have 
been used for encapsulation of antibacterial therapeutics 9-aminoacridine hydrochloride hydrate 
[30] and plant flavonols such as quercetin [32], propolis extracts [33]. Only few studies have 
been performed on integration of pharmaceutical compounds such as gentamicin [34] or 
doxorubicin [35] onto ZnO-GO nanocarriers. Nanocarriers that have a mesoporous ZnO 
scaffolds showed controlled drug loading efficiency and its faster in vitro release kinetics, while 
GO facilitated enhanced bioactivity of nanomaterial at the contact with live cells.  

 
 



80 
 

5.3 Ultrasonic formation of ZnO-GO nanoplatform 
Results of analysis of size and morphology of synthesized ZnO-GO nanoplatform is 

shown in Figure 2.  
 

 

 

 

 
a b 

 

 

 

 
c d 

a – SEM images of ZnO nanoparticles (scale bar 500 nm); b – of ZnO-GO nanoplatform 
(scale bar 1 μm); c – histogram of size distribution of ZnO nanoparticles; d – of ZnO-GO. 

Figure 2. The morphology and average size distribution of synthesized ZnO and ZnO-
GO nanomaterials 

 
ZnO-GO nanoplatform was synthesized by applying the ultrasound-assisted hydrothermal 

method based on the mechanism of dissolution–precipitation of ZnO from a system of Zn2+ and 
OH- [36]. Control experiments were performed without GO (Appendix 4). Analysis of 
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morphology and size of synthesized nanomaterials revealed irregular shape consisting of small 
aggregated crystallites with a nonuniform size distribution. Most of ZnO nanoparticles have a 
spherical shape and are grown into larger nanoparticles with random orientation (Figure 2a). In 
contrast, formed ZnO-GO nanoplatform has a cone-shaped morphology being composed of small 
crystallites (Figure 2b). The powders of synthesized nanomaterials have different colors: white 
ZnO (Figure 2c) and grey ZnO-GO (Figure 2d), which are indicative for white bulk ZnO and GO 
at the contact with ZnO. The size distribution histograms of ZnO (Figure 2c) and ZnO-GO 
(Figure 2d) were obtained by estimating the number of nanoparticles per surface area versus the 
size d (nm) being calculated by using the standard statistical method in electron microscopy [37]. 
The majority of ZnO nanoparticles have the average size 15.33±1.84 nm (~26.55% of the total 
number N of collods) and 36.28±1.80 nm (N ~22.50%) [38]. In contrast, most of ZnO-GO 
nanoplatforms have the average size of 35.95±3.03 nm (N ~14.95%), 69.51±3.41 nm 
(N~12.61%) and 15.55±2.28 nm (N ~12.34%), 25.01±2.28 nm (N ~10.36%). 

Formation mechanism of synthesized ZnO-GO nanoplatform 
The final morphology and size of synthesized nanoplatform depend on the molar ratio of 

precursors and the sequence of addition of aqueous solution of ZnSO4 and NaOH during the 
thermal treatment at T<100°C [36]. At OH-:Zn2+ molar ratio 2.5, smaller rounder particles with 
ZnO wurtzite crystal structure are produced, indicating that the larger excess of OH- ions leads to 
a complete chemical reaction. When NaOH aqueous solution is added to the ZnSO4 solution in a 
single addition (as in our experiments), the amount of hydroxide passes the stoichiometric ratio 
very rapidly and Zn-OH species are formed, followed by decomplexation and fast production of 
ZnO. The number of nucleation sites is more than sufficient, leading to the particle growth of 
small (<100 nm) round nanoparticles. When ZnSO4 aqueous solution is added to the NaOH 
solution in a single addition, the reaction rapidly proceeds from soluble zinc complex to 
formation of ZnO nuclei. Fewer nuclei are formed, leading to the production of larger cone-
shaped nanoparticles.  

Nanoparticles are synthesized through the formation of Zn-OH species, followed by their 
subsequent decomplexation via solubility and precipitation of ZnO. The solubility of zinc 
hydroxide species depends on the type of anions. In the case of ZnO-GO, OH- and COO- anions 
are formed at pH=5.5. At this pH value both solid Zn(OH)2 and ZnO can be produced. In 
general, the decomposition of solid Zn(OH)2 to ZnO and water is an endothermic process at 
room temperature, but is increasingly favorable if larger energy is provided through higher 
temperature and ultrasonic treatment. Acoustic cavitation and sonochemistry accelerate the 
decomplexation of Zn(OH)2 via reactions with ultrasonically formed radical species (·OH, ·O2

-, 
H2O2, etc.) and promote the dissociation of zinc complexes, leading to a controlled 
supersaturation of free metal ions at the contact with GO.  



82 
 

The crystal growth of cone-shaped ZnO-GO nanoplatform is determined by the 
thermodynamically less stable polar faces with surface dipoles, which undergo rearrangement to 
minimize their surface energy. The final morphology is determined via two competing processes, 
which are based on equilibrium (minimum in the surface energy) or kinetic growth. In ZnO-GO 
the kinetic growth is additionally supplied by the deposition of ZnO due to the decomplexation 
of Zn(OH)2 and volatility of zinc carboxylates during acoustic cavitation.  

There is an indirect evidence from work involving etching of ZnO single crystals that 
indicates that carboxylates inhibit the rates of dissolution by 100-fold and tend to aid aging and 
growth of crystallites [39]. This may cause the arrested growth of cone-shaped ZnO-GO 
nanoplatform, which acquires the final average size <100 nm. 

5.4 Crystalline structure of ZnO-GO nanoplatform 
The X-Ray powder diffraction analysis reveals the characteristic reflexes of hexagonal 

ZnO phase with the wurtzite structure (JCPDS 36-1451) of ZnO and ZnO-GO (Figure 3a). The 
calculated interplanar spacing d values are listed in Table 1.  

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
a b 

 
a – X-ray powder diffraction patterns of synthesized GO (1), ZnO (2) and ZnO-GO (3) 

(Cu Kα=1.54 Å); b – XRD reflex at 2θB=36.22° for ZnO (1) and 2θB=36.18° for ZnO-GO (2) to 
calculate the crystallite size values. 

Figure 3. The crystalline structure of synthesized GO, ZnO and ZnO-GO nanomaterials 
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No diffraction peaks of synthesized GO (shown for comparison), Zn(OH)2 (JCPDS 48-
1066), graphite (amcsd 0000049) and diamond (amcsd 0013983) were observed, demonstrating 
that both ZnO and ZnO-GO are composed of a pure ZnO crystalline phase.  

Table 1 
Analysis of XRD patterns of synthesized ZnO nanoparticles and ZnO-GO nanoplatform 

with the calculated interplanar spacing dhkl values 
 

ZnO ZnO-GO   
2θ (°) Int. (a.u.) (hkl) dhkl (Å) 2θ (°) Int. (a.u.) dhkl (Å) (hkl) 
31.68 59 (100) 2.82 31.70 60 2.82 (100) 
34.39 72 (002) 2.61 34.39 73 2.60 (002) 
36.22 100 (101) 2.48 36.20 100 2.48 (101) 
47.46 21 (102) 1.91 47.48 73 1.91 (102) 
56.55 29 (110) 1.63 56.51 81 1.63 (110) 
62.76 26 (103) 1.48 62.82 26 1.48 (103) 
66.29 3 (200) 1.41 66.30 3 1.41 (200) 
67.90 19 (112) 1.38 67.90 20 1.38 (112) 
68.97 8 (201) 1.36 69.00 8 1.36 (201) 
72.53 2 (004) 1.30 72.49 1 1.30 (004) 
76.86 2 (202) 1.24 76.90 2 1.24 (202) 
81.32 1 (104) 1.18 81.30 1 1.18 (104) 
 
The size t of crystallites was calculated by using the Scherrer’s formula with the 

estimated values of ΔθB (ZnO)=0.326 and ΔθB (ZnO-GO)=0.368, β (ZnO) ≈0.005 and β (ZnO-
GO) ≈0.006 (Figure 3b). The size t of ZnO crystallites is ~25.37 nm and of ZnO-GO is 
~22.45 nm, indicating that nanoplatform with the cone-shaped morphology has a smaller width 
than nonuniform nanoparticles with random orientation.  

 
The Zeta potential of ZnO-GO (-3.6±2.3 mV) is comparable with ZnO (-4.7±2.7 mV), 

but not with GO (-19.9±5.4 mV) (Figure 4).  
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Figure 4. Zeta potential plots of synthesized GO (1), ZnO (2) and ZnO-GO (3) 
 
Analysis of EDX spectra revealed that ZnO-GO is composed of Zn (33.5±2.1) at.%, O 

(33.9±1.9) at.% and C (32.6±1.7) at.% (Figure 5).  
 

  
a b 

 
a – synthesized ZnO nanoparticles (at U=15 kV); b – ZnO-GO nanoplatform (at 

U=15 kV).  
Figure 5. Energy dispersive X-ray fluorescence spectra of ZnO and ZnO-GO 

nanomaterials 
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For comparison, ZnO nanoparticles contain Zn (42.7±2.3) at.%, O (41.2±1.9) at.% and C 
(32.6±1.7) at.%, and have the atomic ratio of Zn:O as ~1.04 comparable with ZnO-GO (~0.99) 
(Table 2). 

Table 2 
Elemental composition of synthesized ZnO and ZnO-GO obtained from the EDX spectra  
 

Sample Zn, at.% O, at.% C, at.% 
ZnO 42.7±2.3 41.2±1.9 16.1±0.7 

ZnO-GO 33.5±2.1 33.9±1.9 32.6±1.7 
 
5.5 The electronic molecular structure of ZnO-GO nanoplatform 
The electronic molecular structure of ZnO-GO was examined by the UV-Visible 

absorption and SERS spectroscopy methods, aiming at understanding the interaction between 
ZnO and GO and determining the impact of ultrasound on the formation of nanoplatform. The 
UV-Visible absorption and SERS spectra of GO, ZnO and ZnO-GO nanoparticles are shown in 
Figure 6. The UV-Visible spectrum of GO exhibits a strong absorption band with two peaks at 
~219 nm (~5.66 eV) and at ~264 nm (~4.70 eV) due to the πc=c–πc=c* transitions in neighboring 
carbon atoms with sp2 hybridization and those, which are bonded with oxygen in the form of 
carboxyl and carbonyl groups located at the edges of the graphene sheets [40] (Figure 6a). The 
red shift of the second absorption peak (~264 nm) demonstrates the reduction of the electronic 
structure in GO due to a decreased concentration of oxygen containing functional groups [41], in 
agreement with the Zeta potential data (Figure 4). The absorption spectrum of ZnO nanoparticles 
shows two distinct bands at ~210 nm (5.90 eV) and ~369 nm (3.36 eV) on an elevated 
continuum, in agreement with the characteristic electronic transitions of II-VI-semiconductor 
clusters [42]. The band at ~210 nm can be assigned to the charge transfer between ZnO clusters 
and the solvent band of OH- in water [43]. The peak at ~369 nm is the intrinsic band-gap 
absorption of ZnO due to the electron transitions from the valence to the conduction band 
(O2p→Zn3d). This peak is indicative for ZnO nanoparticles (<100 nm size) being formed by the 
Ostwald growth mechanism. 
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a b 

a – UV-Visible absorption spectra of aqueous solutions of synthesized GO (1), ZnO (2) 
and ZnO-GO (3) (inset Figure shows absorption spectrum 3 at higher magnification); b – SERS 
spectra of GO (1), ZnO (2) and ZnO-GO (3) (at λexc=633 nm, grating 600 gr/mm blazed at 
600 nm).  

Figure 6. The electronic molecular structure of synthesized GO, ZnO and ZnO-GO 
nanomaterials 

 
The UV-Visible absorption spectrum of ZnO-GO nanoplatform shows several small 

bands in the wavelength region from 226 nm to 312 nm and a distinct peak at ~369 nm 
(Figure 6a and inset spectrum 3). The appearance of manifold electronic transitions in the first 
region points out to the charge transfer in the close junction between ZnO and GO, which is 
inversely proportional to the adsorption strength of the anion [44]. The appearance of a distinct 
peak in the longer wavelength region (~369 nm) occurs due to decreasing quantum confinement 
with increasing particle growth parameters such as 2D surface area and thickness. As this shift is 
related to the quantum size effect, the equation considering the effective mass model of the 
particle radius as a function of peak absorbance wavelength was applied for the estimation of 
ZnO nucleation centers in ZnO-GO [45]. The estimated mean radius of nucleation centers is 
~2.66 nm, considering the effective mass for electrons me=0.26 and holes mh=0.59 in ZnO.  

SERS spectroscopy was applied to examine the surface structure of synthesized ZnO-GO 
in comparison with ZnO and GO (Figure 6b, Table 3).  
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Table 3 
Analysis of SERS spectra of synthesized ZnO and ZnO-GO (λexc=633 nm) (*fundamental optical 

mode of wurtzite-type ZnO crystals; sh. - shoulder) 
 

ZnO, cm-1 Assignment ZnO-GO, cm-1 Assignment 

203 2E2
low 2nd*[48] and 2TA** - - 

328 (E2
high-E2

low)[48] - - 

436 E2
high,[48] (oxygen vibration)[47] 377 sh. A1 (TO***)[48] 

489 2nd A1 symmetry[47] 418 E1 (TO)[48] 

540 2nd A1 symmetry[47] - - 

573 A1 (LO)[49] - - 

1090 TO and LO****[47] 1124 A1 (LO)2nd,[50] 

1318 (TA + LO)2nd,[50] 1332 (TA + LO),2nd,[50] D (GO) 

1555 (LA + TO)2nd,[50] 1585 (LA + TO),2nd,[50] G (GO) 

1601 (LA + TO)2nd,[50] - - 

2326 2A1(LO), E1(LO), 2LO2nd,[50] 2324 2A1(LO), E1(LO), 2LO2nd,[50] 

2745 νOH[51] 2795 νOH[51] 

 
GO exhibits characteristic Raman bands at ~1343 cm-1 due to the K-point phonons of A1g 

D breathing mode and ~1586 cm-1 due to the zone center phonons of E2g G mode with the 
IntD/IntG ratio of ~1.03, indicating that GO is composed of the hexagonal carbon structure with 
sp2 hybridization [46]. SERS spectrum of ZnO nanoparticles exhibits fundamental optical modes 
of wurtzite-type ZnO crystals [47]. The most prominent Raman bands appearing as E2 modes at 
~328 cm-1 (E2

high-E2
low) and ~436 cm-1 E2

high are assigned to the oxygen vibration in the ZnO 
crystal lattice (Table 3).  

A broad intensive Raman peak at ~1090 cm-1 can be assigned to the transverse and 
longitudinal optical components (TO and LO) in ZnO with random orientation. In contrast, 
SERS spectrum of ZnO-GO nanoplatform shows a broad polar band at ~418 cm-1 and can be 
assigned to E1 TO mode with a shoulder at ~377 cm-1 (A1 TO). The decreased intensity, 
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broadening and a blue shift of this Raman peak indicates that the mechanical action of ultrasound 
on ZnO with GO doesn’t lead to the crystal lattice disorders [47], in agreement with the XRD 
analysis (Figure 3). SERS spectrum of ZnO-GO shows strong Raman bands of GO with a blue 
shifted D mode at ~1332 cm-1 and a non-shifted G mode, which appears without a significant 
broadening. The IntD/IntG ratio is ~1.2, demonstrating the increased disorder in GO nanosheets, 
which can be caused by the formation of ZnO-GO with a cone-shaped morphology [36]. In this 
spectrum prominent Raman bands of ZnO don’t appear in the 1090–1601 cm-1 frequency region, 
but develop a small shoulder, indicating the presence of ZnO without second order optical 
components. Both the increased disorder in GO and a small peak from ZnO demonstrate that 
ZnO-GO formation with the cone-shaped morphology can occur without the replacement of 
carbon atoms in the skeleton avoiding the breakage of the graphene nanostructure.  

5.6 Surface chemical composition of ZnO-GO nanoplatform 
The surface chemical composition and bonding of ZnO-GO nanoplatform was studied by 

the X-Ray photoelectron spectroscopy (XPS) and compared with GO and ZnO (Figure 7). The 
XPS survey scans of GO (1), ZnO (2) and ZnO-GO (3) are shown in the range from 1200 eV-
0 eV identifying the photoelectron lines of C 1s, O 1s and Auger O KLL of GO and elements of 
C, O and Zn in ZnO and ZnO-GO [52]. The XPS survey scans of ZnO and ZnO-GO show Zn 2s, 
Zn 2p1/2, Zn 2p3/2, Auger Zn LMM, Zn 3s, Zn 3p and Zn 3d, revealing the characteristic doublet 
splitting of Zn 2p lines into 2p1/2 and 2p3/2. The presence of a small In 3d peak in a spectrum of 
GO is caused by the contribution of In foil which was used as a substrate for the measurement.  

Next, the binding energy of C 1s lines was examined in order to understand the change in 
oxidation state and chemical environment of GO and ZnO-GO (Figure 8). The XPS C 1s line of 
GO shows a peak, which is fitted to three components at ~284.5 eV, ~286.7 eV and ~288.6 eV 
being assigned to carbon with sp2 and sp3 hybridization in aromatic C-C bonds [53], carbon in C-
O bond [54], and O-C=O bond of the carboxyl group [55,56]. In addition, the peak at ~286.7 eV 
can be indicative for the C-OH hydroxide type of carbon with the hydrogen-bridge oxide 
structure, in which H atom can be symmetrically placed between two oxygen atoms.  

In contrast, the XPS C 1s spectrum of ZnO-GO exhibits a peak, which is fitted to five 
components at ~283.8 eV, ~284.5 eV, ~284.8 eV, ~286.2 eV and ~288.8 eV, revealing the 
presence of Zn-C [57], carbon with sp2 and sp3 hybridization and adventitious carbon in C-C 
bond [55], carbon in C-O bonds in hydroxyl group [58-61] and O-C=O bond of carboxyl group 
[53,55,58-61]. The component at ~283.8 eV is observed at higher binding energy values than of 
Zn-C being examined in literature (e.g. ~282.2 eV), and this chemical shift of 1.6 eV can be 
caused by the interaction with the carbon and oxygen atoms resulting in the changed electron 
density, which is transferred from zinc to oxygen atom and then to the carbon atom. 
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Figure 7. Representative XPS survey scans of GO (1), ZnO (2) and ZnO-GO (3) in the 

range from 1200 eV-0 eV 
 
For comparison, the XPS C 1s spectrum of ZnO [61] (Figure 8 bottom A) was fitted by 

adventitious carbon at ~284.8 eV, adsorbed hydroxyl groups at ~285.9 eV [58-61] and COx at 
~289.2 eV due to contribution of carbonate-type species or to adsorption of molecular water 
[62]. The XPS O 1s line in GO is introduced by two components at ~530.9 eV (O-C=O bonds) 
and ~532.6 eV (C-OH bond) [55] (Figure 8). In contrast to GO, both XPS O 1s lines in ZnO-GO 
and ZnO (Figure 9) are composed of three components: ~530.3 eV, ~531.3 eV and ~532.6 eV, 
indicating Zn-O bonding in ZnO (i.e. the O2

− ions on the wurtzite structure of the hexagonal Zn2+ 
ion array, which are surrounded by zinc atoms in the close proximity to nearest-neighbor O2

− 
ions), O2

− ions that are in oxygen-deficient regions within the ZnO structure, and chemisorbed 
OH species on the ZnO surface including COx [42,63].    
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Figure 8. Representative XPS spectra of GO, ZnO and ZnO-GO NPs showing lines of 

C 1s (A), O 1s (B) and Zn 2p (C) (CPS: counts per second). The curve fitting of the C 1s, O 1s 
and Zn 2p spectra was completed using a Gaussian-Lorentzian peak shape after performing a 
Shirley background correction. The color coding in (A) and (B) represents raw spectra (black) 
and their fits (red), and fitted peak components are presented in other colors. The raw XPS Zn 2p 
spectra of ZnO and ZnO-GO are shown in blue and pink colors.  
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Both XPS Zn 2p lines of ZnO and ZnO-GO show Zn 2p3/2 peaks at ~1021.8 eV and Zn 
2p1/2 at ~1044.9 eV, revealing Zn2+ bound to oxygen in the ZnO structure [52], which was 
confirmed by the Zn LMM Auger lines at ~498.2 eV (kinetic energy ~988.5 eV) and a shoulder 
at ~495 eV (kinetic energy ~990 eV) [64] (Figure 9). The formation of metallic Zn is excluded 
because no shift to higher kinetic energy ~992 eV was observed in Zn LMM spectra. 

 

  
a b 

 
a – Representative XPS O 1s spectrum of ZnO nanoparticles; b – XPS Zn LMM spectra 

of ZnO and ZnO-GO nanomaterials.  
Figure 9. Surface composition of ZnO and ZnO-GO nanomaterials studied by XPS 
 
Overall, ZnO and ZnO-GO were formed by using the ultrasound-assisted hydrothermal 

reaction of ZnSO4 and NaOH [36]. In this reaction mechanism an excess of hydroxide is required 
in order to transform the intermediate phase of Zn(OH)2 into ZnO NPs via the dissolution-
precipitation process, in which the surface composition and morphology of the final product is 
controlled by the H2O/Zn2+/OH- stoichiometric mole ratio [63]. We may assume that in ZnO-GO 
the surface carboxyl (-O-C=O) groups of GO together with OH can contribute to the catalytic 
hydroxylation effect, which is also accelerated by ultrasound; on the transformation of Zn(OH)2 
to ZnO in such a way that carbon atoms are not intercalated into the ZnO wurtzite crystalline 
structure, which is free of impurities. 

5.7 Ultrasonic complexation of ASA with ZnO-GO 
Figure 10a shows the Zeta potential values of pristine ASA (-0.48±3.73) mV, ASA-ZnO 

(-0.90±2.59) mV and ASA-ZnO-GO (-1.51±2.36) mV are changed towards more neutral values, 
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indicating the complexation of ASA with ZnO and ZnO-GO as compared with the data of 
synthesized ZnO (-4.7±2.7) mV and ZnO-GO (-3.6±2.3) mV (Figure 4).  

The UV-Visible absorption spectra of pristine ASA show two distinct peaks at ~242 nm 
and ~278 nm (Figure 10b), which can be assigned to salicylic acid (SA) and ASA with the C1 
point group structure, in agreement with the computed sum of electronic transitions of SA [64]. 
Aqueous solutions of ASA-ZnO and ASA-ZnO-GO exhibit a broad absorption maximum in the 
region 200-300 nm with a peak at ~370 nm, which is indicative of the acetyl group with the 
complexed starch [65]. Other absorption bands, which appear in the wavelength region 700-
1100 nm, reveal the excitation of solvent molecules that are in a close proximity with the surface 
of ASA and nanomaterials. The Beer-Lambert law and the calculated optical density (OD) 
absorption values of ASA-ZnO and ASA-ZnO-GO are 0.79 and 0.58 allowed for estimating the 
concentration of pharmaceutical substances in ASA-ZnO (~283.5 μg/mL) and in ASA-ZnO-GO 
(~208.1 μg/mL). 

 

  
a b 

 
a – Zeta potential plots of pristine ASA (1), ultrasonically complexed ASA-ZnO (2) and 

ASA-ZnO-GO (3) nanoparticles; b – the UV-Visible absorption spectra of aqueous solutions of 
pristine ASA (1), ZnO (2) and ZnO-GO (3), ASA-ZnO (4) and ASA-ZnO-GO (5) nanomaterials 
in comparison with pristine ASA after 3 min of sonication (6).  

Figure 10. Surface charge and electronic molecular structure of pristine ASA before and 
after ultrasonic complexation with ZnO and ZnO-GO nanomaterials. 
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Next, the ultrasonic complexation of pristine ASA with ZnO and ZnO-GO nanomaterials 
was studied by Raman spectroscopy (Figure 11). Raman spectrum of pristine ASA shows its 
characteristic manifold vibrational modes and reveals the presence of starch (260 cm-1, 319 cm-1, 
422 cm-1 and 919 cm-1) in a compound [38].  

 

  
a b 

 
 
 
 
 
 
 
 
 

c 
 
a – Raman spectrum of pristine ASA; b – of ASA-ZnO; c – of ASA-ZnO-GO nanoparticles 

(λexc=633 nm).  
Figure 11. Surface molecular structures of pristine ASA and ultrasonically complexed 

ASA-ZnO and ASA-ZnO-GO nanoparticles.  
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Characteristic Raman bands of inactive ingredients such as talc [66], calcium stearate 
[67], citric acid [68] and SiO2 [69] were not observed. The mass fraction of ASA is ~4.21 wt. % 
and of starch is ~0.82 wt. % in pristine ASA, as determined by the Raman intensity ratio method 
[70] and the calculated data are presented in Table 4. 

Table 4 
Concentration and mass fraction of ASA and starch in ASA-ZnO and ASA-ZnO-GO 

nanoparticles estimated by the Raman intensity ratio method in comparison with pristine ASA 
 

Compound α 
Concentration, μM Mass fraction, wt.% 

ASA Starch ASA Starch 
Free ASA 18.11 167.00 43.00 4.21 0.82 
ASA-ZnO 0.12 1.10 0.29 2.80x10-2 5.00x10-3 

ASA-ZnO-GO 14.58 134.00 35.00 3.38 0.67 
 
In contrast, the mass fractions of ASA and starch in ASA-ZnO nanoparticles are by two 

and three orders of magnitude lower than in ASA-ZnO-GO being comparable with the values in 
free ASA, i.e. ~3.38 wt.% and ~0.67 wt.%. The estimated concentration of ASA in free ASA is 
~167 μmol/L, in ASA-ZnO (~1 μmol/L) and in ASA-ZnO-GO (~134 μmol/L), revealing that 
ASA forms a strong complex with ZnO-GO.  

We suggest that the lowest concentration of ASA and starch in ASA-ZnO nanoparticles 
in relation to free ASA and ASA-ZnO-GO can be caused by the following effects: 

1) pH-dependent swelling of starch during interaction with ZnO and the changed 
ionization state of carboxylic groups in aqueous solution [71]; 

2) sonochemical modification of starch during acoustic cavitation.  
The swelling of starch in aqueous solution suggests that water can penetrate ASA-ZnO 

and lead to leaching of ASA. We may assume that modification of starch can be enhanced by 
ZnO and ultrasound, resulting in the extraction of ASA from nanoparticles and increased 
solubility (hydrolysis) of starch. These effects may be retarded in ASA-ZnO-GO due to the ZnO-
GO structure, which forms a strong complex with ASA. It was reported that Zn2+ more easily 
interact with the hydroxyl oxygen of the starch molecular chain, leading to the hydrolysis of its 
glycoside bonds. As a result of it, weakening of the intermolecular hydrogen bonding and 
reduction of the crystalline regions of starch occur [72]. Zn2+ can appear as a result of dissolution 
of ZnO nanoparticles in aqueous solution, which typically occurs at acidic conditions. In our 
experiments, the pH of aqueous colloidal solutions was 5.5, meaning that dissolution of ZnO is 
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less probable. On the other hand, ultrasound can contribute to the dissolution of ZnO and release 
of Zn2+ [73] which can be retained to a higher degree in the ZnO-GO structure.  

5.8 Enhanced antibacterial activity of ASA-ZnO-GO nanoparticles 
The growth inhibition of E. coli M-17 bacteria, as a model microorganism, was assessed 

by interaction with free ASA, ASA-ZnO and ASA-ZnO-GO nanoparticles (Figure 12, 
Appendix 4).  

 

  
a b 

  
c d 

a – live free E. coli M-17 colonies; b – E. coli M-17 colonies after incubation with 
pristine ASA; c – with ASA-ZnO; d – with ASA-ZnO-GO nanoparticles (scale bars are 1 cm).  

Figure 12. True color photo images of live free E. coli M-17 colonies without any 
treatment and after incubation with pristine ASA (E. coli + {free ASA}), ASA-ZnO (E. coli + 
{ASA-ZnO}) and ASA-ZnO-GO (E. coli + {ASA-ZnO-GO}) 
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Figure 12 shows true color photo images of E. coli M-17 colonies grown on differential 
agar media in petri dishes without any treatment and after incubation with free ASA, ASA-ZnO 
and ASA-ZnO-GO nanoparticles. Control experiments were performed by incubating pristine 
differential medium alone (no bacteria) and with free ASA, ASA-ZnO and ASA-ZnO-GO at 
37°C for 20 h [38].   

A tendency was revealed in the decreased amount of E. coli M-17 colonies after 
treatment with synthesized nanomaterials following the order from large amount of bacteria to 
small: E. coli M-17 + {free ASA} → E. coli M-17 + {ASA-ZnO} → E. coli M-17 + {ASA-
ZnO-GO}. Details about the calculated data with their standard errors and deviation values can 
be found in ref. [38]. Overall, live E. coli M-17 populations occupy ~58 % of the total surface 
area after 20 h of incubation, which is characteristic of a fast growing type of a bacteria family 
[78]. The number of bacterial colonies per surface area decreased by 2.4 times in a sample of {E. 
coli M-17 + free ASA}, by 5.8 times in {E. coli M-17 + ASA-ZnO} and by 7.3 times in {E. coli 
M-17 + ASA-ZnO-GO} (Figure 13a) and the occupied average surface area of grown treated E. 
coli M-17 was ~23.9 %, ~10.0 % and ~8.0 % with respect to free E. coli M-17 (Figure 13b), 
demonstrating the pronounced bacteriostatic effect of ASA-ZnO and ASA-ZnO-GO in 
comparison with pristine ASA.  

 

  
a b 

a – the calculated statistical histogram showing the number of bacterial colonies per 
surface area (μm2); b – distribution diagram of a grown bacterial surface area relatively to live 
free E. coli M-17 (in %). Error bars are the standard errors from 45 optical microscope images. 

Figure 13. The bacteriostatic effect of ultrasonically complexed ASA-ZnO-GO 
nanoparticles in comparison with pristine ASA and ASA-ZnO on E. coli M-17 bacteria 
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It was reported that ZnO nanoparticles exhibit bactericidal activity against E. coli through 
the formation of reactive oxygen species (ROS: O2

-, H2O2, singlet oxygen 1O2 and ·OH) and 
oxidative stress at MIC ~5 mg/mL [75]. The released Zn2+ ions have been reported to be toxic to 
bacteria too, but eluted zinc ions cannot be considered to inhibit the bacterial growth because of 
the low solubility of ZnO in vivo. It is accepted by the scientific community that ZnO 
nanoparticles of smaller size produce larger amount of ·OH radicals and cause bacterial suicide 
response, which is characterized by E. coli growth arrest under continuous stress conditions, 
while maintaining the metabolism in bacteria [76].·OH radicals can be formed as a result of 
reaction between O2

- and H2O2, and can be catalyzed by ZnO because its surface is coated by 
OH. O2

- can capture H+ in solution, yielding the formation of hydroperoxyl radical HO2·, which 
can penetrate the cellular membrane like H2O2 causing its damage and disorganization in the cell 
wall, thereby inhibiting the growth of the cells or leading to their apoptosis. It is proposed that 
H2O2 is one of the primary factors in the bacteriostatic effect caused by ZnO nanoparticles [77].  

The interaction with the cellular membrane of E. coli M-17 can be modulated with ASA-
ZnO-GO nanoparticles due to the enhanced biocompatibility of GO and ZnO. It was reported 
that GO can cause no viability loss, at a concentration of 50 μg/mL, indicating low cytotoxicity 
of GO and enabling long-term antibacterial performance [78]. We may consider that GO can cut 
the E. coli M-17 membrane because these effects were previously observed at low concentration 
of GO colloidal suspension (<6 μg/mL) [23]. Moreover, sharp edges of cone-shaped ASA-ZnO-
GO nanoparticles can enable a tighter contact and complexation with the bacterial cellular 
membrane, thereby enhancing the bacteriostatic effects of E. coli M-17. 

5.9 Improved antioxidant efficiency of ASA-ZnO-GO nanoparticles 
Next, we performed the electrochemical Fenton reaction process with free ASA, ASA-

ZnO and ASA-ZnO-GO nanoparticles to find out the scavenging efficiency of hydroxyl radicals 
by these potential pharmaceutical nanomaterials. The cyclic voltammograms of the relative 
response of current (mA) vs the applied voltage (from -0.5 V to +1.2 V) by varying the 
concentration of pharmaceutics in free ASA, ASA-ZnO and ASA-ZnO-GO are shown in 
Figure 14. Control electrochemical experiments were performed in aqueous solutions containing 
Fe2+ cations (catalyst) and sodium phosphate dibasic (phosphate-buffered solution, pH=9) before 
and after reaction with hydrogen peroxide under similar conditions, confirming that the Fenton 
process took place only after addition of hydrogen peroxide, which is accompanied by the 
appearance of two characteristic redox peaks at ~0.29 V (~14.57 mA) and ~0.15 V (~8.56 mA) 
[38], in agreement with literature considering different types of phosphate buffer solutions [79]. 
In addition, the electrochemical measurement of fresh aqueous solution of free ASA (pH=3) was 
also performed as another control experiment, demonstrating the prevailed reduction of ASA due 
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to the appearance of the larger peak at ~0.83 V (~33.15 mA) and a negligible one at ~0.53 V 
(~4.74 mA) caused by oxidation [38]. 

 

  
a b 

 
a – the relative response of current (mA) in aqueous solutions of free ASA (1), ASA-ZnO 

(2) and ASA-ZnO-GO (3) by varying the amount of ASA in nanomaterials; b – the peak values 
of the measured current (mA) being plotted vs concentration of ASA (Lg C, μmol/L). 

Figure 14. The electrochemical Fenton reaction process with free ASA, ASA-ZnO and 
ASA-ZnO-GO nanoparticles  
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Cyclic voltammograms of free ASA during the electro-Fenton process show a 
characteristic current peak of hydroxyl radicals at ~0.48 V (~23.54 mA) due to oxidation and a 
small broad peak at ~0.09 V (~-20.88 mA) due to reduction only at smaller concentration of 
ASA (~50.52 μmol/L) (Figure 14A). As the concentration of ASA increased up to 
~215.55 μmol/L the oxidation peak disappeared, and two reduction peaks were developed at 
increased the current peak values at ~0.15 V (~-24.35 mA) and ~0.83 V (~-3.24 mA), indicating 
that free ASA neutralizes ·OH radicals during oxidation and enhances the reduction processes. 

The decrease of current peak values of hydroxyl radicals follows the linear relationship 
y=35.9-7.4x at the increased concentration of ASA and its rate is ~7.4 as determined from the 
slope (Figure 14b). In contrast, cyclic voltammograms of ASA-ZnO nanoparticles show a 
pronounced current peak of ·OH radicals at ~0.55 V (~21.74 mA) due to oxidation and another 
peak at ~0.24 V (~-13.67 mA) due to reduction at the smallest concentration of ASA 
(~0.69 μmol/L), demonstrating the enhanced activity of redox reactions due to the conjugation of 
ASA and ZnO (Figure 14a). Both peaks are significantly decreased at increased concentration of 
ASA-ZnO with the oxidation peak values at ~0.59 V (~16.20 mA), while the reduction peak 
disappeared at the highest available amount of ASA (~1.51 μmol/L), indicating that ASA-ZnO 
nanoparticles diminish ·OH radicals, but also the reduction processes. This is also evidenced 
from the lower current peak edge values (at ~1.51 μmol/L) at ~-31.76 mA (-0.50 V) and 
~38.53 mA (1.20 V) in respect to the initial edge values (at ~0.69 μmol/L) at ~-41.31 mA (-
0.5 V) and ~41.38 mA (1.20 V). Similar to free ASA, the decreased current peak values of 
hydroxyl radicals also follows the linear relationship y=19.5-16.4x, but at a higher rate ~16.4, 
demonstrating that the redox reactions are accelerated by ASA-ZnO during the electro-Fenton 
process (Figure 14b). 

Similarly to ASA, cyclic voltammograms of ASA-ZnO-GO nanoparticles show a current 
peak of hydroxyl radicals at ~0.47 V (~35.78 mA) due to oxidation and a small broad peak at 
~0.18 V (~-25.51 mA) due to reduction only at the smallest available concentration 
(~6.76 μmol/L) (Figure 14a). These current peak values are larger than in free ASA, pointing out 
to the higher electron density of ASA-ZnO-GO. At increased concentration of ASA-ZnO-GO 
(~27.38 μmol/L) the oxidation peak disappeared like in free ASA, and only one reduction peak 
was developed at ~0.71 V (~-11.85 mA) with significantly increased current edge peak values at 
-75.43 mA (-0.50 V) and ~84.81 mA (1.20 V) being higher than in free ASA (-68.12 mA and 
52.01 mA), demonstrating more efficient neutralization of ·OH radicals during oxidation by 
ASA-ZnO-GO. Similar to free ASA and ASA-ZnO, the decrease of current peak values of 
hydroxyl radicals follows the linear relationship y=55.6-17.4x with the increased concentration 
of ASA-ZnO-GO, but at a higher rate ~17.4, demonstrating the pronounced antioxidant 
efficiency of ASA-ZnO-GO in acceleration of redox reactions in the electro-Fenton process.   
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In summary, an introduced single step ultrasonic method (20 kHz) can be used for the 
formation of ZnO-GO nanoplatform with the average size of <70 nm. ZnO-GO are composed of 
the pure crystalline ZnO wurtzite phase and have a cone-shaped morphology with the Zn:O 
atomic ratio ~1.0. The surface structure of ZnO-GO contains hydroxyl and carboxylate groups 
that are particularly useful for the ultrasonic complexation with pristine ASA. Ultrasonically 
complexed ASA-ZnO-GO nanoparticles more effectively inhibit the growth of E. coli M-17 
bacteria as model organism than free ASA or ASA-ZnO. This improved bacteriostatic function 
of ASA-ZnO-GO can be attributed to the complexation of ASA and starch with ZnO-GO, 
biocompatibility due to GO and ZnO. Moreover, ASA-ZnO-GO more efficiently neutralize ·OH 
radicals during the electro-Fenton process than free ASA or ASA-ZnO at the concentration of 
~28 μmol/L, which is lower than 100 μmol/L and can be considered as biosafe and nontoxic to 
eukaryotic cells according to FDA rules. The acquired knowledge substantially enriches our 
understanding about the improvement of pharmaceutical function of ASA, especially its 
antioxidant property, and discloses the important roles of ZnO and GO in contact-dependent 
growth modulation of E. coli M-17 bacteria. As a result, these findings can be particularly useful 
for the fundamental studies of the drug-enzyme, drug-metal and drug-biological cell interactions, 
and can be expanded to other drugs in the treatment of gastrointestinal tract diseases, diabetes 
and cancer. 

 
⃰  ⃰  ⃰  ⃰  ⃰  

The presented results allow us to draw the following conclusions: 
1. Ultrasound-assisted synthesis of ZnO-GO nanoplatform leads to the formation of a 

pure ZnO crystalline phase in aqueous solution by the Ostwald growth mechanism 
without the replacement of carbon atoms in the skeleton avoiding the breakage of the 
graphene nanostructure. 

2. ASA forms a strong complex with the ZnO-GO nanoplatform due to binding effects 
with GO, in contrast to ASA-ZnO nanoparticles. 

3. ASA-ZnO-GO nanoparticles exhibit a threefold pronounced bacteriostatic effect than 
pristine ASA, which we suggest is due to cutting of the E. coli M-17 membrane by 
GO involving sharp edges of cone-shaped morphology of together with the 
ameliorated anti-oxidant efficiency of nanoparticles.  

4. ASA-ZnO-GO more efficiently neutralize ·OH radicals and at a tenfold higher rate 
than pristine ASA during the electro-Fenton process at the concentration of 
~28 μmol/L, which is lower than 100 μmol/L and can be considered as biosafe and 
nontoxic to eukaryotic cells.  
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CHAPTER 6 SWITCHABLE ANTIOXIDANT FUNCTION OF 
ULTRASONICALLY COMPLEXED SALICYLIC ACID WITH MAGNETITE-

REDUCED GRAPHENE OXIDE NANOPLATFORM 
 
Salicylic acid (SA)-based drugs are widely used in type II diabetes, Alzheimer’s disease, 

rheumatism and cancer [1,2]. SA exhibits beneficial antioxidant properties via direct interaction 
with enzymes or by controlling their de novo synthesis [3]. Antioxidant properties of SA are 
determined in the reduction of tissue damage caused by hypoxia/reoxygenation, where SA 
diminishes hydroxyl radicals due to specific binding to protein and modifying its function. SA 
can inhibit the mitochondrial damage and preserve ascorbate depletion due to 
ischemia/reperfusion in hearts [4]. The physiological antioxidant action of SA is observed in the 
decrease of flux of hydroxyl radicals through chelation, which causes a redox deactivation 
mechanism of iron Fenton reaction centers [5]. SA is considered a better in vivo hydroxyl radical 
scavenger than ascorbic acid (AA) in its ionized form or cysteine because of its site specific 
location, iron-binding ability and high reaction rate (6-10x109 M-1s-1) [6]. Therefore, the iron-
salicylate complex does not have the thermodynamic driving force to act as an effective Fenton 
reagent necessary for the production of damaging oxygen-containing radicals. Such salicylate 
complexes act by redox deactivation of iron and may mimic a superoxide dismutation (SOD), 
indicating another antioxidant property of SA. It was shown that the salicylate-iron complex can 
inhibit the xanthine oxidase properties and stimulate the formation of H2O2 during the 
dismutation reaction [7]. In addition, the salicylate-iron can simultaneously reduce Fe(III) of the 
complex to Fe(II), generating hydroxyl radicals during the dismutation, which is indicative for 
the pro-oxidant action. SA (a metabolite of acetylsalicylic acid) causes severe side effects 
(stomach ulcer formation, bleeding, nausea, vomiting, etc.). Therefore, new methods are needed 
to control the SA structure in salicylate complexes aiming at improved antioxidant and 
enzymatic efficiency modulation. 

Salicylate complexes with metal ions or atoms can lead to activation of the SA’s 
structure, resulting in rich and multifaceted coordination functions of metallo-SA drugs. To date, 
activation of SA is accounted for complexation with silver for improved wound healing [8,9] and 
human breast cancer therapy [10] with iridium for potent tumor growth inhibition [11] or copper 
for higher antitumor efficacy by the proposed ROS mediated mitochondrial pathway [12] with 
respect to pristine SA. SA can increase ROS production via its action by carboxylic group as 
shown in the HT-29 human colorectal carcinoma cell line [13] and can sensitize these cells to 
H2O2 in apoptosis induced by TNF-K or a Fas ligating antibody [14].  

So far, the complexation of SA with iron(II) or iron(III) is mainly introduced by the study 
of the electronic structure of iron-salicylates and identification of chemical coordination groups 
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of biological importance [15]. The iron(II)/iron(III) switch is essential for enzymatic functions, 
but also for formation of highly reactive hydroxyl radicals [16]. However, such metal complexes 
undergo ligand substitution reactions at inorganic centers and their structure/function properties 
are difficult to predict in vivo. 

Alternatively, the specific interaction of metal-based nanoparticle drugs with biological 
entities can be controlled by their size, shape and structure. For example, superparamagnetic 
Fe3O4 nanoparticles (<20 nm) can be safely applied as biocompatible, biodegradable and non-
toxic contrast agents in magnetic resonance imaging [17]. At present, Food and Drug 
Administration approved ferumoxytol drug containing iron oxide nanoparticles is used for iron 
deficiency treatment and tumor retardation growth [18]. Moreover, oral tablet formulation of 
anticancer drug celecoxib includes Fe2O3 nanoparticles, and nonsteroidal anti-inflammatory drug 
(NSAID) indomethacin with Fe3O4 nanoparticles. However, the interaction of these drug 
molecules with ferric or ferrous oxide has not been determined and the catalytic properties of 
iron-activated drugs as nanoparticles have not been studied yet.   

Up to now, Fe3O4 nanoparticles have been designed with GO, providing a platform of 
many functional groups: carboxylic (-COOH), hydroxyl (-OH), carbonyl (-C=O) and epoxide (-
C-O-C). This strategy has been successfully applied to complexation of doxorubicin [19] or folic 
acid [20] with enhanced intracellular uptake and targeted imaging of oncological tumors. In these 
studies Fe3O4 nanoparticles are either grown or coated with GO that is loaded with anticancer 
drugs. GO especially stands out here as it provides more binding sites for complexation with 
drugs and improves the electronic properties and stability of potential pharmaceutical 
compounds. As advantage, ultrasound causes efficient complexation of drug molecules so that 
the structure of pharmaceutical organic ligands doesn’t undergo severe damage and remain stable 
during the synthesis. So far, the effects of ultrasound have been determined in sonofragmentation 
of molecular [21] and ionic [22] crystals, sonocatalysis of iron carbonyls [23], synthesis of iron 
colloids [24], nanosized hollow hematite [25] and functionalized graphenes [26]. In this context 
the sonochemical effects of complexed NSAID nanoparticles have not been defined yet.  

Therefore we suggest a sonochemical method to form a complex between pristine SA 
molecules and a Fe3O4-rGO nanoplatform during in situ synthesis of magnetite phase and 
determine the conditions of enhanced antioxidant efficiency of Fe3O4-rGO-SA nanoparticles.  

6.1 Ultrasonic complexation of SA with Fe3O4-rGO nanoplatform 
For formation of Fe3O4-rGO-SA nanoparticles, at first we suggested to prepare GO by 

using the improved Hummers method, more details can be found in [27]. GO was synthesized 
with a few layer wrinkled graphene sheets of partially reduced carbon basal planes caused by the 
removal of functional groups and the C/O=1.44 atomic ratio. The average size of GO was 
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~202±40 nm. Control experiments were performed without GO, resulting in formation of Fe3O4-
SA nanoparticles, and without SA, yielding bare Fe3O4 and Fe3O4-rGO nanoplatform. 

Synthesized Fe3O4-rGO-SA nanoparticles have spherical morphology (Figure 1a) and a 
smaller average size <d> ~10.46±2.77 nm (Figure 1b) than Fe3O4-SA (~15.62±4.48 nm) and 
preformed GO (Figure 1c,d) (Appendix 5).  

 

  

a b 

 
 

c d 
 
a – representative SEM image of synthesized Fe3O4-rGO-SA nanoparticles (scale bar is 

100 nm); b – its size distribution histogram; c – SEM image of Fe3O4-SA nanoparticles; d – its 
size distribution histogram. 

Figure 1. The morphology and average size of synthesized Fe3O4-rGO-SA and Fe3O4-SA 
nanoparticles 
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Analysis of X-ray diffraction patterns of Fe3O4-rGO-SA revealed the formation of Fe3O4 
crystalline phase (amcsd 0007421) with calculated interplanar d spacing values comparable to 
Fe3O4 and Fe3O4-SA (Figure 2a and Table 1). The XRD patterns of Fe3O4-SA and Fe3O4-rGO-
SA show a small (221) reflex of SA at 2θB=28.27° and 28.37° [28] indicating complexed SA.  

The crystallite size t of all nanoparticles was estimated by using the Scherrer’s formula 
[27] considering the (311) reflex of magnetite with a constant depending on the crystallite shape 
k=0.89, 2θB=35.61° of Fe3O4 and Fe3O4-SA with β=7.45x10-3 and 14.63x10-3, and 2θB=35.50° of 
Fe3O4-rGO-SA nanoparticles with β=14.09x10-3 (Figure 2b). The determined size t of Fe3O4-
rGO-SA ~10.20 nm is comparable with its average diameter (~10.46 nm), indicating uniform 3D 
space structure of synthesized nanoparticles.  

In contrast, the t value of Fe3O4-SA is smaller (~9.84 nm) than the average diameter 
(~15.62 nm), which is presumably caused by a narrower width of these nanoparticles. Fe3O4-
rGO-SA nanoparticles have smaller size because of two possible reasons: i) pH-size dependent 
amphiphilicity of rGO and ii) the relationship between the surface activity of rGO and energy of 
cavitation bubbles. rGO is considered as an amphiphilic molecule with a pH-dependent surface 
activity. 

 

  
a b 

 
a – The X-Ray powder diffraction patterns of Fe3O4-SA (1), Fe3O4-rGO-SA (2) and bare 

Fe3O4 nanoparticles (Cu Kα=1.54 Å); b – the selected XRD (311) reflex of magnetite obtained 
from patterns of these nanoparticles. 

Figure 2. The X-Ray powder diffraction patterns of Fe3O4-rGO-SA nanoparticles in 
comparison to Fe3O4-SA and bare Fe3O4  
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Smaller rGO have increased the edge-to-area ratio and charge density, therefore they are 
more hydrophilic at higher pH values. Indeed the pH of aqueous solution of Fe3O4-rGO-SA 
nanoparticles was 5 and of Fe3O4-SA – 4, indicating that Fe3O4-rGO-SA should be more 
hydrophilic due to smaller size. On the other hand, rGO can enhance the effect of reduced 
surface tension on cavitation bubbles with adsorbed SA molecules and can lead to a decreased 
Laplace pressure. As a result, bubbles with larger size will be formed. Larger bubbles will 
release higher energy at collapse, producing high local pressure gradient and shock waves, which 
decrease the nanoparticles’ size. 

To gain deeper insight into the molecular complexation of SA with Fe3O4 and rGO, FTIR 
transmittance spectroscopy analysis of Fe3O4-rGO-SA was performed in comparison with Fe3O4-
SA nanoparticles (Figure 3).  

Table 1 
The X-ray powder diffraction data (2θ, °) and interplanar spacing (d(hkl), Å) of Fe3O4-

rGO-SA and Fe3O4-SA nanoparticles 
 

Fe3O4-rGO-SA  Fe3O4-SA 
2θ, ° Int., a.u. (hkl) d, Å 2θ, ° Int., a.u. (hkl) d, Å 

- - - - 18.31 76 (111) 4.84 
28.27 75 (221)SA 3.15 28.37 72 (221)SA 3.14 
30.11 87 (220) 2.96 30.32 80 (220) 2.94 
35.50 100 (311) 2.53 35.61 100 (311) 2.51 
43.08 85 (400) 2.10 43.29 74 (400) 2.09 
50.24 82 SA 1.81 50.16 69 SA 1.82 
53.61 83 (422) 1.71 53.80 68 (422) 1.70 
57.16 86 (511) 1.61 57.33 76 (511) 1.61 
62.76 89 (440) 1.48 62.96 82 (440) 1.47 
70.99 2 (620) 1.33 71.60 69 (620) 1.32 
74.09 83 (533) 1.28 74.41 69 (533) 1.27 
79.59 2 (444) 1.20 79.95 4 (444) 1.20 

 
FTIR spectrum of Fe3O4-rGO-SA nanoparticles shows characteristic ν(Fe-O) bonds in 

bidentate and bridge Fe(III)-bissalicylato-diaquo complexes, and the characteristic ν(Fe-O) 
stretching band of Fe3O4 at ~574 cm-1 (Figure 3a) in contrast to Fe3O4-SA [29,30]. Another 
characteristic band of Fe3O4 at ~626 cm-1, which can be assigned to the O=C-O group in-plane 
bending of SA, is observed as a shoulder in Fe3O4-rGO-SA [31]. In synthesized nanoparticles the 
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O-O distance in close packed anion Fe(III) arrays in the octahedral coordination of Fe3O4 is 
0.294 nm (Fe3O4-SA) and 0.296 nm (Fe3O4-rGO-SA) (Table 1) is in a good agreement with the 
O-O distance of magnetite (0.29 nm) reported in literature [32].  

 

  
a b 

  
c d 

 
a – FTIR transmittance spectrum of Fe3O4-rGO-SA in 400 cm-1-2000 cm-1; b – in 

2000 cm-1-3800 cm-1; c – of Fe3O-SA in 400 cm-1-2000 cm-1; d – in 2000 cm-1-3800 cm-1. 
Figure 3. The molecular chemical structure of Fe3O4-rGO-SA and Fe3O-SA obtained 

from FTIR transmittance spectroscopy analysis 
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Fundamental vibrations of ν(O2) “peroxo” complexes [33] of SA and Fe-O in FeO2 
appear as weak bands in both types of nanoparticles due to ultrasonic oxidation in specific 
binding of SA. However, the C-O stretching coupled with the in-plane deformation of the 
phenolic OH group at ~1240 cm-1-1244 cm-1, which is indicative of the intramolecular hydrogen 
bonding in salicylate, is more pronounced in Fe3O4-rGO-SA than in Fe3O4-SA. These findings 
demonstrate the role of rGO in complexation of SA.  

The symmetric νs(C-O) stretching of carboxylic group of SA becomes weaker and 
broader in Fe3O4-rGO-SA at ~1317 cm-1-1377 cm-1 involving in-plane O-H bending, which was 
identified in Fe3O4-GO by other researchers [34]. Strong band at ~1458 cm-1 shows the in-plane 
δCOO bending of salicylate monoanion in Fe3O4-rGO-SA with complexed SA through phenolic 
ring and hydroxyl group. 

However, vibrations of Fe(III)-bis-salicylato-diaquo complexes appear stronger in Fe3O4-
SA in contrast to the phenolic ring vibration ν(C-H) in Fe3O4-rGO-SA (Figure 3b). From these 
results, one can conclude that surface oxygen functional groups of rGO contribute to the specific 
ultrasonic reduction of Fe(II) at the contact with SA ligands and allow formation of the 
thermodynamically stable metallocomplex in nanoparticles. More pronounced stretching FeTh-
O-FeOh vibrations, where FeTh and FeOh correspond to the iron occupying the tetrahedral and 
octahedral positions, and strong O=C-O out-of-plane bending of SA appears at ~636 cm-1 in 
Fe3O4-SA nanoparticles (Figure 3c) along with pronounced O-H bands (Figure 3d), confirming 
the porous structure of iron oxide nanospheres with Fe(III)/Fe(II) sites.   

 
6.2 Surface and electronic molecular structure of Fe3O4-rGO-SA 
Analysis of Raman spectra confirms the formation of Fe3O4 phase (~670 cm-1) [35] and 

shows γ-Fe2O3 (~350 cm-1) [36] and α-FeOOH (~492 cm-1) on the surface of Fe3O4-rGO-SA 
nanoparticles caused by natural oxidation of magnetite [37] (Figure 4, Table 2).  

In addition, several C-C peaks arising from vibrations of benzene ring and solid SA 
crystal (~707 cm-1) [38], C-O stretching of carboxylic acid group (~1328 cm-1) and a distinct 
peak at ~1600 cm-1 appearing from E2g G mode in rGO due to amorphization of graphite with 
sp2-hybridization [39] were detected in Fe3O4-rGO-SA. Small peak at 1153 cm-1 can be assigned 
to nanocrystalline diamond [40].  
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Figure 4. Raman spectra of salicylic acid per se (1), Fe3O4-rGO-SA (2), Fe3O4-SA (3), 

Fe3O4 (4) (λexc=633 nm, a grating 600 gr/mm blazed at 600 nm, 40x objective, 60 s 
accumulation) 

 
The electronic molecular structure of Fe3O4-rGO-SA nanoparticles was defined by UV-

Visible absorption spectroscopy (Figure 5). UV-Vis absorbance spectrum of aqueous colloidal 
Fe3O4-rGO-SA solution shows two characteristic peaks at ~231 nm and ~297 nm, which can be 
assigned to pristine SA [41], but are slightly shifted in comparison with observed spectra in 
phosphate buffer solution at pH=6.8. [42].  

The first band can be related to interaction of hydroxyl groups with aromatic rings [43]. 
A broad small peak near ~385 nm (~3.2 eV) indicates Fe3+

B(eg↓)→Fe3+
A(eg↓, t2↓) interband 

transitions of Fe3O4 [44] and its shift at ~390 nm (~3.18 eV) can be caused by interaction with 
rGO in Fe3O4-rGO-SA nanoparticles. 
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Table 2 

Analysis of Raman spectra of ultrasonically synthesized Fe3O4-SA and Fe3O4-rGO-SA in 
comparison with bare Fe3O4 nanoparticles (λexc=633 nm) (s – strong, w – weak) 

 
Fe3O4 nanoparticles Fe3O4-SA Fe3O4-rGO-SA 

ν, cm-1 Assignment ν, cm-1 Assignment ν, cm-1 Assignment 
- - - - 293 α-Fe2O3 

350 γ-Fe2O3 350 γ-Fe2O3 350 γ-Fe2O3 
482 α-FeOOH 496 α-FeOOH* 492 α-FeOOH* 

681 α-FeOOH 670 Fe3O4 670 Fe3O4 
- -   707 21α, 15ρ1 solid crystal SA, C-

C in-plane bending of the 
benzene ring [38] 

    1153w 44β, 25t solid crystal SA, C-C 
in-plane bending of the 

benzene ring [38] 
    1328s 28χ1, 24ρ2, C-O stretching of 

the carboxylic group [38] 
    1469w 50β, 34t of SA in a solution, 

C-C stretching of the benzene 
ring [38] 

    1600 G from rGO due to 
amorphization of graphite 
with sp2-hybridization [39] 
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Figure 5. UV-Vis absorption spectra of aqueous solutions of pristine salicylic acid (1) 

and ultrasonically synthesized Fe3O4-SA (2) and Fe3O4-rGO-SA (3) nanoparticles.  
 
The elemental composition of Fe3O4-rGO-SA and Fe3O4-SA nanoparticles was 

determined by Energy dispersive X-ray fluorescence spectroscopy (Figure 6). 
 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 
a b 

a – ultrasonically synthesized Fe3O4-rGO-SA; b – Fe3O4-SA nanoparticles.  
Figure 6. Energy dispersive X-ray fluorescence spectra of Fe3O4-rGO-SA and Fe3O4-SA 

nanoparticles 
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Analysis of EDX spectra showed that Fe3O4-rGO-SA nanoparticles are composed of O 
(~59.74±3.60) at.%, Fe (~36.32±2.00) at.%, C (~2.91±0.30) at.% with negligible traces of K 
~0.74±0.10 at.% and Cl ~0.28±0.00 at.% (Figure 6a) comparable to Fe3O4-SA 
(O~59.14±3.80 at.%, Fe~31.46±1.90 at.%, C~9.40±0.70 at.%) (Figure 6b). Both types of 
nanoparticles are mainly composed of O, Fe and C elements, but have different O/Fe atomic 
ratio: ~1.65 in Fe3O4-SA and ~1.88 in Fe3O4-rGO-SA than bare magnetite nanoparticles (~1.44) 
[45] demonstrating the excess of O caused by the complexed SA. The O/C atomic ratio of Fe3O4-
rGO-SA (~20.53) is by factor of 3.3 larger than of Fe3O4-SA (~6.29), proving the complexation 
of SA with rGO and Fe3O4.  

6.3 Concentration of complexed SA molecules in Fe3O4-rGO-SA nanoparticles 
The next question to answer is how many SA molecules are complexed in nanoparticles. 

It is assumed that for Fe3O4-rGO-SA nanoparticles (~10 nm) the total average density of bulk 
GO is ~47.42x1023 L-1, the volume of a single nanoparticle is ~5.23x10-25 m3 with ~6.24x106 
iron and ~8.39x107 oxygen atoms (Appendix 5).  

The volume of single GO sheet is ~4.04x10-25 m3, assuming the covalent C-C distance of 
graphene hexagon ~0.142x10-9 m, the C-H of benzene ring ~0.108x10-9 m and diameter 
~0.426x10-9 m. One single GO nanoparticle consists of 6.49x107 oxygen and 3.21x105 carbon 
atoms, if the volume of one single carbon atom is 1.26x10-30 m3. The estimated density of Fe3O4-
rGO nanoparticles is ~5.11x1011 L-1, taking into account the complex volume of magnetite and 
rGO, molecular weights of all components and the number of iron and oxygen atoms in Fe3O4, 
carbon and oxygen in rGO.  

When the density of Fe3O4-rGO nanoplatform is divided by SA density the concentration 
of complexed SA molecules is 3.85x108. Following similar procedure of calculation the number 
of complexed SA molecules in Fe3O4-SA nanoparticles was estimated as ~7.78x1010 
(Appendix 6). These values of SA molecules in nanoparticles are in good agreement with the 
concentration of complexed SA molecules obtained from the UV-Vis absorption measurements 
being as 186 μM Fe3O4-SA (~25.74 μg/mL) and 178 μM in Fe3O4-rGO-SA (~24.56 μg/mL) 
nanoparticles (Figure 7a,b).  

However, the measurements of fluorescence spectra of Fe3O4-rGO-SA and Fe3O4-SA 
nanoparticles in ethanol (70 wt.%) at T=22±1°C and pH=5.0 revealed higher concentration of 
complexed SA molecules in Fe3O4-rGO-SA (~8.04 μM) and Fe3O4-SA (~3.52 μM), showing that 
Fe3O4-rGO-SA nanoparticles have larger amount of electronically active SA molecules in their 
complexes than Fe3O4-SA (Figure 7c,d).  
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a b 

  
c d 

 
a – UV-Visible absorption spectra of salicylic acid per se in water; b – UV-Visible 

absorption peak intensity of SA per se at 297.5 nm in water; c – fluorescence peak intensity at 
412 nm of SA per se in ethanol (70 wt.%); d – fluorescence spectra of pristine SA (1), Fe3O4-
rGO-SA (2) and Fe3O4-SA (3) in ethanol (70 wt.%). 

Figure 7. The UV-Visible absorbance and fluorescence of pristine SA to determine 
concentration of complexed drug molecules in Fe3O4-rGO-SA and Fe3O4-SA nanoparticles  
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6.4 Electronic properties of Fe3O4-rGO-SA nanoparticles in the Fenton process 
The catalytic efficiency of Fe3O4-rGO-SA nanoparticles to diminish ·OH radical 

formation was examined in the electro-Fenton process (Appendix 5). The formation of ·OH 
radicals in aqueous solution of pristine SA is associated with the characteristic current peak at 
~18.51 mA (~0.48 V) due to oxidation and a small broad peak at ~-9.86 mA (~0.18 V) by 
reduction (Figure 8).  

 

 
 
Figure 8. Cyclic voltammograms of the relative response of current (mA) in aqueous 

solutions of pristine SA (CV-1), Fe3O4-rGO-SA (CV-2) and Fe3O4-rGO-SA-AA (CV-3) after 
ascorbic acid (AA) addition (5.7 mM-39.7 mM) and their corresponding current peak values 
(mA) of ·OH formation during the electro-Fenton process 
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At increased SA concentration from 7.2 mM to 28.8 mM the oxidation peak disappeared 
at a reaction rate ~1.6 [27] and two reduction peaks were developed at ~-9.52 mA (~0.21 V) and 
~-4.29 mA (~0.64 V), which indicated site-specific drug location [46], caused by iron binding 
ability and formation of SA-Fe(III) complex [47] (Figure 8, CV-1). The salicylate-iron complex 
has superoxide-dismutase (SOD) activity, which involves the reduction of Fe(III) complex to 
Fe(II), generating ·OH [7]. SA decreases the flux of hydroxyl radicals through chelation, which 
causes a redox deactivation mechanism of iron Fenton reaction centers in the reaction 
Fe(II)+H2O2→Fe(III)+·OH+ OH- [5]. SA enables bringing about the catalytic dismutation of the 
superoxide radical (O2·-), resulting in its removal depending on iron and the salicylate:iron molar 
ratio (in our work from 7.2 to 28.8) (Figure 9). 

  

 
 
Figure 9. Cyclic voltammograms of the relative response of current (mA) in aqueous 

solutions of bare Fe3O4 (CV-1), Fe3O4-SA (CV-2) and Fe3O4-SA-AA (CV-3) after ascorbic acid 
(AA) addition (5.7 mM-34.0 mM) and their corresponding current peak values (mA) of ·OH 
formation during the electro-Fenton process 
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In contrast to free SA molecules, the iron-salicylate complex does not have the 
thermodynamic driving force to act as an effective Fenton reagent necessary for the production 
of damaging oxygen-containing radicals. It was proved that salicylate (in contrast to SA) acts by 
redox deactivation of iron, not by hydroxyl radical scavenging.  

The decrease of the current ·OH peak is recorded in CV of Fe3O4-rGO-SA nanoparticles 
at concentration from 3.6 mM to 25.2 mM at a higher reaction rate ~7.1 than of pristine SA 
(Figure 8, CV-2). This reaction rate is increased by tenfold (~17.1), when aqueous solution of 
Fe3O4-rGO-SA nanoparticles (25.2 mM) was stepwise added by ascorbic acid (AA) at the 
concentration from 5.7 mM to 39.7 mM (Figure 8, CV-3). For comparison, Fe3O4-SA 
nanoparticles (25.2 mM) in AA aqueous solution decrease the ·OH peak at a reaction rate ~6.7 
[27] (Figure 9). 

The enhanced catalytic activity of Fe3O4-rGO-SA nanoparticles can be caused by higher 
concentration of electronically active complexed SA ligands (~8.04 μM) than in Fe3O4-SA 
(~3.52 μM) that can reduce iron and activate AA against OH generation. In addition, the 
formation of Fe(III)-bis-salicylato-diaquo complexes is more pronounced in Fe3O4-SA than in 
Fe3O4-rGO-SA nanoparticles, meaning that ferric complexes are not reduced by O2·- ions acting 
as a precursor to H2O2 in superoxide dismutation, thereby promoting the Fenton reaction.  

Those nanoparticles that have ferrous-SA complexes and adsorbed AA molecules 
contribute to the ·OH radical damage, in contrast to Fe3O4 and Fe3O4-SA nanoparticles (7.2-
28.8 mM), which promote the ·OH growth at reaction rates ~6.3 and ~3.2 (Figure 9). As a result, 
rGO may strongly diminish ·OH radicals at the contact with AA and ascorbate free radical 
(AscH•-), which reduce Fe(III) complex to Fe(II) maintaining generation of soluble Fe(II) in the 
iron oxide system [48]. In addition, AA can directly react with ·OH, superoxide and 1O2 via the 
ascorbate-glutathione pathway, mitigating oxidative stress [49].  

To understand the antioxidant activity of Fe3O4-rGO-SA nanoparticles, the oxygen 
evolution reaction at the anode, resulting in H+ formation is theoretically modelled (Figure 10, 
Appendix 5). Two opposite mechanisms of H+ ions production by Fe3O4-SA (2) or Fe3O4-rGO-
SA (3) nanoparticles (21.55-24.36x10-3M) are observed in AA aqueous solutions (Figure 10b). 
The molar CH+ is increased by pristine SA (~13.0-19.0x10-3M) or Fe3O4-SA (14.0-16.0x10-3M), 
but it is decreased by Fe3O4-rGO-SA (9.9-7.8x10-3M), demonstrating that AA may act as an 
electronic molecular switch of the antioxidant activity of two different mechanisms in a 
concentration dependent manner. AA molecules adsorbed on the surface of Fe3O4-rGO-SA 
interact with iron-SA complexes and cause a decreased generation of H+ and diminishing of 
hydroxyl radicals in Fenton, thereby enhancing protective antioxidant mechanism of ascorbate: 
ascorbate+2H++O2•-→2H2O2+dehydroascorbate, excluding oxidation of ascorbate at pH=5.0 
[50].  



116 
 

To understand the electrokinetic activity of nanoparticles in diminishing of hydroxyl 
radicals, ξ-potential values of Fe3O4-SA and Fe3O4-rGO-SA were determined in comparison with 
bare Fe3O4 and Fe3O4-rGO [27] (Figure 11). ξ-potential values of bare nanoparticles change in 
the following order: -38.8±3.0 mV (Fe3O4) and -29.7±2.3 mV (Fe3O4-rGO). The surface charge 
of Fe3O4-SA becomes more positive from ξ=-10.2±0.8 mV, when SA was added during 
ultrasonic treatment of preformed Fe3O4, to ξ=12.2±0.9 mV, when SA was added during the in 
situ synthesis of nanoparticles, and ξ=29.4±1.5 mV at 15.9 μg/ml concentration of nanoparticles 
(Figure 11a and Table 3). 

 

  
a b 

a – amount of H+ formation in SA molecules (1), bare Fe3O4 (2), Fe3O4-SA (3) and 
Fe3O4-rGO-SA (4) nanoparticles in dependence on concentration of SA; b – on concentration of 
SA molecules (1), Fe3O4-SA (2) and Fe3O4-rGO-SA (3) nanoparticles. 

Figure 10. Theoretical modeling of the oxygen evolution reaction at the anode, resulting 
in H+ formation on complexed SA molecules in Fe3O4-rGO-SA and Fe3O4-SA nanoparticles  

 
In contrast, the surface charge of iron-SA complexes in in situ synthesized Fe3O4-rGO-

SA change from ξ=-5.7±2.6 mV to 12.1±1.0 mV as the concentration of nanoparticles 
nonlinearly increased from 6.3 μg/ml to 250 μg/ml (Figure 11b and Table 4). Therefore, more 
acidic environment is formed in colloidal Fe3O4-rGO-SA than in Fe3O4-SA aqueous solution, 
which can change the adsorption of AA molecules on nanoparticles and switch between redox 
deactivation of iron (more acidic) or antioxidation (more basic) mechanisms.  
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a b 
 

a – Concentration dependent Zeta potential (mV) plots of Fe3O4-SA; b – Fe3O4-rGO-SA. 
Figure 11. The surface charge of aqueous solutions of Fe3O4-SA and Fe3O4-rGO-SA in 

dependence on concentrations of nanoparticles  
 

Table 3 
Concentration dependent Zeta potential values of in situ ultrasonically synthesized Fe3O4-

SA nanoparticles in aqueous solutions 
 

 
ξ-potetial values of Fe3O4-SA  

C, μg/mL 3.9 6.3 7.8 8.3 10.0 15.6 31.3 
<ξ>, mV 6.0 11.7 15.6 19.5 22.5 29.4 28.5 
SD 2.45 2.45 1.10 2.45 2.28 1.47 2.70 

 
Table 4 

Concentration dependent Zeta potential values of in situ ultrasonically synthesized Fe3O4-
rGO-SA nanoparticles in aqueous solutions 

 

 
ξ-potential values of Fe3O4-rGO-SA 

C, μg/mL 6.3 8.3 12.5 25.0 50.0 250.0 
<ξ>, mV -5.7 -3.9 6.6 11.6 13.7 12.1 
SD 2.60 2.42 2.04 1.48 1.97 1.03 
 
SD – standard deviation values 
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6.5 Modeling of electric surface potential cross section of Fe3O4-rGO-SA 
Therefore, the next question to answer is, why does electronic AA donor accelerate the 

diminishing reaction of ·OH radicals at the contact with complexed SA in iron oxide system of 
rGO (Appendix 5).  

To assess the charge carrier density with such surfaces, the computation based on 3D 
modelling of the electric surface potential cross section distribution (U) was performed on 
Fe3O4-rGO-SA in comparison with Fe3O4 and Fe3O4-SA nanoparticles (Figure 12).  

Analysis of the 3D U distribution modeling shows that peak magnitudes appear only in 
the cross section regions of nanoparticles. The derived current J density peak magnitudes are the 
highest, if the average diameter of nanoparticles approaches the distance of 1 nm: 3.52x106A m-2 
of Fe3O4, 7.45x106A m-2 of Fe3O4-SA and 7.97x104A m-2 being two orders of magnitude lower 
in Fe3O4-rGO-SA, which is determined by the rGO physical properties. 

The computed J values nonlinearly decrease with increased average size of nanoparticles 
up to 100 nm at reaction rates: by fitting to a polynomial function of the 9th order on Fe3O4, ~87 
and ~3x104 by fitting to the exponential decay function on Fe3O4-SA and Fe3O4-rGO-SA [27].  

The J magnitudes decrease on Fe3O4-rGO-SA in a small range from 795.65x102 to 
795.22x102A m-2 in contrast to Fe3O4-SA (from 7.99x106 to 5.55x106A m-2), demonstrating the 
important role of rGO and complexed SA in enhanced charge transfer catalysis.  
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a 

 
b 

 
 

c 
a – bare Fe3O4 ~30 nm; b – Fe3O4-SA ~15 nm; c – Fe3O4-rGO-SA ~10 nm. 
Figure 12. The 3D plots of the computed electric surface potential distribution on bare 

Fe3O4, Fe3O4-SA and Fe3O4-rGO-SA nanoparticles  
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6.6 Intracellular accumulation and cytotoxicity of Fe3O4-rGO-SA nanoparticles 
As it has been shown that ·OH and H+ production can be controlled by Fe3O4-rGO-SA, it 

appears promising to advance this method for the growth inhibition study of HeLa, HepG2 and 
HT29 cancer cells with internalized nanoparticles (Figure 13). Most of cells exhibit bright 
fluorescence signals over their entire surface structure, proving successful intracellular 
accumulation of nanoparticles (Table 5).  

Very few non-fluorescent parts inside cells can be detected arising from intracellular 
vesicular structures (Figure 13a). There are clear changes of the morphology of cells caused by 
their interaction with digested nanoparticles with respect to control live cells (without 
nanoparticles). These morphological changes are distinctly seen in HepG2 cells in comparison 
with morphology of non-fluorescent nanoparticles (Figure 13b). Therefore one may conclude 
that this effect can be caused by the toxicity of the dye itself. Overall, the dye color distribution 
in images is relatively uniform in all three lines, despite the fact that HT29 cells grow in dense 
clusters with surrounded mucous-like membrane (Figure 13c). In our experiments the initial 
number of HT29 cells was insufficient to form multiple dense clusters during the incubation 
period.   

After 24 h of incubation in HeLa cells fluorescence images revealed a clear difference 
between internalized Fe3O4-SA and Fe3O4-rGO-SA NPs (Figure 13a). In particular, ~47 % of 
HeLa cells with intracellularly accumulated Fe3O4-rGO-SA and only ~22 % with Fe3O4-SA 
exhibited the brightest fluorescence over the entire surface, demonstrating that these 
nanoparticles degraded inside cells and left only dye molecules. In contrast to HeLa cells, almost 
all of HepG2 cells with intracellularly accumulated Fe3O4-rGO-SA showed the brightest 
fluorescence as individual bright dots in cytosol and nucleus and as a solid bright spot over the 
entire surface (Figure 13b).  

For comparison, no individual bright dots were observed in bright fluorescent HepG2 
cells with Fe3O4-SA. The mean number of fluorescent cells with the brightness over the entire 
surface was ~38 % with Fe3O4-rGO-SA and ~23 % with Fe3O4-SA. The presence of individual 
fluorescent dots that are homogenously distributed in cytosol and nucleus of HepG2 cells 
indicated that Fe3O4-rGO-SA are not fully digested in intracellular compartments after 24 h of 
incubation in most of these cells. This is in contrast to Fe3O4-SA, which are fully digested by 
HepG2 cells, leaving dye molecules inside cells. No significant differences in intracellularly 
digested Fe3O4-rGO-SA or Fe3O4-SA were observed in HT29 cells (Figure 13c). Nanoparticles 
with complexed SA molecules were more strongly accumulated inside cells than bare 
nanoparticles according to the data shown in Table 5. At the same time, nanoparticles with rGO 
showed an advantage in comparison with iron oxide nanoparticles. 
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a 

 
b 

 
c 

 
a – Fe3O4-SA (1) and Fe3O4-rGO-SA (2) intracellularly internalized nanoparticles in 

HeLa; b – in HepG2; c – in HT29 after 24 h of incubation. 
Figure 13. Representative fluorescence microscopy images and statistical histograms of 

fluorescence signals obtained from flow cytometry measurements of HeLa, HepG2 and HT29 
cancer cells with internalized Fe3O4-SA and Fe3O4-rGO-SA nanoparticles (blue histogram 
corresponds to cells untreated with nanoparticles) 

 
Analysis of fluorescence microscopy images shows that Fe3O4-rGO-SA are stronger 

internalized, which can be explained by enhanced interaction of rGO with biological membrane 



122 
 

and its interference with cell signaling processes observed in intracellular studies of various 
graphene oxide-magnetite-drug nanoparticles [19]. 

 
Table 5 

The values of the median fluorescence intensity (MFI, x104) obtained from the flow cytometry 
measurements of three cancer cell lines: HeLa, HepG2 and HT29 with uptaken Fe3O4-SA or 

Fe3O4-rGO-SA NPs in comparison with bare Fe3O4 and Fe3O4-rGO NPs 

 
 Fe3O4-SA Fe3O4-rGO-SA Fe3O4 Fe3O4-rGO 

HeLa 2.92 ± 0.05 4.18 ± 0.46 1.77 ± 0.31 3.57 ± 0.29 
HepG2 2.12 ± 0.31 2.75 ± 0.27 1.41 ± 0.14 2.14 ± 0.25 
HT29 3.88 ± 0.18 4.04 ± 0.28 2.93 ± 0.24 3.31 ± 0.19 
 
Longer retention period of drug within cells was ascribed to the effect of graphene-based 

nanocarriers, resulting in higher intracellular concentration of this drug. Another evidence of 
greater interaction of graphene-based nanoparticles with biological membrane was derived from 
the confocal microscopy studies: graphene-based nanocarriers comparatively required longer 
time to gain access in the HeLa cells which is a strong indication of its improved interaction with 
the membrane lipid layer. In the study of nuclear apoptosis of HepG2 cells with stronger 
internalized Fe3O4-rGO-based drug nanoparticles, condensed and disintegrated nuclei and 
chromatin were observed from the apoptotic nuclei at the membrane boundaries [51]. The study 
on interaction of GO with mammalian HT-29 cells reveals that GO promotes cell attachment and 
proliferation [52]. The complex based on drug-GO-Fe3O4 structure advantageously reduced the 
viability of HT29 cells in comparison with bare drug-GO and free drug [53]. 

In HeLa line, Fe3O4-rGO-SA nanoparticles reproducibly decrease the number of cells by 
~14 % without adsorbed AA molecules, which is in contrast to Fe3O4-rGO-SA-AA in titration 
procedure (Figure 14a).  
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a – in HeLa cells; b – in HepG2; c – in HT29 after 24 h of incubation with nanoparticles. 
Figure 14. Statistical diagrams of HeLa, HepG2 and HT29 cancer cells viability with 

internalized Fe3O4-SA and Fe3O4-rGO-SA nanoparticles in comparison with untreated cells 
(control) at conditions of without ascorbic acid (W/O AA), in ascorbic acid aqueous solution 
(15 μg/mL) via titration (AA x TT) and at once method (AA x 1) 

 
This observation suggests that redox deactivation of iron occurs and not enhanced 

antioxidation can be a dominant mechanism of in vitro growth inhibition by synthesized 
nanoparticles. In contrast to HeLa and HT29 cells, stronger cytotoxicity effects ~67 % were 
determined in HepG2 with Fe3O4-rGO-SA in AA independent manner, suggesting that the 
mechanism of redox deactivation of iron at increased H+ more contributes to the growth 
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inhibition of cancer cells through the decreased formation of hydroxyl radicals (Figure 14b). In 
all cells, control experiments of pristine AA titration or SA did not reveal any statistically 
relevant changes. Slight decrease of the cell viability (~0.92±0.06%) was detected, when AA was 
added at once, indicating the intracellular induction of reduction processes. In the absence of 
AA, the overall cytotoxic effects were stronger with intracellularly internalized Fe3O4 than 
Fe3O4-rGO, which can be caused by higher amount of hydroxyl radical production [27].   

In HT29 cells the cytotoxicity of Fe3O4-SA without AA addition (~65%) was comparable 
to Fe3O4-rGO-SA (~63%), demonstrating the important role of site specific Fe2+- and Fe3+-
salicylate complexes in generation of damaging oxygen-containing radicals (e.g. malignant 
neoplasm H2O2 and super oxide O2

- ions) that are released as byproducts of normal respiratory 
cellular function, causing oxidative tissue damage (Figure 14c). However, the cytotoxicity of 
Fe3O4-rGO-SA was enhanced in comparison with Fe3O4-SA, when AA was added during 
titration, and this effect was more pronounced at once addition. The addition of AA in HT29 
cancer cells caused switchable growth inhibition by Fe3O4-rGO-SA (~85%, ~80%) with respect 
to Fe3O4-SA (~91%, ~85%), demonstrating that enhanced antioxidation with the decreased H+ 
generation can be the prevailing mechanism of antiproliferative activity of NP in vitro. 

In summary, the developed a single step ultrasonic method (20 kHz) can be indeed 
applied for in situ complexation of pristine SA molecules during the growth of Fe3O4-rGO 
nanoplatform (~10 nm). Results of FTIR spectroscopy analysis revealed that SA ligands can be 
selectively complexed with Fe(III)/Fe(II) binding sites as integral parts of synthesized Fe3O4-
rGO-SA nanoparticles with precisely defined electronic molecular structure. Fe3O4-rGO-SA can 
act as redox deactivators of iron centers and increase H+ generation, resulting in efficient 
diminishing of ·OH radicals. This property of Fe3O4-rGO-SA nanoparticles is tenfold stronger in 
comparison with pristine SA molecules, when ascorbic acid molecules are adsorbed on NP’s 
surface, resulting in enhanced antioxidation and decreased formation of H+ ions.  

Overall, ascorbic acid molecules can act as antioxidant molecular switches of H+ 
production by Fe3O4-rGO-SA due to the four orders of magnitude larger electric surface 
potential on their surface, where rGO plays an important role in enhanced charge transfer 
catalysis. Most significantly, Fe3O4-rGO-SA are nontoxic to erythrocytes, human peripheral 
blood mononuclear cells and can surpassingly inhibit the growth of three cancer cell lines: HeLa, 
HepG2 and HT29 in comparison to pristine SA. This method can be successfully expanded to 
many other NSAIDs to better understand the intracellular drug-enzyme, drug-metal and drug-
cancer intracellular interactions, which can be particularly useful in treatment of diabetes, 
rheumatism, liver and oncological diseases.  
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⃰  ⃰  ⃰  ⃰  ⃰  

The presented results allow us to draw the following conclusions: 
1. Ultrasound-assisted complexation of pristine SA with Fe3O4-rGO nanoplatform 

results in formation of Fe3O4-rGO-SA nanoparticles of small size ~10.20 nm and a 
uniform 3D space spherical structure. 

2. Fe3O4-rGO-SA nanoparticles become more hydrophilic due to smaller size and pH=5 
of colloidal solution, in contrast to pristine free SA and Fe3O4-SA nanoparticles. 

3. Ultrasonic complexation of SA with Fe3O4-rGO nanoplatform occurs through 
phenolic ring and hydroxyl group and involves the more pronounced intramolecular 
hydrogen bonding in salicylate, in contrast to nanoparticles without rGO. 

4. Surface oxygen functional groups of rGO contribute to the specific ultrasonic 
reduction of Fe(II) at the contact with SA ligands and allow formation of the 
thermodynamically stable metallocomplex in nanoparticles. 

5. Longer retention period of SA within live cancer cells can be ascribed to the effect of 
rGO at the contact with Fe3O4, resulting in higher intracellular concentration of 
nanoparticles. 

6. The redox deactivation of iron can occur and not enhanced antioxidation can be a 
dominant mechanism of in vitro apoptosis caused by synthesized Fe3O4-rGO-SA 
nanoparticles. 

7. In contrast to HeLa and HT29 cells, stronger cytotoxicity effects ~67 % were 
determined in HepG2 with Fe3O4-rGO-SA in ascorbic acid independent manner, 
suggesting that the mechanism of redox deactivation of iron at increased H+ more 
contributes to the apoptosis through the scavenging of hydroxyl radicals. 

8. The addition of ascorbic acid in HT29 cancer cells can cause switchable growth 
inhibition by Fe3O4-rGO-SA (~85%, ~80%) with respect to Fe3O4-SA (~91%, ~85%), 
demonstrating that enhanced antioxidation with the decreased H+ generation can be 
the prevailing mechanism of antiproliferative activity of nanoparticles in vitro. 
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Appendix 1 

 
A1.1 Calibration of ultrasonic intensity by calorimetry 
Ultrasonic power developed by a homemade horn-type ultrasonic dispergator N.4-20 

(Cavitation Inc., Belarus) was calibrated by using a method of calorimetry [11]. This dispergator 
was technically constructed in such a way that the relative magnitude of amplitude was related to 
the units of current in μA. For calibration we used mainly 25 μA (lower relative amplitude), 
50 μA (medium relative amplitude), 75 μA (high relative amplitude) and 100 μA (maximum 
relative amplitude) as well as several intermediate magnitudes (30 μA and 40 μA). Calculated 
values are listed in the Table 1 and the calibration curve is shown below. 

 
μA Slope Wh1 Wh2 Wus 
25 0.042 8.79018 8.50663 8.23222 
30 0.053 11.09237 11.9869 12.9536 
40 0.056 11.72024 13.2325 14.94 
50 0.067 14.02243 16.1032 18.4927 
75 0.1005 21.03364 24.1548 27.7391 
100 0.134 28.04486 32.2064 36.9854 
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A1.2 Materials 
Graphite was purchased from Imerys (France) and has dispersity 9.3-47.2 μm, crystallite 

size 67.7 nm, elemental composition C (94.96±2.00 at%), O (4.03±0.80 at%), Ti 
(0.11±0.01 at%), Ca (1.07 ± 0.10 at%), Mn (0.02 ± 0.01 at%). Sunflower oil (refined, 
deodorized) was obtained from the Energy Group Inc. (Belarus). Na2S·9·H2O (98%), 
CuCl2·2·H2O (99%), isopropanol (99%), H3PO4 (85 wt.%), KMnO4 (98%), H2SO4 (95 wt.%), 
H2O2 (60 wt.%), HCl (35 wt.%), HNO3 (40 wt.%), C2H5OH (96%), tetraethyl orthosilicate 
(TEOS) and polyvinyl alcohol (PVA) were obtained from Belreahim JSC (Belarus). Silver 
nitrate (AgNO3, analytical grade, 99.8%) and sodium borohydride (NaBH4, 98%) were obtained 
from Sigma-Aldrich Inc. (Germany). Ketorolac was purchased from Dr. Reddy’s Inc. (India). 
For experiments 10 tablets of ketorolac were grinded in a mortar until a fine powder was 
obtained (more details in supporting information). This powder was dissolved in 3 mL of ethanol 
at a critical concentration of dissolution being 7 g/L. Deionized water (DI, pH=5.5) with specific 
conductivity 5 μS/cm was used. For experiments CuCl2·2·H2O (powder of turquoise color) was 
dried at T=150°C in the oven for 20 min until it changed its color into brown followed by its 
grinding in a mortar bowl. Na2S·9·H2O was thermally treated at T=150°C for 8 h in order to 
form anhydrous Na2S.  

A1.3 Synthesis of pristine graphene oxide 
For the graphene oxide (GO) preparation graphite (from Imerys, m=1.16 g) was mixed 

with concentrated 15x10-3 L of H3PO4 (85 wt.%) acid and mechanically stirred until a 
homogeneous state was obtained. Then 6.3 g of KMnO4 was added into this mixture at a weight 
ratio to graphite as 6:1. To obtain a homogeneous colloidal system this mixture was stirred and 
cooled down to 0°C. Then this mixture was stepwise added by 100x10-3 L of H2SO4 (95 wt.%) 
followed by thermal treatment at 55±5°C for 12 h in a thermostat to form GO through the 
oxidation process of graphite. This suspension was diluted by 290x10-3 L of iced water at a 
volume ratio of ice to water as 1:4. Then it was added by 1x10-3 L of 60 wt.% H2O2 in order to 
stop the oxidation process of carbon material. Obtained GO was separated by centrifugation at 
4.293xg for 15 min. The sediment was added by the mixture containing 145x10-3 L H2O, 72x10-3 
L HCl (35 wt.%) and 145x10-3 L C2H5OH (96 wt.%) in order to remove impurities such as MnO2 
and possible metallic impurities including phosphate compounds. This mixture was washed with 
water by centrifugation at 4.293xg during 30 min until it obtained pH=5.5. The sediment, which 
is a purified GO, was dried at 100°C until a powder was obtained. The final GO powder acquired 
size distribution of 0.5±0.1 μm. The yield resulted in 146-152%, which is above 100% due to the 
presence of oxygen groups in the structure of GO nanosheets. The critical concentration of final 
powder was about 15-20 mg/mL and this mixture could be stored for 4-6 months. It is presumed 
that the GO powder mixture does not contain non-oxidized graphite flakes. Concentration of 
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inorganic impurities in a GO material in relation to the initial material of graphite was ≤ 1 at.% 
in mass: Cl is ≤ 0.18 at.%, K ≤ 0.04 at.%, Mn ≤ 0.04 at.%, Ca ≤ 0.05 at.% and P ≤ 0.07 at.%. The 
presence of residual S is about 1.31 at.% results from sulfuric acid during the oxidation process 
of graphite material.  

Before the synthesis the powder of synthesized GO was dispersed in DI water (pH=5.5) 
by sonication at ultrasonic intensity 18 W/cm2 for 30 min at a volume ratio of powder to water as 
1:1 under ambient air in the ice bath. The GO suspension appeared with a dark brown-black 
color without visible sediment.   

A1.4 Synthesis of CuS/Cu2O/CuO-GO nanoplatform at the air/water interface 
Before the synthesis a powder of synthesized GO was dispersed in DI water (pH=5.5) by 

sonication (18 W/cm2 for 30 min) in the use of a homemade horn-type ultrasonic dispergator 
N.4-20 operating in a continuous mode at 20 kHz frequency with the 400 W maximal output 
power (Cavitation Inc. Belarus) under ambient air in the ice-cooled water bath at a volume ratio 
of powder to water as 1:1. For the synthesis we took 1 mL of 1 mol∙L-1 Na2S aqueous solution 
which was added into the sonicated GO suspension. The mixture of Na2S and GO was sonicated 
in a sealed beaker thermostated for 1 h at lower ultrasonic intensity 8 W/cm2 at T=60°C. After 
the ultrasonic treatment this mixture was cooled down to room temperature and the powder was 
precipitated by centrifugation at 4.293xg for 30 min. The treated mixture was decanted and the 
precipitant was added by 5 mL of aqueous solution of 25x10-3 mol∙L-1 CuCl2. This solution was 
sonicated at 18 W/cm2 for 2 h in a sealed beaker thermostated and placed into an ice-cooled 
water bath. After that it was added by 1 mL of 1mol∙L-1 Na2S aqueous solution and sonicated 
again (18 W/cm2 for 1 h). As the next step, this colloidal solution (pH=12) was precipitated by 
centrifugation (4.293xg) for 30 min and the supernatant was carefully removed. The precipitant 
was dispersed in DI water (pH = 5.5) and washed by repeated centrifugation until the final pH 
value of the colloidal mixture reached 5.5. This suspension was dried in the oven at 100°C and 
the fine black powder was obtained.  

A1.5 Synthesis of CuS/Cu2O/CuO-GO nanoplatform at the oil-SiO2/water interface 
Aqueous solution of PVA (5 wt.%, pH=6) was prepared under stirring for several hours 

at 50°C in a sealed glass vessel for complete dissolution followed by cooling down to room 
temperature. It was filtered through a red line cellulose membrane (pore size 8-12 nm) before 
being used. 30 mL of aqueous PVA (5 wt.%) solution was sonicated at 18 W/cm2 for 30 min 
under air in the ice-cooled water bath in order to form a precursor emulsion solution. 5.5 mL of 
sonicated aqueous PVA solution was added by 5.5 mL of aqueous suspension containing 
CuS/Cu2O/CuO-GO. Three types of aqueous mixtures were prepared: A) at pH = 6 (untreated); 
B) at pH=2 by acidifying with aqueous 1 mol·L-1 HCl and C) at pH=12 by addition of aqueous 
KOH (44 wt.%). The organic solution, consisting of 3.5 mL of TEOS and 3.5 mL of sunflower 
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oil, was added into the each aqueous mixture resulting in the formation of a two separate phases 
with the 18 mL of total volume. Ultrasonic resonator’s horn was placed at the interface of these 
two phases and the solution was sonicated at 27 W/cm2 for 3 min under air. During sonication 
the solution was cooled by ice-water and the temperature during sonication maintained below 
28°C. The final solution containing prepared microspheres was stored at room temperature, aged 
for full three days, separated from unreacted residues by using the separation flask and washed 
with DI water for further characterization. For comparison, microspheres consisting of oil 
without TEOS were also sonochemically prepared according to the above described method. In 
this case, the organic solution of oil phase (no TEOS) was 7 mL.  
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Appendix 2 

 
TGA of GO samples were conducted under O2 or N2 atmosphere during thermal 

treatment at 600°C at a rate 10°/min by using STA 449 C Jupiter (Erich Netzsch GmbH & Co., 
Holding KG, D-95100 Selb, Germany). For calibration Al2O3 was taken as a standard with 
known enthalpy and energy.  

A2.1 Sonochemical synthesis of Cu/Fe-GO nanoplatforms 
Powder of synthesized GO was dispersed in DI water (pH=5.5) by sonication (18 W/cm2 

for 30 min) at a volume ratio of powder suspension (0.6 g/L) to water as 1:1 under ambient air in 
the ice bath. As the next step 5 mL of 1 M Na2S aqueous solution was added into the sonicated 
GO suspension. The colloidal solution of {Na2S and GO} was sonicated in a sealed thermostatic 
round-bottomed cylindrical container (T=60±1°C) for 1 h at 8 W/cm2 ultrasonic intensity. When 
sonication was finished, this mixture was cooled down to room temperature and the powder was 
precipitated by centrifugation at 4.293 g for 30 min. The supernatant was removed and the 
precipitant was added by 5 mL of aqueous solution of 10 mM CuCl2 and 5 mL of aqueous 
solution of 10 mM FeCl3 and this mixture was sonicated at 18 W/cm2 for 2 h in a sealed 
thermostatic container in the ice bath. Then 5 mL of 1 M Na2S aqueous solution was added into 
the sonicated mixture and ultrasonically treated (18 W/cm2 for 1 h) in the ice bath. After that the 
colloidal dispersion (pH=12) was centrifuged at 4.293 g for 30 min followed by decantation. The 
precipitant was dispersed in DI water (pH=5.5) and washed by centrifugation three times until 
the final pH value of the colloidal dispersion reached 5.5. This suspension was dried in the oven 
at ~100°C and the fine black powder was obtained.  

Control experiments were carried out without CuCl2 by taking 10 mL of aqueous solution 
of 10 mM FeCl3, and without FeCl3 at different concentration of aqueous solution of CuCl2 
(5 mM, 10 mM and 25 mM) at 0.5 M or 1 M Na2S at a constant volume ratio of Na2S:CuCl2 as 
1:2. The obtained nanomaterials were designated as Cu-GO (without Fe) and Fe-GO (without 
Cu).  

A2.2 Ultrasonic complexation of ketorolac with Cu-GO, Cu/Fe-GO or Fe/GO 
2mg of Cu/Fe-GO nanoplatforms were added by 3 mL of freshly prepared solution of 

ketorolac (at 7 g/L of a critical concentration of dissolution in ethanol) and sonicated in 3 mL of 
DI water (pH=5.5) at 8 W/cm2 for 3 min. Then the mixture was centrifuged at 4.293xg for 
15 min in order to remove the unreacted chemical residuals.  

A2.3 Preparation of ketorolac in Cu-GO, Cu/Fe-GO and Fe-GO for Raman study 
For Raman measurements the ketorolac loaded GO-based nanomaterials were modified 

with silver as the following. After centrifugation cycles the precipitant of nanomaterials was 
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added by 3 mL of freshly prepared ice-cold aqueous solution of 7 mM NaBH4 and the colloidal 
suspension was sonicated in the ice bath. During first minutes of sonication 1 mL of fresh 1 mM 
AgNO3 aqueous solution was dropwise added into this colloidal dispersion and ultrasonic 
treatment was immediately stopped. This dispersion was added by 3 mL of ketorolac solution 
followed by 3 min of sonication, removed from the ultrasonic reaction vessel and left for one 
hour at room temperature in a dark place. Additional ultrasonic treatment was performed of 
colloidal GO dispersions containing methylene blue dye instead of ketorolac.  

A2.4 Ketorolac disintegration study in Cu/Fe-GO nanoparticles 
1 mL of colloidal suspension containing nanoparticles loaded with ketorolac were 

incubated in 1 mL of DI water adjusted to one of the following pH values: 1, 5 and 8. Samples 
were withdrawn after 7 h, washed by repeated centrifugation at 4.293xg for 30 min in order to 
remove the unreacted chemical residuals and diluted with DI water. Drops of these aqueous 
dispersions were placed on glass or Al2O3 substrates and left for 8 h of drying at room 
temperature. The presence of intercalated ketorolac was examined by its prominent characteristic 
Raman peak at 1328 cm-1. 
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Appendix 3 

 
A3.1 Materials 
Pristine diclofenac sodium was purchased from Holden Medical B.V. (The Netherlands). 

For experiments 10 tablets of diclofenac were grinded to fine powder. The aqueous solution of 
diclofenac was 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 [50]. For experiments diclofenac aqueous solutions was filtered through a cellulose 
membrane filter (red line, the pore size 8-12 nm). 

A3.2 Synthesis of CuO nanoparticles 
The hydrothermal method was used to form CuO nanoparticles through the precipitation 

reaction between Cu(CH3COO)2·H2O, NaOH and NH4OH. Morphology, size and surface charge 
of CuO colloids were controlled at different molar and volume ratios of these three reagents.  

a) Formation of negatively charged CuO nanoparticles 
25 mL of aqueous solution of Cu(CH3COO)2·H2O (125 mM) and 25 mL of NaOH 

(500 mM) were dissolved in 15 mL liquid NH4OH. This mixture was thermally treated on a 
heating plate under continuous mechanical stirring. At T=80±1°C DI water was dropwise added 
into the reaction mixture at a total volume of 65 mL maintaining continuous agitation until the 
dark sediment with brown color was obtained. Soon after the sediment was formed, the reaction 
mixture was cooled down to room temperature. Then the sediment was triply rinsed with DI 
water in the use of centrifugation cycles at a rotation frequency 11 000 /min-1. Final product was 
obtained after 1 h of thermal treatment in an air saturated camera at T=400±1°C until the 
complete formation of pure CuO crystalline phase.  

b) Formation of positively charged CuO colloids with different morphology 
- «needle spheres»: 25 mL of aqueous solution of Cu(CH3COO)2·H2O (25 mM) and 18 mL 

of NaOH (100 mM) were dissolved in 15 mL of liquid NH4OH. This mixture was thermally 
treated at conditions of the synthesis (a) until the formation of dark green-color sediment. After 
the formation of this sediment the reaction mixture was cooled down and the thermal treatment 
was repeated.  

- «leaf spheres»: 1,82 g of Cu(CH3COO)2·H2O (0.2 M) and 0,40 g of NaOH (0.2 M) were 
dissolved in 50 mL of liquid NH4OH. This mixture was thermally treated on a heating plate 
under continuous mechanical stirring. From the moment the solution reaches a temperature of the 
order ~80°C 7 mL of DI water was dropwise added every 10 min during 2.5 h of reaction 
maintaining continuous agitation until dark brown sediment appeared on the bottom of the 
vessel. Then the reaction mixture was cooled down to room temperature. The obtained sediment 



133 
 

was purified by three centrifugation cycles with DI water and one with isopropanol for 15 min. 
The final powder product was obtained after drying at T=150±1°C in the oven for 5 h. 

- «lamellar spheres»: 1,82 g of Cu(CH3COO)2·H2O (0.2 M) and 0,80 g of NaOH (0.2 M) 
were dissolved in 50 mL of liquid NH4OH and the synthesis was conducted at the conditions of 
«leaf spheres» formation.  

A3.3 Sonochemical formation of graphene oxide-coated CuO nanoparticles 
At first, copper oxide nucleation centers were formed via the co-precipitation chemical 

reaction in a solution containing 50 mL of liquid NH4OH, 1.82 g of 0.2 M Cu(CH3COO)2 H2O 
and 0.80 g of 0.4 M NaOH. This solution was heated under vigorous stirring until the 
temperature has reached ~80°С. Since that moment 7 mL of deionized water (DI, pH=5.5) was 
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 (8.117xg). At second, 
the aqueous solution of GO, which has been previously sonicated in solution containing 10 mL 
of DI water and 10 mL of isopropanol, was added to this sediment (6.8 mg). Sonication (20 kHz, 
18 W·cm-2) 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 DI water and once with 
isopropanol by using centrifugation (8.117xg) for 20 min, then dried at ~100°С.  

The control experiment was performed by applying ultrasound (20 kHz, 18 W·cm-2) to 
the colloidal mixture of GO and preformed CuO 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 DI water and once 
with isopropanol by using centrifugation (8.117xg) for 20 min and dried at ~100°С.  

25 mL of aqueous solution of 125 mM Cu(CH3COO)2 H2O and 25 mL of 500 mM NaOH 
were dissolved in 15 mL of liquid NH4OH and heated under vigorous stirring to T=80±1°С. 
During heating this solution was dropwise added by 65 mL of DI water (pH=5.5) until the dark 
green-brown sediment appeared on the bottom of the vessel. Afterwards the solution was cooled 
down to the room temperature and the sediment was triply rinsed with DI water (pH=5.5) and 
once with isopropanol by centrifugation (8.117xg). 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-2. In 
another procedure, 25 mL of aqueous solution of 0.2 M Cu(CH3COO)2 H2O and 25 mL of 0.2 M 
NaOH were dissolved in 50 mL of liquid NH4OH and heated under vigorous stirring until 
T=80±1°С. Then this solution was dropwise added by 6.8 mg of GO and 100 mL of DI water 
during 190 min of continuous stirring with sonication (at 18 W·cm-2). The sediment was formed 
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by centrifugation (8.117xg) and triply rinsed with DI water and once with isopropanol followed 
by drying at ~100°С.  

A3.4 Ultrasonic functionalization of pristine diclofenac with CuO-GO  
30 mg of sonochemically formed GO-coated CuO nanoparticles was added by 30 mg of 

diclofenac in 11 mL of DI water (pH=5.5) and treated by ultrasound for 3 min (20 kHz, 
18 W·cm-2) under air in a vessel placed in the ice bath. After that the colloidal suspension was 
triply rinsed with DI water by centrifugation (8.117xg) for a total duration of 45 min and dried at 
~100°C to obtain a powder. Several control experiments were accomplished by ultrasound 
(3 min, 20 kHz, 18 W·cm-2): 1) the mixture (60 mg) of GO and sodium diclofenac per se at a 
mass ratio 1:1, and 2) the mixture (60 mg) of preformed CuO nanoparticles and sodium 
diclofenac per se at a mass ratio 1:1; 3) aqueous solution of sodium diclofenac per se (30 mg in 
11 mL of DI water) of 1, 3, 5, 10 and 15 min length in order to find out the effect of ultrasound 
on the chemical structure of a drug. After experiments solutions were triply rinsed with DI water 
by centrifugation (8.117xg) and dried at ~100°С. 

A3.5 pH stability study of diclofenac-CuO-GO nanoparticles 
30 mg of diclofenac-CuO-GO nanoparticles 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 HCl and at pH=8 – by the addition of KOH 44 wt.% aqueous solution. Samples 
were withdrawn after 7 h, triply rinsed by centrifugation (8.117xg) 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 diclofenac 
was examined by its characteristic UV-Vis absorption peaks at 277-280 nm. 

A3.6 Determination of crystallite thickness of CuO-GO nanoplatform 
The crystallite thickness S of CuO-GO nanoplatform was determined by the Scherrer’s 

equation (1) applied to one of the prominent X-ray powder diffraction reflexes in patterns 
obtained by an EMPYREAN diffractometer (PANalytical, The Netherlands) using Cu-Kα 
radiation (Ni-filter) at 296 K.  

BB
KS

θ
λ

cos⋅
⋅

= ,           (1) 

where K – the constant dependent on the crystallite shape (0.89); λ – the wavelength of the 

X-Ray radiation (Cu Kα = 1.54 Å); B – the Full Width at Half Maximum (FWHM or integral 

breadth) that equals to ((θHigh-θLow)*π)/180; θB – the Bragg angle. 
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Appendix 4 

 
A4.1 Materials. 
Pharmaceutics “Bioflor” containing live E. coli M-17 was purchased from Ferane Inc. 

(Republic of Belarus). A Saline solution (0.9 % NaCl) was obtained from OJSC Nesvizh Plant of 
Medical Preparations (Republic of Belarus). Pristine NSAID – acetylsalicylic acid (ASA, 4.21 
wt.%) was purchased from Belmedpreparaty RUE (Minsk, Republic of Belarus). Fine powder of 
ASA was produced by grinding of 10 tablets with an agate mortar and a pestle. The aqueous 
solution of ASA was prepared by dissolving a powder of this drug in DI water (pH 5.5) under 
continuous stirring at a critical concentration of dissolution at room temperature according to 
literature. For experiments, NSAID aqueous solutions were filtered through a cellulose 
membrane filter (red line, the pore size 8-12 nm).  

A4.2 Sonochemical formation of ZnO and ZnO-GO nanoparticles 
Formation of ZnO nanoparticles: in a vessel of 30 mL DI water 0.05 M ZnSO4 was 

mixed with 30 mL of 0.125 M NaOH DI aqueous solution in a single addition under mechanical 
stirring and was heated at T=90±1 °C in for 30 min. Soon after, it was sonicated (20 kHz, 
18 W/cm2) for 15 min in an air atmosphere and cooled down to room temperature. Then, the 
colloidal solution was triply rinsed with DI water (pH=5.5) at 6.7xg for 45 min and air-dried at 
T=120±1 °C to obtain a powder.  

Formation of ZnO-GO nanoparticles: prior to the synthesis, 27.5 mg of GO was 
exfoliated in 30 mL of DI water (pH=5.5) by using ultrasound (10 W/cm2) for 30 min in an ice-
cooled vessel. The exfoliated GO was triply rinsed with DI water by centrifugation at 7.3xg for 
45 min and added by 2 mL of DI water (pH=5.5) followed by 3 min of sonication to obtain a 
homogeneous colloidal solution. A mixture of 0.05 M ZnSO4 and 0.125 M NaOH in 60 mL of 
DI water was thermally treated at T=90±1 °C under continuous mechanical stirring for 30 min. 
Then it was added by 2 mL of exfoliated GO colloidal solution and sonicated for 15 min in an air 
atmosphere. Soon after this colloidal solution was cooled down to room temperature and triply 
rinsed with DI water (pH=5.5) by centrifugation at 6.7xg for 45 min and air-dried at T=100±1°C 
to obtain a powder. 

A4.3 Ultrasonic formation of ASA-ZnO and ASA-ZnO-GO nanoparticles 
Ultrasonic functionalization of pristine ASA with ZnO nanoparticles: in a sealed vessel 

30 mg of sonochemically synthesized ZnO nanoparticles were added by 30 mL of DI water 
(pH=5.5) and mechanically stirred. After 15 min it was added by 30 mg of ASA (in a powder 
form) and sonicated for 3 min at 18 W/cm2 in an air atmosphere. Then, this colloidal solution 
was rinsed five times with DI water (pH=5.5) by centrifugation at 4.2xg for 75 min and air-dried 
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at T=100±1°C to obtain a powder. Control experiment of free ASA sample was performed by 
dissolving pristine ASA powder (1 mg/mL) in DI water (pH=5.5) under mechanical stirring and 
heating (T=35±1°C) for 10 min in a sealed vessel followed by five times rinsing with DI water 
(pH=5.5) by centrifugation at 4.2xg for 75 min and air-drying at T=100±1°C to obtain a powder.  

Ultrasonic functionalization of pristine ASA with ZnO-GO nanoparticles: in a sealed 
vessel ZnO-GO nanoparticles (1 mg/mL) were added by DI water (pH=5.5) and mechanically 
stirred for 15 min. Soon after it was added by 30 mg of ASA (in a powder form) and sonicated 
for 3 min at 18 W/cm2 and in an air atmosphere. Then, this colloidal solution was rinsed five 
times with DI water (pH=5.5) by centrifugation at 6.7xg for 75 min and air-dried at T=100±1°C 
to obtain a powder.  

A4.4 Escherichia coli strain M-17 bacteria assessment in aqueous solutions of free 
ASA, ASA-ZnO and ASA-ZnO-GO nanoparticles as test substances 

A pharmaceutics “Bioflor”, being approved in 2010 by Ministry of Health of the 
Republic of Belarus, was used for preparation of E. coli M-17 inoculums. “Bioflor” contains E. 
coli M-17 as active substance in the amount of not less than 100x108 live cells at the moment of 
preparation and not less than 100x107 live cells at the end of the expiration date. In addition, 
“Bioflor” also contains ingredients such as 0.7 g NaCl (State Pharmacopoeia II volume 2, p. 
740), not more than 100 ml DI water (State Pharmacopoeia II volume 2, p. 309) and 0.8 g the 
mixture of vegetable extract (soy, dill, beet, peppermint, garlic, parsley, cabbage) and propolis 
(standard organization-OS-029). A suspension of “Bioflor” was diluted to 106 colony forming 
units (CFU/mL) with saline (0.9wt.% NaCl) solution and used as inoculum. 

Fresh aqueous colloidal suspensions were prepared in order to avoid the undesired 
agglomeration. Overall, 50 µL of each test substance was added to the corresponding tubes with 
1 mL of bacterial inoculums, which corresponded to the concentration of ASA 3.34 μmol/L in 
free ASA, 0.02 μmol/L in ASA-ZnO and 2.68 μmol/L in ASA-ZnO-GO NPs. A positive control 
without antibacterial samples was included to evaluate the viability of the bacteria. Also, the 
same saline (with no microorganism but containing the same amount of antibacterial agents) was 
prepared and considered as a blank control. Then, all tubes were shaken followed by incubation 
at T=37±1°C for 30 min. Experiments were performed in duplicates. The E. coli M-17 growth 
inhibition was assessed by the colony counting method, i.e. 100 μL aliquots from each tube were 
sampled and plated on nutrient Endo agar and incubated at T=37±1°C for 20 h. Then, the 
colonies were counted and their surface areas were calculated by using the optical phase contrast 
microscope. The number of colonies and their surface area (μm2) were expressed as the mean SE 
(standard error) and RSE (relative standard error, %), SD (standard deviation) and RSD (relative 
standard deviation, %). 



137 
 

Appendix 5 
 

A5.1 Synthesis of Fe3O4-rGO-SA nanoparticles 
Prior to the synthesis, 100 mg of GO was triply exfoliated in 20 mL of the aqueous 

solution consisting of DI water at pH=5.5 and isopropanol at a volume ratio of 3:1 by using 
ultrasound at 10 W cm-2 intensity (horn-type ultrasonic disperser N.4-20, 20 kHz, Cavitation Inc. 
Belarus) for 5 min in an ice-cooled vessel. The exfoliated GO was triply rinsed with DI water by 
centrifugation at 7.3xg for 15 min and added by 10 mL of DI water (pH=5.5) followed by 3 min 
of sonication to obtain a homogeneous colloidal solution. An aqueous mixture of 362 mM FeCl3 
and 170 mM FeCl2 was mechanically stirred in an Ar atmosphere for 15 min, and then heated at 
T=80±1 °C for 15 min. Next, the pre-treated GO (10 mL) colloidal solution was sonicated for 
5 min in an air atmosphere. Soon after, this colloidal solution was dropwise added by 5 mL of 
44% KOH, while mechanical stirring and heating continued. Next, 6 mL of 44% KOH was 
dropwise added into the mixture until the black color appeared and the heating at T=80±1 °C 
continued for 30 min in an Ar atmosphere. Next, 29.1 mM SA aqueous solution was added, and 
the mixture was sonicated at the ultrasonic intensity of 18 W cm-2 followed by stirring for 5 min 
in Ar atmosphere. After synthesis, the colloidal solution obtained the dark black-brown color 
(pH=5.0). Then this colloidal solution was cooled down to room temperature and triply rinsed 
with DI water (pH=5.5) by centrifugation at 6.7xg for 15 min and air-dried at 100 °C to obtain a 
final powder. The formed solid product responded to external magnet. Then, 100 mg of this solid 
product was mixed with 29.1 mM SA aqueous mixture consisting of DI water and isopropanol at 
a volume ratio as 1:1, and ultrasonically treated (18 W cm-2) for 5 min in an air atmosphere. The 
final product was triply rinsed with DI water by centrifugation (at 6.7xg) for 15 min, filtered 
through a cellulose membrane filter (violet line, the pore size < 1-2 μm) and air-dried at ~100°C. 
Control nanoparticles were prepared by using similar procedure without GO or SA. 

A5.2 Theoretical modelling of the current density and potential distribution of 
nanoparticles 

The current density pattern was calculated by using a Comsol Multiphysics software tool. 
In this calculation the fundamental equation of the current conduction or charge conservation 
(eq.2) on the surface of nanoparticles is computed.  

0=∆σ−⋅∆ )V( ,          (2) 
where σ is the electrical conductivity (S/m) and V is the electric potential (V). 

In this model the used electrical conductivity of Fe3O4 nanoparticles with about 30 nm 
average diameter was 1x104 S/m, of Fe3O4-SA nanoparticles with ~15 nm diameter was 
3x104 S/m and of Fe3O4-rGO-SA was 3x102 S/m. The values of electric potential V are 
considered from the electrochemical measurements of CV curves with the peak magnitudes 
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corresponding to •OH evolution. The potential distribution is computed across the surface of 
nanoparticles varying their average diameter with the added current field flow as an arrow plot. 
The local magnitude of the electric current density (A/m2) was computed by using the current 
conduction equation 3 (a coefficient form boundary PDE interface) with the diffusion coefficient 

dc ⋅σ= ,          (3) 
where d is the electrochemical shell thickness (nm). 

Due to the symmetry of the nanosphere only one cross section along yz plane was 
modelled. In the model the used initial time derivative of the potential δV/δt = 0.01 V/s, the 
conservative flux convection coefficient α (S/m) with x = 1, y =1 and z =1, convection 
coefficient β (S/m) with x = 1, y =1 and z =1 and the conservative flux source γ (A/m) with 
x = 1, y =1 and z =1. The study equation 4 is the following 
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where ea is the mass coefficient (S5A2/m4 kg, set to zero), da is the damping coefficient (F/m2, 
set to 1) and f is the source term (A/m2).   

A5.3 Theoretical modelling of the H+ production in NPs (3 electrode surface system) 
This modelling was based on the fundamental computation of the electrochemical 

treatment of tumors with implication that the diseased tissue is treated with the direct current 
through the use of the metallic electrodes inserted inside the cellular environment. We assume 
that when tissue is electrolyzed, two competing reactions take place at the anode: oxygen 
evolution and chlorine production. The oxygen evolution reaction also produces H+ ions, which 
lower the pH value close to the anode according to the following reactions: 

2Cl- = Cl2 + 2e- at the cathode        (5) 
2H2O = 4H+ + O2 + 4e- at the anode       (6) 
In this model we apply the Nernst-Planck equations interface in the use of Comsol 

Multiphysics software tool to compute the concentration of H+ ions developed close to the 
electrode surface at the contact with nanoparticles. We calculate the amount of H+ ions at 
different concentration of complexed SA molecules in NPs in aqueous electrolyte solution of 
KCl before and after addition of ascorbic acid. At the electrode surface the fluxes of H+ and Cl- 
ions are included in the electrochemical reactions, while K+ ionic species are considered inert in 
this model. In the model the following equation 7 is used for molar fluxes at the boundary for the 
reacting species 

Fn
J

nN
j

jij
i ⋅

n
=⋅

,          (7) 
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where Ni is the flux, νij is the stoichiometric coefficient for the ionic species i in reaction j and 
nj is the number of electrons in reaction j.  

The current density for the oxygen evolution reaction is the following equation 8: 
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where jI,0 is the exchange current density (A/m2) and Eeq,I is the standard electrode potential 
(V). The fluxes of H+ ions at the electrode surface (NH) are computed according to the 
equation 8, using the input values nI = 1 and νH,I = 1:  

F
jnN I

H =⋅
,          (9) 

where n is the number of electrons and jI is the exchange current density (A/m2) in the reaction 
of oxygen evolution, F is the Faraday’s constant (c/mol). 

In the model the used diffusion coefficient of H+  was DH = 9.31·10-9 m2/s and of Cl- was 
DCl = 2.03·10-9 m2/s, the initial concentration of KCl CKCl = 4.76 mol/L and of H+ CH = 1·10-7 
mol/L. The primary anodic peak was assumed the value for the ·OH production and the 
equilibrium potential reaction for oxygen evolution being 1.2 V. The proton concentration was 
computed in the domain at different time steps from 0 to 3600 s, considering that at high current 
densities, the concentration of produced protons is increased and it forms a front moving inwards 
in the domain with lower current density.  

A5.4 Estimation of concentration of complexed SA molecules in Fe3O4-SA  
The total average density of magnetite nanoparticles is 2.70x1022 L-1 and of SA molecules is 

5.78x1022 L-1, considering the molecular weight of Fe3O4 ~231.53 g/mol and SA ~138.12 g/mol, 
and NA = 6.02x1023 mol-1. Assuming covalent radius of iron atom ~126∙10-12 m and average 
nanoparticle diameter ~15∙10-9 m, the volume of a single nanoparticle is ~1.77x10-24 m3 and of 
an iron atom is 8.38x10-30 m3, so that one single magnetite nanoparticle consists of 2.11x107 iron 
atoms. Considering a covalent radius of oxygen atom (triple bond) ~53x10-12 m, the volume of a 
single oxygen atom is 6.23x10-31 m3, so that the same single magnetite nanoparticle consists of 
2.81x108 oxygen atoms. The Fe3O4 nanoparticle density is 1.03x1014 L-1 and when it is divided 
by the SA molecule density 1.33x103 L-1, we obtain about 7.78x1010 complexed SA molecules in 
Fe3O4-SA nanoparticle.  
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A5.5 Electrochemical measurements of nanoparticles in the electro-Fenton process  
In an experiment, 1 mM FeCl2 (used as a catalyst, pH=5.5) in DI water and 20 mM 

Na2HPO4 (used as a phosphate-buffered solution, pH=9) in DI water were mixed at a volume 
ratio of 1:1. This mixture was added by 2 mM H2O2 (50 wt.%, pH=5.5) at a volume ratio of 1:1:1 
or 1:1:2 to perform the electro-Fenton process in a final volume of 20 mL in a glass vessel 
equipped with a three electrode system containing two custom graphite paper sheets with the 
geometrical size 43x17 mm and one Ag/AgCl electrode. A saturated stock 4.76 M KCl aqueous 
solution was used as a supported electrolyte. Electrochemical measurements (cyclic 
voltammetry) were performed with the Metrohm Autolab potentiostat/galvanostat instrument 
operating with the Nova 1.11 software allowing data acquisition and their sophisticated analysis. 
The series of electrochemical experiments were performed in freshly prepared 29.1 mM SA 
aqueous solutions composed of the mixture of DI water and isopropanol at a volume ratio of 1:1, 
and prepared nanoparticles: unmodified Fe3O4, Fe3O4-SA and Fe3O4-rGO-SA at initial 
concentration of 5 mg/mL before and after addition of ascorbic acid aqueous solution (1 mg/mL) 
to study the Fenton reaction in the total amount of 18 mL during the electrochemical process of 
10 scans at a scan rate 0.1 v/s in the applied voltage range from -0.5 V to +1.2 V.  
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