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Abstract

Heterometal oxide nanoparticles of bioessential metals are shedding new light to nanoparticle-
inspired bioapplications. Pairing bioreactive elements like copper and iron can affect the redox
dynamic and biological profile of the nanomaterial. Given the complexity of physicochemical
properties, biological activity and toxicity concerns, extensive exploration is demanded,
especially when active and less active oxidation states participate as in case of cuprous-ferric
delafossite CuFeO; (copper(l)-iron(l11)), a less widespread nanomaterial. In that vein, CuFeO;
nanoparticles were synthesized and biological profile was evaluated in comparison with
cuprous oxide (Cu,O NPs) counterpart, an already established antimicrobial agent. Interactions
with bacteria, proteins and DNA were examined. Cu,O NPs exhibited stronger antibacterial
activity (I1Cso <25 ug/ml) than CuFeO; NPs (ICso>100 ug/ml). In vitro exposure of nanoparticles
on plasmid DNA unveiled toxicity in the form of DNA damage for Cu.O and enhanced
biocompatibility for CuFeO, NPs. Genotoxicity estimated by the frequency of sister chromatid
exchanges, cytostaticity based on the proliferating rate indices and cytotoxicity based on the
mitotic indices at human peripheral lymphocyte cultures were all significantly lower in the case
of CuFeO; NPs. Furthermore, through in vitro albumin denaturation assay, CuFeO, NPs
showed better performance in protein denaturation protection, correlating in superior anti-
inflammatory activity than Cu,O and similar to acetylsalicylic acid. Synergy of copper(l)-

iron(111) in nanoscale is apparent and gives rise to fruitful bioapplications and perspectives.

Keywords: Delafossite; Copper(l)-Iron(l1l); Heterometal oxides; Sister chromatid

exchange; Gel electrophoresis.



1. Introduction

The importance of nano-oxides in bioapplications is evident [1, 68]. Nanoparticles (NPs) of
bioessential metals like copper and iron have attracted broad attention in diverse functions.
Copper nanomaterials display an interesting and complex biological profile in multiple
oxidation states (Cu, Cu,O, CuO) as antimicrobials, agrochemicals, etc. [2, 3], while
biocompatible iron oxide NPs are emerging as drug delivery platforms and imaging agents [4].
Apart from nanosize effects, bioaffinity and redox dynamics/oxidation states govern the
behavior of these materials in bioapplications by affecting the equilibrium of oxidative stress,
reactive oxygen species production, antioxidant activity, DNA and protein interactions,
biodamage and toxicity. Recently, bimetallic and heterostructured nanomaterials are
investigated in the path of optimizing various properties [5, 6, 7, 8, 9, 10, 11]. When bioessential
metals participate in the structures multifarious behavior is considered and concerns for risk
assessment and toxicity are complicated. Given the numerous copper-iron biorelations like
linked homeostatic mechanisms and Fenton and Habber-Weiss reactions, it is challenging to
unveil fruitful synergies. Our previous results on bimetallic CuFe NPs revealed enhanced
antimicrobial action compared to monometallic Cu NPs attributed to increased intracellular
reactive oxygen species (ROS) production [9]. Copper-iron synergy can appear in different
oxidation states in heterometal oxides. Even though few reports examine such effects, the
copper(ID-iron(111) pairing in copper ferrite, CuFe2O4 NPs has shown enhanced antimicrobial
response [12, 13], while bioevaluation of copper(l)-iron(l1l) like the cuprous-ferric delafossite
CuFeO; NPs is absent apart from an antiviral study by Qui et al. that showed promising results
[14]. In contrast, cuprous counterpart CuO NPs is already established as a potential
antimicrobial agent and also commercialized [15, 16, 17, 18, 19, 20]. Generally, amongst the
three oxidation states [metallic (Cu®), cuprous (Cu*?), cupric (Cu*?)], Cu(l) is the most reactive,
being able to participate in both reductive and oxidative reactions due to similar redox potentials
and has been shown to exhibit greater antimicrobial activity [14, 18, 20]. However, the higher
efficiency of cuprous NPs may come with a broad biohostility and undesired toxicity that could
be suppressed by the presence of a less reactive species like ferric state (Fe*3). In that vein,
bioevaluation of copper(l)-iron(l11) would be of great interest from biocompatibility and

bioreactivity perspectives.

In continuation of our research on bimetallic (copper-iron, copper-zinc) [9, 10] and
heterostructured oxide (copper-nickel-iron) [21] NPsin the present work CuFeO. and Cu,O NPs
were effectively synthesized through a reduction/nydrothermal synthetic route using hydrazine
hydrate. A synthetic mechanism in the sole presence of hydrazine is proposed. NPs were

thoroughly characterized to determine their particle size, morphology, structure, composition



and optical properties. The biological profile of both NPs was evaluated by examining
interactions with bacteria, proteins and DNA while bioaffinity, biocompatibility and toxicity of
NPs were also estimated [22, 23, 24]. Antibacterial activity was investigated against the Gram-
positive B. subtilis, B. cereus and S. aureus and the Gram-negative E. coli and X. campestris.
DNA interactions/damage induced by NPs was estimated through treatment of plasmid pUC18
DNA (pDNA), and then separation of DNA interaction products on agarose gel electrophoresis.
Possible cytogenetic and genotoxic effects of NPs were examined by the Sister Chromatid
Exchange (SCE) assay, a simple, rapid, very sensitive and well-established method for
evaluating human exposure to different chemical and mutagenic agents, while also being a
toxicity assessment for detecting chromosome instability or DNA damage. NP's genotoxicity
was estimated based on a) the frequency of SCEs, b) cytostaticity on the Proliferating Rate
Indices (PRISs) and c) cytotoxicity on the Mitotic Indices (Mls). Irinotecan (CPT) was utilized
as standard genotoxic agent. The NP's In vitro anti-inflammatory capacity was measured using
the albumin denaturation assay while acetylsalicylic acid (aspirin) was used as a standard
reference drug. The bioreactivity of NPs was evaluated in comparison with one another to
further investigate copper-iron synergistic phenomena. Ultimately, the subject of NPs’ behavior
on bio-applications stands as a concentration dependent issue where the goal is to effectively
trigger the desired effect (e.g. inhibit microorganisms and/or inflammation) in an applied dose

where no undesired toxicity is observed.



2. Results and Discussion
2.1. Synthetic aspects and structural characterization

CuFeO; mainly adapts the R3m rhombohedral crystal structure where FeOs octahedra
that share the [FeO,] edge form a layer and Cu™* linearly bond to two O ions form a second
layer [25]. Till now, CuFeO; crystals have been prepared through high temperature syntheses,
either solid-state, sol-gel or hydrothermal approaches, and mostly in the microscale [25, 26, 27,
28, 29]. Wet chemical hydrothermal approaches are based on bottom up formation of NPs
through specific synthetic mechanisms, like the transformation of ions into their hydroxides
followed by dehydration/reduction at higher temperatures [30] and provide more precision in
the isolation of desired products. Additionally, such attempts in a relative lower temperature
(<200°C) can effectively lead to nanocrystals by avoiding extended growth and aggregation of
particles that take place in higher temperature [31, 32, 33, 34, 35, 36]. Still no lucid formation
mechanism for CuFeO; nanocrystals is given and reproducible synthesis of CuFeO, NPs is

challenging.

In the current work, we employed a combined reduction/hydrothermal synthetic route
to successfully obtain pure CuFeO; nanoparticles at 150°C. Hydrazine, NoH4.H20, was utilized
in a double role of reducing agent and pH adjuster. Given the fact that hydrazine has basic
(alkali) properties similar to ammonia (K, = 1.3 x 107, Ky = 1.78 x 1075 for hydrazine and
ammonia, respectively), an excess was used to adjust the pH of the solution. Furthermore,
hydrazine is a weak reducing agent that does not affect the oxidation state of Fe**(,q but is able
to reduce Cu?(q to Cul*ug, that is required for the desired Cu'*Fe®**O, crystal structure.
Additionally, following the same synthetic pathway and in the absence of iron precursor, Cu,O
nanoparticles were effectively synthesized. In both cases, a small amount of polyethylene
glycol was added during the synthesis to enhance the hydrophilicity and colloidal stability of

the as-produced nanoparticles.

Fig.1 illustrates the room temperature powder XRD diffractographs for CuFeO;
(Fig.1A) and Cu20 nanoparticles (Fig.1B). The Bragg reflection peaks for CuFeO, at 26 of
15.40°, 31.19°, 34.46° 35.65° 40.15°, 43.24°, 47.58° 55.16° 60.99°, 64.75° 70.15°, 72.79°,
75.73° 86.80° and 87.83° correspond to the reflections from the (0.0.3), (0.0.6), (1.0.1), (0.1.2),
(1.0.4), (0.1.5), (0.0.9), (0.1.8), (1.1.0), (2.0.10), (0.1.112), (2.0.2), (0.2.4), (2.0.8), and (0.1.14)
crystallographic planes of R3m rhombohedral CuFeO, nanoparticles (JCPDS no. 75-2146),
respectively. Applying the Scherrer equation, based on the full width at half-maximum
(FWHM) of all peaks, provided an average crystallite size of 32.4 nm, while lattice parameters
were calculated by the means of MDI's Jade software at a = b = 3.0362A and ¢ = 17.2227A and



are very close to the theoretical values (a = b = 3.035A and ¢ = 17.166A). No peaks of common
impurities such as CuO, Cu;0, Fe;O3 and CuFe,O, appear in the diffractograph, verifying the
purity of the nanoparticles. For Cu;0, peaks at 26 of 29.58°, 36.39°, 42.20°, 61.25°, 73.44°and
77.57° correlate to the (1.1.0), (1.1.1), (2.0.0), (2.2.0), (3.1.1) and (2.2.2) crystallographic planes
of Pn-3m cubic Cu,O nanoparticles (JCPDS no. 65-3288), respectively, with an average
crystallite size of 19.6 nm and lattice parameter a=Db = ¢ = 4.2767A, very close to theoretical
value of 4.26A. Again, not any common impurities like CuO, Cu or Cu(OH), are present in the
sample.

The crucial role of hydrazine and autoclave use were certified by additional synthetic
regulations; synthesis of Cu,O NPs at room temperature (T1), hydrothermal synthesis of Fe;Os
NPs in the presence of hydrazine (T2) and synthesis of CuFeO, NPs in the absence of hydrazine
(T3). These regulations were essential to elucidate the formation mechanism of CuFeO, NPs.
Powder XRD diffractographs of the synthetic regulations are shown in Fig.2 (A to C,
respectively). In case of T1 (Fig.2A) a mixture of Cu,O and Cu(OH),H.O (JCPDS no. 42-
0746). For T2, (Fig.2B) the presence of a-Fe;Os; (JCPDS no. 33-0664) is dominant. Ferric
hydroxides are easily produced followed by dehydration at higher temperatures to give hematite
nanoparticles [37]. Meanwhile, in the case of T3 (Fig.2C) a mixture of a-Fe,O3; and copper
oxalate, C,CuQ4 (JCPDS no. 46-0856) was isolated, indicating that nano-hematite can be
generated even in a non-alkaline environment, as well as that the lack of hydrazine leaves
copper in its highest oxidation state, Cu?*. Regarding the oxalate formation, it has recently been
proposed by us and others, that polyols and their oxidized derivatives such as carboxylates and
oxalates can form relative stable intermediate complexes with metals ions [9, 38]. These

complexes decompose at elevated temperatures.
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Figure 1. Powder X-ray diffraction (XRD) patterns of the synthesized CuFeO, (A) and Cu,O

(B) nanoparticles.
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Figure 2. Powder X-ray diffraction (XRD) patterns for synthetic regulations T1-T3; synthesis
of Cu.0 NPs at room temperature (A-T1), hydrothermal synthesis of Fe,O3; NPs in the presence
of hydrazine (B-T2) and running the synthetic route for CuFeO2 NPs in the absence of
hydrazine (C-T3).

Based on all the above, the formation mechanism of CuFeO; via the utilized combined
reduction/hydrothermal synthesis is summarized by equations 1-6. At first, with the addition of
hydrazine in the aquatic solution of copper and iron nitrate, Cu?* and Fe** are transformed into
Cu(OH)2xH,0 and Fe(OH)s/FeOOH/[Fe(H20)]** according to equations 1 and 3-5,
respectively. Following that, Cu(OH)2xH.O get reduced to cuprous oxide, Cu,O (equation 2).
Then, the solution is transferred into the autoclave where hydrothermal dehydration reactions
dominate and hematite, Fe;Os, is produced (equations 3-5). Finally, CuFeO, NPs are formed
from the reaction of hematite and cuprous oxide (equation 6).

Cu?*(@ag) + 20H" + H20— Cu(OH)2xH20 (1)

4Cu(OH)2xH20 + N2HaxH20 — 2Cu20 + 11H20 + N2 (2)

2Fe®*(aq) + 60H — 2Fe(OH)3 — Fe203 + 3H20 (3)

2Fe%*(ag) + 60H — 2FeOOH + 2H20 — Fe203 + 3H20 (4)

2Fe3*(aq)+ 12H20 — 2[Fe(H20)6]** — Fe203 + 9H20 +6H* (5)

Cu20 + Fe203 — 2CuFeO2 (6)

It is important to mention that the utilization of an autoclave provides reproducibility and
stability for the isolated NPs.

Raman, FTIR and UV-Vis spectroscopies were employed for additional identification
of the structure of the samples. Fig. 3 represents the Raman spectra of CuFeO, NPs and the
mixture of a-Fe.Os and copper oxalate, C,CuOs (synthetic regulation T3) along with
photographs of the illuminated area provided by the optical microscope of the Raman laser
apparatus. Raman scattering of delafossite type oxides (CuFeO,), exhibiting point group Cay
and space group R3m, gives rise to 12 optical phonon modes, out of which two phonons with
Aiq and Eq symmetry are Raman-active [26]. For CuFeO,, peaks at 350 and 690cm™ (Fig.3)

match the modes Aig and Eg, respectively, attributed to the vibration of Cu—O bonds along the



c-axis and the a-axis, with no other peaks in the spectrum. Furthermore, the mixture of copper
oxalate and nano-hematite is also apparent according to reported Raman shifts in the literature

[39, 40]. Raman spectrum of Cu,O (Fig.S1) is in agreement with the expected shifts for Cu.O
as shown before by us [20]; the longitudinal optical phonon modes (LO) I7; & 1‘1;(1), the

second-order overtone 2 I7; and the red-allowed transverse phonon mode (TO) 1“1;(2), with

observed peaks at 100, 145, 217 and 625cm %, respectively.
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Figure 3. Raman spectra of CuFeO, NPs and the mixture of a-Fe,Oz and copper oxalate, CoCuQ4

(synthetic regulation T3) along with optical microscope photographs of the illuminated area.

FTIR spectra of CuFeO; and Cu,O (Fig.S2) reveal the characteristic M-O vibrations
for both oxides. For CuFeO, NPs peaks at 420 and 665 cm ™ attributed to Fe(l11)-O, Cu(l)-O
vibrations respectively [35] while in case of Cu,O NPs, Cu(l)-O vibration slightly shifted at
630 cm [20]. Fig.S3 displays the UV-Vis spectra of aquatic suspensions of CuFeO; and Cu,O
shown Amax at 815cm™ and 580cm™ for CuFeO, and Cu.O, respectively. Experimental bang
gaps were calculated via Tauc plots at 1.52 and 2.13eV and are close to the theoretical values
1.33 and 2,17eV, for CuFeO, and Cu;0O, respectively [41, 42]. The slight shift from the
theoretical value in the calculated bang gap for CuFeQ:; is attributed to the nanoscale effect.

Particle size and morphology were examined through transition elector microscopy
(TEM). Bright field images of CuFeO; and Cu.O are portrayed in Fig.4 (A and B, respectively).
CuFeO; NPs adapt the crystalline rhombohedral morphology [30, 34] with well-defined edges
and corners for particles of 150-220nm while found more truncated, anisotropic, with defects
and pseudo-hexagonal for particles of 90-150nm. Numberweighted size derived from counting

over 40 CuFeO, NPs (fitted with a standard log-normal function) was measured at 123 + 9.5
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nm and it stands as one of the smallest sizes currently reported for CuFeO; crystals. TEM image

of Cu0O NPs (Fig.4B) illustrates cubic shaped and much smaller NPs with a measured average

size of 24.5 + 0.6nm.
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Figure 4. Transmission electron microscopy (TEM) images of the synthesized CuFeO; (A) and
Cu20 (B) nanoparticles along with their size distribution profiles derived from measuring over

40 NPs in each case.
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2.2. Biological activity evaluation of CuFeO2 and Cu2O NPs
2.2.1. Evaluation of bacterial inhibition and antibacterial activity of NPs

Five bacterial strains have been utilized, the Gram-positive B. subtilis, B. cereus and S.
aureus and the Gram-negative E. coli and X. campestris. The antibacterial activity of CuFeO,
and Cu20 NPs was estimated in terms of growth inhibition by measuring the optical density of
bacterial cultures at 600 nm, 24 h after the injection of various suspensions of NPs (ranging
from 2.5 to 100 pg/mL) into the cultures. In parallel, controls were also included in the
experiment as cultures grown without NPs and negative control cultures (without bacterial
cells) grown in the presence of pure NPs. Bacterial growth in the absence of NPs represents the
100% optical density value. Results are given in Fig.5 and given values are the averages of
three measurements. Additionally, a nonlinear curve fit-growth/sigmoidal-dose response was
applied to the data shown in Fig. 5 to calculate the Minimal Inhibitory Concentration (MIC)
values (ICso) linked to the 50% of the bacterial growth inhibition and summarized in Table 1.
It is apparent from the data that CuFeO, NPs exhibited only a mild antibacterial activity, either
by reaching a growth inhibition plateau in concentrations above 12.5 pug/ml (E coli, B. cereus
and S. aureus) or by following a steady concentration-dependent manner in their inhibition (X.
campestris and B. subtilis) but only up to 40% inhibition for the highest concentration tested
(100 pg/ml). In so, all calculated 1Cso values for CuFeO. NPs are >100 pg/ml. In contrast, Cu.O
NPs displayed a much stronger antibacterial activity, following a concentration-dependent
manner in the inhibition of all tested bacterial strains with 1Cso values all <12.5 ug/ml expect
for E. coli (23.2 £ 0.63 pg/ml). More specifically, an antibacterial efficiency order may be given
as follows: B. cereus (6.9 + 0.51), X. campestris (7.2 + 0.53), B. subtilis (9.1 + 0.56), S. aureus
(10.5 £ 0.61) and E. coli (23.2 + 0.63). These results also showed that NPs did not exhibit a
stronger antibacterial efficacy in respect to the type of Gram-negative or Gram-positive bacteria
but rather in respect of the strain [69]. The cause of the different antibacterial behavior of the
NPs may lie in the structural and compositional differences of bacterial cells’ membrane. It is
known that peptidoglycan cell membranes are thicker, thus preventing the NPs to penetrate
them easily and in turn result in a lower antibacterial response. E.coli seems to be the most
resistant because it possesses a special cell membrane structure with an important ability to

resist antimicrobial agents.
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Figure 5. Bacterial growth inhibition curves (%) constructed via optical density measurements
at 600 nm (ODeoo) after the incubation of 5 different bacterial cultures (E. coli, B. subtilis, B.

cereus, X. campestris, S. aureus) with A) CuFeO; and B) Cu,O NPs. Values are mean of three
replicates.

Regarding the comparison between Cu,O and CuFeO; NPs, it looks that combining
copper(l) and iron(l11) in hetero oxide nanoparticle does not improve antibacterial efficiency
compared to copper oxide nanoparticles, while the copper(0)-iron(0) biorelation was found

fruitful in our previous work on the antimicrobial activity of CuFe bimetallic NPs [9]. This can

13



be attributed to the different oxidation states/redox dynamic of CuFeQg, although it is important

to mention that differences in crystallite and TEM size can also be the factors.

Table 1. Antibacterial activity of CuFeO2 and Cu:O NPs evaluated by the Half-Minimal
Inhibitory Concentration (ICso) values (png/mL) provided by a nonlinear curve fit-
growth/sigmoidal-dose response on the experimental optical density data. Values are mean of
three replicates.

Bacterial strain E. coli B. subtilis B.cereus X. campestris S.aureus
NPs 1Cs0 (g/mL)
CuFeO; >100 >100 >100 >100 >100
CuO 23.2+0.63 9.1+0.56 6.9+0.51 7.2+0.53 10.5+0.61

2.2.2. DNA binding/cleavage/damage experiments in agarose gel electrophoresis

Plasmid DNA (pDNA) can appear in one/ or some of five conformations, Nicked open-
circular, Relaxed circular, Linear, Supercoiled and Supercoiled denatured, in the as given
order of electrophoretic mobility from slowest to fastest, respectively. Given the presence of a
break in only one of the strands of circular forms, the DNA will remain circular, but the break
permits rotation around the phosphodiester backbone and the supercoils will be released.
Therefore, for the same DNA, the supercoiled conformation runs faster than the circular forms.
If the DNA sustains double stranded breaks it produces a linear conformation. Linear DNA
runs through a gel end first and thus generate less friction than open-circular DNA, but more
than supercoiled, and will migrate at a rate intermediate between the two. One of the crucial
enzymes involved in the monitoring of the topological supercoiled state of DNA during cellular
processes such as DNA replication, transcription, and recombination are topoisomerases [43,
44]. Topoisomerases cause scissions on the supercoiled form of the pDNA and thereby
transform it to a lesser degree supercoiled form or to a linear, relaxed and/or nicked open-
circular form. This happens through a temporary DNA breakage by a disruption of a
phosphodiester bond, and by the concomitant creation of a covalent bond between the tyrosyl-
residue of the enzyme with the 3’ end of disrupted DNA phosphodiester bond. Once the DNA

has relaxed, topoisomerases re-ligate the cleaved DNA.
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The interaction of NPs, CuFeO; and Cu20 with pDNA (cleavage/damaging reactions)
was monitored after their incubation with plasmid pUC18 DNA and separation of the obtained
products using agarose gel electrophoresis. Photographs of the NPs-pDNA interaction are
shown in Fig. 6. pDNA in the absence of NPs (control lane) appear in both the relaxed and the

supercoiled form in a = 50/50% state.

Control 25pg/ml 5.0pg/ml 10pg/ml 25 pg/ml 50 pg/ml 100 pg/ml

Relaxed DNA
“—Linear DNA

Supercoiled DNA

«+— Relaxed DNA
= |inear DNA

«— Supercoiled DNA

Figure 6. Agarose gel (1% wi/v) electrophoretic pattern of an EthBr stained mixture of
supercoiled and relaxed DNA, pDNA (pUC18) after a 2 h duration of electrophoresis. Each
well contains 3 png of pPDNA mixed with various concentrations [0 (control), 2.5, 5, 10, 25, 50,
and 100 pg/ml] of CuFeO; (up) and Cu,O (down) NPs, incubated at 37 °C for 1 h.

Specifically, the pDNA cleavage efficiency of NPs was estimated by determining their ability
to convert the supercoiled form (SC) to the relaxed circular form (R), the nicked circular form
(NC) and/or the linear (L) form of pDNA. NPs’ cleavage efficiency translates to mimicking
topoisomerases’ activity. The supercoiled DNA generally is first transformed in relaxed (by
DNA single-stranded cleavage of one phosphodiester bond) and the supercoiled and relaxed
may be then transformed in linear (by DNA double-stranded cleavage of two phosphodiester
bonds) of the plasmid DNA. DNA damage induced by NPs is considered as toxicity on the

genetic material (genotoxicity).

When pDNA was incubated with low concentrations of both NPs (up to 5 pg/ml), no
change is observed as estimated by the photograph (Fig. 6). Moving further to the 10 pug/ml
dose, the cleavage/ topoisomerases’ activity mimicking began for Cu,O with the decrease in

the supercoiled zone. The sc DNA band gradually diminished until its disappearance, which
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occurred in the 50 and 100 pg/ml concentrations for CuFeO, NPs, whereas this phenomenon
started from the 25 pug/ml dose for Cu,O NPs, suggesting a stronger interaction with DNA for
Cu20 NPs. Moreover, formation of the linear form of the pDNA was observed (Fig. 6), which
migrated between supercoiled and relaxed circular bands for the 50 and 100 pg/ml
concentrations of both NPs. These results revealed that both type of NPs mimic the mode of
action of topoisomerases, as the same electrophoretic pattern is remarked for topoisomerase |
[45]. However, toxicity in the form of DNA damage was unveiled for Cu2O NPs for the 100
ug/ml dose as a significant decrease in relaxed and linear forms was recorded, while no such

observation was collected for CuFeO, NPs.
2.2.3. Sister Chromatid Exchange (SCE) assay

Many chemical agents such as NPs are possible DNA damaging mediators and while
some of them might be used as potential antimicrobial and/or anticancer agents it remains an
issue of selectivity on microorganisms and/or cancer cells against normal cells. Following the
toxicity evaluation on pDNA and CT-DNA, the toxicity of CuFeO, and Cu,O NPs was
investigated on human cellular DNA by the sister chromatid exchange (SCE) assay. The Sister
Chromatid Exchange (SCE) assay is a simple, rapid, very sensitive and well-established
cytogenetic and genotoxic method for evaluating human exposure to different chemical and
mutagenic agents, while also being a toxicity assessment for detecting chromosome instability
or DNA damage [46, 47, 48, 49, 50]. Induction of SCEs is an essential tool of genotoxicity in
in vitro [51] and in vivo studies [62, 64] as SCEs’ methodology is more sensitive than many
other cytogenetic methods, like chromosome abnormalities or micronucleus test. The failure of
repair mechanisms to achieve recovery leads to DNA damage and strand breaks, resulting in

an increase of SCEs frequencies [52, 53].

Recently, studies on NPs revealed biological effects such as DNA damage and cell
kinetic parameters. Investigating increasing nanoparticle concentrations and different
nanoparticle sizes has shown that NPs caused significant enhancement on sister chromatid
exchange, micronuclei and chromosome aberration as compared to untreated cultures. The
obtained in vitro results revealed that NPs had dose-dependent effects on inducing oxidative

damage, genotoxicity and cytotoxicity in human blood cells [46, 49].

In this study CuFeO; and Cu,O NPs have been found to produce genotoxic, cytotoxic
and cytostatic action. Results derived from 4 different concentrations (6.2, 10, 25 and 50 pg/ml)
are summarized in Table 2 where camptothecin-11 (CPT) values are also included as reference.

Results are based on chromosome captions of the SCE assay (captions of different metaphases

16



are given in Fig.7) and SCEs were evaluated in the 2nd division metaphase where one

chromatid of each chromosome is dark stained (Fig.7B).

Table 2. In vitro genotoxic and cytogenetic effects of NPs in normal peripheral lymphocytes.

Evaluation of SCEs was based on 30-40 second division cells and results were based on two

experiments with the same protocol. At least 200 metaphases were measured for the estimation

of PRIs and 2000 lymphocyte nuclei were scored for the MIs. Where CPT = Irinotecan
(Camptothecin-11), SEM= Standard Error of the Mean and EV= Expected Value (EVcwo =
[OVcwzo- OVeontrol] + OVepr). 2p < 0.01 vs. all lines, ® p < 0.01 vs. control, ¢ p < 0.01 vs. all

NPs, ¢p < 0.01 vs. all previous lines, ¢ p < 0.01 vs. respective CuFeO,, "p < 0.05 vs. control

and all CuFeO,, 9 p < 0.05 vs. all lines, " p < 0.05 vs. control, ' p < 0.05 vs. line 2, p < 0.05 vs.
line 9, %p < 0.05 vs. line 10, ' p < 0.05 vs. line 18.

Concentrations Mean
No of NPs SCEs/cell + MI
NPs (ng/ml) SEM (range) PRI (%)
a
. Control : 6'4? f_g)'% 2.14 225
b
) CuFeO; 50 21'(%314?5 155 15.5"
b .
3 CuFeO; 25 19'(1;f21é)34 2,01 235!
b .
A CuFeO; 125 1582f213;§)2 2.13 25.5!
b
5 CuFeO; 6.2 13'?&22599 2.28 33,00
5 Cuz0 50 . . 0.0%
b,c -
. Cuz0 25 30'?93%‘)19 1.27%8 1.0
b .
g Cuz0 125 16'(715_2f213')5’7 139" 5.5 hei
b
o Cuz0 6.2 16'(0102:51%)21 1.49" 8.0
44,72+ 5,125
10 CPT : (22.63) 2.35 255
57.72+ 6.35% f
11 CuFeO2 + CPT 50 (42-69) 1.67 22.5
48.14% 5.91°¢
l» | CuFeO:+CPT 25 (34.54) 1.83 235
4332+ 4,82 .
13 CuFeO2 + CPT 125 (21-62) 2.11 32.5
42,97+ 4,400 .
14 CuFeO2 + CPT 6.2 (20-61) 2.15 35.5
15 Cu20 + CPT 50 - - 0.0hek!
16 | Cu:0+CPT 25 : 1.009 2,0k
120,99+ 10,627
;7 | Cuwo+cCPT 125 (95-136) 1.449 6.5 ekl
EV=55.04
Cuz0 + CPT 6.2 72.59+ 9,08° 1.76 250
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Fig.7 Chromosome captions of the SCE assay where A) all chromosomes have both chromatids
dark stained (1% division metaphase), B) one chromatid of each chromosome is dark stained
(2nd division metaphase, SCEs can be evaluated only in these metaphases, arrows show SCES),
C) metaphase where a proportion of chromosomes have both chromatids light stained (3* or

subsequent division metaphase).

Addition of NPs, at all concentrations tested alone, induced statistically significant (p < 0.01)
increases in SCEs frequencies comparing to control, while statistically significant (p < 0.05)
reduction of PRIs and MIs were measured at higher concentrations of NPs (25 and 50ug/ml).
However, it is evident from these results that CuFeO, displayed significantly decreased SCEs
and increased PRIs and Mls compared to Cu,O NPs. Additionally, the later NPs induced total
chromosomal destruction in the 50 pg/ml dose and a similar form of toxicity was also observed
in their interaction with pDNA at 100 pug/ml. Based on these results it appears that CuFeO, NPs
display enhanced biocompatibility and less toxicity compared to Cu,O NPs.

It has been proposed that successful DNA repair, prior to S phase, removes damage
which otherwise might give rise to SCEs [54]. In normal human lymphocytes interference by
NPs with DNA repair of CPT-induced DNA damage would lead to an increase in the number
of incompletely repaired lesions, at the time the cells reach S phase in vitro, lesions which may
subsequently give rise to SCEs and cell division delays (Table 3). While NPs showed increase
of SCEs 2-6 times alone, the increase was 7-20 times in combination with CPT over the control
value. Addition of CPT in these lymphocyte cultures also increased the frequencies of SCEs
alone, but much more in combination with NPs, confirming its synergistic genotoxic and
cytotoxic action in cultured human lymphocytes. The SCE induction, the Mls and the PRIs
reduction were consistently much higher than those expected by the simple addition of the
effects on SCEs, PRIS and Mls of the NP and CPT alone.  Also, a correlation between PRI
and M1 was revealed (p<0.05 and r=0.907) showing that cytotoxicity of NPs, with CPT or not,
goes along with cytotoxicity in these cultures. Our present findings, concerning the combined
treatment of NPs plus CPT, showed a high correlation between the potency for SCE induction,
effectiveness in cell division delay and cytotoxicity. This is of considerable interest to the
problem of cancer, because it provides a mechanism by which the rate of potential genetic
damage, induced by potential chemotherapeutics, may be modified [55]. Cancer cells, like
normal human cells, are capable in DNA repair mechanisms. Therefore, unrepaired DNA
damage, expressed as SCEs, in normal cells by certain agents may indicate unrepaired DNA
damage in cancer cells by the same chemicals. These may possibly indicate that the above

combination may have a potential chemotherapeutic value.

2.2.4. Anti-inflammatory activity evaluation/albumin denaturation experiments
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Protein denaturation is usual process during which the secondary and tertiary structures
of proteins are destroyed resulting in loss of their biological function. Protein denaturation may
be caused by a spectrum of reasons including heat, electrolytes, or alcohols which generate
well-studied alterations in the solubility of albumins and globulins [56]. Protein denaturation
can correlate with an inflammatory response and an inhibition in the denaturation after the
addition of a chemical compound can be considered as an anti-inflammatory activity. NPs that
can inhibit denaturation display a bioaffinity in albumin as well as considered anti-
inflammatory candidates [57, 58, 59]. Herein, protein denaturation was triggered by heating of
bovine serum albumin (BSA). Heating of BSA reflects in its denaturation and in antigens
expression, that both are related with type-1ll hypersensitivity reaction, which in turn is
associated to various diseases including rheumatoid arthritis, systemic lupus erythematosus,
serum sickness, and glomerulonephritis [60]. Acetylsalicylic acid (aspirin) has shown a dose-
dependent ability to inhibit thermally induced protein denaturation [66] and can be utilized as

a reference along with that said chemical compound.

In this direction, albumin denaturation optical density measurements were used as an
assay to calculate the anti-inflammatory capacity of CuFeO; and Cu,O NPs. As CuFeO; NPs
displayed significantly less toxicity than Cu,O NPs both on pDNA interactions and on SCE
assay it would be interesting to evaluate a property reflecting a curative/protective action like
anti-inflammatory capacity in contrast to a damaging action that is antibacterial activity. Results
derived from 6 different concentrations (2.5, 5, 10, 25, 50, and 100ug/ml) are summarized in
Table 4 where aspirin values are also included as reference. Denaturation of albumin in the
presence of distilled water is considered as 100% denaturation and 0% anti-inflammatory
activity (Table 4). Both NPs followed a concentration dependent anti-inflammatory activity.
Values for Cu,O NPs are very close to the values obtained for aspirin and this phenomenon is
already reported for other NPs in the literature [57, 58, 59], but it is the first report for copper-
based NPs. Moreover, CuFeO, NPs exhibited a stronger anti-inflammatory capacity than Cu.O
and similar to aspirin as reflected in the values of Table 4. The copper(l)-iron(lll) synergy
appears to boost albumin bioaffinity and protective ability against protein denaturation,

enhancing the anti-inflammatory response of CuFeO, NPs.

Table 4. Anti-inflammatory activity of various concentrations [0 (control), 2.5, 5, 10, 25, 50,
and 100 ug/ml] of CuFeO; and Cu,O NPs, as well as Aspirin (reference drug), measured as

inhibitory percentage (%) of albumin denaturation.
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Concentration
of NPs/Aspirin

(ng/ml)

Albumin denaturation (%0)

Denaturation protection / Anti-

inflammatory activity (%o)

CuFeO; Cu0 Aspirin CuFeO; Cu0 Aspirin
0 (control) 100 100 100 0 0 0

2.5 72.1 80.3 85.1 27.9 19.7 14.9
5 57.4 79.9 84.6 42.6 20.1 154
10 40.9 79.2 78.1 59.1 20.8 21.9
25 36.4 73.3 58.4 63.6 26.7 41.6
50 34.9 53.9 45.1 65.1 46.1 54.9
100 31.9 49.2 36.6 68.1 50.8 63.4

3. Conclusions
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Copper formulations, ionic and bulk, have been applied as antimicrobials for centuries and
research on copper-based NPs aims to lower dose and higher efficiency novel materials, but
concerns for risk assessment, biocompatibility and human health should be taken into account.
Although the antibacterial activity of CuFeO, NPs was found relatively weaker than the already
established antimicrobial candidate Cu2O NPs, interactions with pDNA and the sister chromatid
exchange (SCE) assay unveiled significantly enhanced toxicity for Cu,O NPs and enhanced
biocompatibility for CuFeO2 NPs. Moreover, and in the case of a curative and repairing action
such as anti-inflammatory activity, CuFeO, NPs were found more capable in protein
denaturation protection, with anti-inflammatory capacity similar to aspirin. The meeting of iron
and copper in an heterometal copper(l)-iron(lll) nano-oxide lessens the bio-damage,
antimicrobial hostility and toxicity while strengthening the biocompatibility, bio-repair and
protection against inflammation. We have to underline that the specific oxidation states govern
the behavior of CuFeO, NPs, given that copper-iron synergy in bimetallic CuFe NPs showed
enhanced antimicrobial action [9].

Moreover, SCE findings on combined treatment of NPs plus CPT showed a synergistic
high correlation between the potency for SCE induction, thus providing a mechanism by which
the rate of genetic damage may be modified. This indicates that the combination of cuprous
NPs and CPT may have a potential chemotherapeutic value and sets futures thoughts on

expanding our research on cancer cells and anticancer agents.
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4.1. Synthesis and structural characterization of NPs

4.1.1. Preparation of nanoparticles

A low-temperature (150 °C) combined reduction/hydrothermal process was utilized for the
synthesis of CuFeO; nanoparticles. Fe(NOs)s-9H,O (0.5 mmol, 0.202 g), Cu(NOs3)2-3H,0 (0.5
mmol, 0.121 g) and polyethylene glycol, PEG 8000 (0.1875 mmol, 1.5 g) were mixed and
dissolved in 8 ml of deionized water. The resulting mixture was stirred thoroughly at room
temperature to produce a homogenous yellowish solution. The concentrations of
Fe(NO3)s-9H,0, Cu(NO3),-3H,0 and PEG 8000 were calculated to be 6,25 x 10 M, 6,25 x
102 M and 2,344 x 102 M, respectively. Then an excess of hydrazine hydrate, N.Hs.H,0 (4.1
mmol, 0.207 g, [N2Hs.H20] = 0.5 M) was added dropwise to the solution under vigorous
stirring, adjusting the pH of the solution at 10 before a color change to grey-brownish yellow.
After 30 minutes of stirring, the resulting solution was transferred into a 23 mL Teflon-lined
stainless-steel autoclave where hydrothermal crystallization was carried out under autogenous
pressure at 150 °C for 8 h in an oven. Then the autoclave was cooled naturally to room
temperature and after centrifugation at 5000 rpm, the supernatant liquids were discarded, and a
black precipitate was obtained and washed with ethanol, at least three times, to remove the
excess of ligands and the unreacted precursors.

Cu20 NPs: Cu(NOs)2-:3H,0 (0.5 mmol, 0.121 g), polyethylene glycol, PEG 8000 (0.1875
mmol, 1.5 g), 8 ml of deionized water, hydrazine hydrate, N,Hs.H,O (4.1 mmol, 0.207 g,
[N2H4.H20] = 0.5 M)

Synthetic regulation T1: Cu(NOs)2-3H20 (0.5 mmol, 0.121 g), polyethylene glycol, PEG 8000
(0.1875 mmol, 1.5 g), 8 ml of deionized water, hydrazine hydrate, N.H4.H,O (4.1 mmol, 0.207
g, [N2H4.H20] = 0.5 M). No hydrothermal step, synthesis at room temperature.

Synthetic regulation T2: Fe(NOs)s-9H,O (0.5 mmol, 0.202 g), polyethylene glycol, PEG 8000
(0.1875 mmol, 1.5 g), 8 ml of deionized water, hydrazine hydrate, N2H4.H>O (4.1 mmol, 0.207
g, [N2H4.H20] = 0.5 M).

Synthetic regulation T3: Fe(NOs3)3-:9H.O (0.5 mmol, 0.202 g), Cu(NOs3)2-3H20 (0.5 mmol,
0.121 g), polyethylene glycol, PEG 8000 (0.1875 mmol, 1.5 g), 8 ml of deionized water.

All the reagents were of analytical grade and were used without any further purification:
Copper(Il) nitrate trihydrate Cu(NO3),-3H,0O (Merck, >99.5%, M = 241.60 g/mol), Iron(IIT)
nitrate nonahydrate Fe(NO3)3-9H,O (Merck, >99.5%, M = 404 g/mol), polyethylene glycol
(PEG) 8000 (Alfa aesar), Hydrazine hydrate N,H4.H,O (Merck, about 100%, M =50.06 g/mol)

4.1.2. Characterization
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X-Ray powder diffraction graphs (XRD) were recorded at Bragg-Brentano (BB) geometry
using a two-cycles Rigaku Ultima+ powder X-ray diffractometer with a Cu Ka radiation
operating at 40 kV/30 mA.

Conventional Transmission Electron Microscopy (TEM) images were obtained with JEOL
JEM 1010 microscope operating at 100 kV. For TEM observations we have used suspensions
of the nanoparticles deposited onto carbon-coated copper grids.

The micro-Raman measurements were performed at room temperature using the 515 nm line
of a diode pumped solid state laser (Cobolt) as the excitation source. The power was kept at 0.1
mW, and an x100um focus was used. The spectra were recorded using a micro-Raman
LabRAM HR (HORIBA) system equipped with a peltier-cooled charge coupled device (CCD)
detector. Additionally, photographs of the illuminated were captured by the optical microscope
of the Raman laser apparatus. Fourier transform infrared spectra (400-4000 cm*) were recorded
using a Nicolet FT-IR 6700 spectrometer with samples prepared as KBr pellets. UV/Vis spectra
were recorded with a Hitachi U-2001 double-beam UV/Vis spectrophotometer.

4.2. Biological activity evaluation of CuFeO; and Cu,O NPs

4.2.1. Materials for biological tests

Culture media: Two different media were used: (i) the Luria—Brettani broth (LB) containing
1% (w/v) tryptone, 0.5% (w/v) NaCl and 0.5% (w/v) yeast extract and (ii) the minimal medium
salts broth (MMS) containing 1.5% (w/v) glucose, 0.5% (w/v) NH4CI, 0.5% (w/v) K:HPO4,
0.1% (w/v) NaCl, 0.01% (w/v) MgS0,.7H20 and 0.1% (w/v) yeast extract. The pH of the
media was adjusted to 7.0.

DNA cleavage/damage experiments in agarose gel electrophoresis: Agarose was purchased
from BRL. Tryptone and yeast extract were purchased from Oxoid (Unipath Ltd., Hampshire,
UK). All other chemicals were obtained from Sigma.

Plasmid DNA, pDNA (pUC18), was isolated from Escherichia coli (Top 10) using
GenEluteTM HP endotoxin-free plasmid maxi prep preparation (Sigma—Aldrich), according to
the manufacturer’s specifications. The intercalative dye ethidium bromide (EthBr) was
purchased from Sigma. Experiments were carried out in 50 mM Tris—Cl pH 7.5 buffer solutions
to control the acidity of the reaction systems.

Sister Chromatid Exchanges (SCE) assay: Human peripheral blood samples were obtained from
two male and two female donors, who were healthy medical students, not taking any
medication, non-smokers and non-consumers of alcohol. Informed consent was taken from all
donors and this study was approved by the University Ethics Committee. Human peripheral
lymphocyte cultures were set up by adding 11 drops of heparinized whole blood from each of

the four normal subjects to 5 mL of chromosome medium 1A (RPMI 1640, Biochrom, Berlin).
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Anti-inflammatory activity evaluation/albumin denaturation experiments: Bovine albumin was
purchased from Sigma (1% aqueous solution, Sigma-Aldrich, Germany). Reference drug,
acetylsalicylic acid (aspirin) was purchased from Sigma.

All plastics and glassware used in the biological experiments were autoclaved for 30 min at 120
°C and 130 kPa. Heat-resistant solutions were similarly treated, while heat-sensitive reagents
were sterilized by filter.

Stock suspensions of the NPs were prepared at a final concentration of 1 mg/ml by
dissolving/suspending the NPs in water via the assistance of sonication bath.

4.2.2. Evaluation of bacterial inhibition and antibacterial activity of NPs

The antibacterial efficiency of the NPs has been estimated by its ability to inhibit the growth of
microorganisms in the cultivation medium Mueller—Hinton broth (Imuna). Five bacterial
species were used as follows: Escherichia coli (XL1), Staphylococcus aureus (ATCC 29213),
Bacillus subtilis (ATCC 6633), Bacillus cereus (ATCC 11778), and Xanthomonas campestris
(ATCC 33013) and their growth was monitored in the absence and presence of the CuFeO, and
Cu20 NPs. Bacterial growth was performed in LB, while the screening for antibacterial activity
was carried out by determining the minimal inhibitory concentration (MIC) of the NPs [20].
The MIC (in pg/ml) value for each culture, expressed as ICso, and defined as the lowest
concentration that inhibited the bacterial growth by 50%, was determined based on batch
cultures containing varying concentrations of NPs. Specifically, using the method of
progressive double dilution in MMS with final concentrations of NPs equal to 6.25, 12.5, 25,
50 and 100 pg/ml, the MIC values were determined. In details, the concentration of
microorganisms in the cultivation medium was 10%-10° cfu/ml after pre-cultures were
cultivated in LB overnight at their optimal growth temperature to assure the sufficient bacterial
growth. Then, aliquots of 2 ml of MMS were inoculated with 20 uL of a pre-culture of each
bacterial strain (cultures of reference). A second group of the same cultures supplemented with
the suitable concentration of the NPs was evaluated. A third group of cultures with the same
concentration of the NPs but without bacterial pre-cultures and was used as cultures of reference
to check the effect of each type of NPs on MMS. All measurements were in triplicate. The
growth of bacteria was monitored by measuring the turbidity of all culture groups at AbSeoo
after 24 h, determined using a spectrophotometer (Thermo Electron Corporation, Helios v,
USA). Turbidity measurements in the cultures of references (absence of NPs) represent the
100% of Bacterial growth. A nonlinear curve fit-growth/sigmoidal-dose response was applied
to estimate 1Cso values. All pre-cultures and cultures were incubated at 37 °C, except X.

campestris that was cultivated at 28 °C.

4.2.3. DNA cleavage/damage experiments in agarose gel electrophoresis
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The DNA fragmentation phenomenon caused by CuFeO, and Cu,O NPs was watched using
agarose gel electrophoresis. The effect of the NPs was examined in vitro by treating the pDNA
with NPs suspensions of gradually increasing concentrations ranging from 2.5 to 100 mg/ml.
In particular, reactions which contained aliquots of 5 ug of pPDNA, were incubated at a constant
temperature of 37 °C for 60 min in the presence of each type of NPs in a buffer A that
maintained pH at 7.5 to a final volume of reaction at 20 ul. Then, reactions were terminated by
the addition of 5 ul loading buffer consisting of 0.25% bromophenol blue, 0.25% xylene cyanol
FF (acid blue 147) and 30% glycerol in water. After incubation, the DNA products resulting
from this interaction were separated by electrophoresis on agarose gels (1% wi/v), which
contained 1 ug/ml ethidium bromide in 40 x 10°M Tris-acetate (pH 7.5), 2 x 10°M sodium
acetate, 2 x 10° M Na,EDTA, at 5 V/cm. Agarose gel electrophoresis was performed in a
horizontal gel apparatus (Mini-SubTM DNA Cell, BioRad) for about 2 h. The gels were
visualized after staining with the fluorescence intercalated dye ethidium bromide under a UV
illuminator which forms a fluorescent complex when it binds to DNA. The DNA
cleavage/damage efficiency of NPs was estimated by determining the degree of electrophoretic
mobility reflected in an up- or down-shift of the DNA to higher/or lower molecular weight
DNA products respectively. Regarding pDNA, under electrophoretic conditions on an agarose
gel, applied to circular plasmid DNA, the fastest migration will be noticed for DNA of closed
circular forms (Form |, supercoiled). After a one strand cleavage, the supercoil will be relaxed
to produce a slower-moving nicked form(Form Il, relaxed), while after a double-stranded

cleavage, a linear form of pDNA (Form I11, linear) will be generated that migrates in between.

4.2.4. Sister Chromatid Exchange (SCE) assay

For SCEs evaluation, we add a) 5-bromodeoxyuridine (BrdU) at human peripheral lymphocyte
cultures of 2 healthy individuals in a concentration of 5 mg/ml, b) CuFeO, and Cu,O NPs and
c) Irinotecan (CPT), added at a final concentration of 50 mg/ml, at the beginning of 72 h. CPT
is a multi-used anticancer agent and a semisynthetic analogue of camptothecin-11 used in this
study as a positive genotoxic agent, to induce a high frequency of SCEs and to reveal any
underlying chromosomal instability [61, 62]. A total of 18 cultures were evaluated, a blank one
(control), one supplemented only with CPT, four cultures with 6, 12.5, 24 and 50 ug/ml CuFeO-
NPs, four cultures with 6, 12.5, 24 and 50 ug/ml of CuFeO, NPs + CPT, four cultures with 6,
12.5, 24 and 50 pg/ml of CuO NPs and four cultures with 6, 12.5, 24 and 50 pg/ml of Cu,O
NPs + CPT. The above protocol has been executed twice. All cultures were kept in the dark to
minimize photolysis of the BrdU and were incubated for 72 h at 37°C. Two hours before
harvesting, colchicine was added at a final concentration of 0.3 mg/ml. Metaphases were
collected and air-dried preparations were stained by the Fluorescence Plus Giemsa (FPG)

technique [63] and scored for cells undergoing first mitosis (where both chromatids are dark
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stained, Fig.7A), second (where one chromatid of each chromosome is dark stained, Fig.7B)
and third and/or subsequent mitosis (where a proportion of chromosomes have both chromatids
light stained, Fig.7C). Mean SCEs were measured only in suitable second division metaphases
and at least 30-40 well spread and differentiated metaphases were blindly counted per culture,
because, only at this stage, we were able to observe and count them. In order to establish PRI,
at least 200 cells were counted and the following formula was used: PRI = (M1+2M>+3M3.)/N,
were M is the percentage of cells at first division, M is the percentage of cells at second
division and Ms. is the percentage of cells at third and subsequent divisions, while N is the total
number of cells counted. Finally for the Mls, at least 2000 activated lymphocytes were
determined for each culture [64]. Statistical analysis of the MI and PRI values was done by y?-
test, while for the SCE frequencies the one-way analysis of variance (ANOVA) and subsequent
the Duncan test were used to compare and evaluate different treatments and values.
Furthermore, correlations between SCEs, PRIs and MIs were calculated by Pearson’s

correlation coefficient (r)[65].

4.2.5. Anti-inflammatory activity evaluation/albumin denaturation experiments

To evaluate the anti-inflammatory activity of CuFeO; and Cu.O NPs, albumin denaturation in
the presence of NPs was examined. In detail, NPs were mixed with 1% w/v aqueous solution
of bovine albumin to reach final NPs’ concentration of 6.25, 12.5, 25, 50 and 100 ug/ml. The
mixtures were incubated at 37°C for 20 min, and subsequently heated at 51°C for 20 min to
prop up the denaturation of albumin. The turbidity of the solutions was measured
spectrophotometrically at 660 nm. Aspirin was used as the reference drug [66]. Denaturation
of albumin in the presence of distilled water is considered as 100% denaturation. The protection
of protein denaturation (%), hence the anti-inflammatory activity of NPs was calculated

according to the following formula [67]:

0D of sample tested
0D of control

% Protection = 100 — ( ) x 100

Where OD refers to the turbidity values at ODsso nm and control refers to the aqueous solution

of 1% bovine albumin in distilled water.
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