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ARTICLE INFO ABSTRACT

In the present study, we report CuO and ZnO nanoparticles (NPs) synthesized through biological route using
Camellia japonica plant leaf extract and their efficiency detection of cysteine and dihydronicotinamide adenine
dinucleotide (NADH) in addition to their antimicrobial properties. Changes in absorption peak intensity in the
presence of cysteine or NADH was assessed by UV-vis spectrophotometry. The spectrometric detection limit for
the cysteine and NADH was found to be 5 and 10 uM, respectively, for both CuO and ZnO NPs. Good linear
relationships with R? = 0.9727 for CuO and 0.9862 for ZnO NPs were obtained when plotting the absorbance as
a function of cysteine and NADH concentrations at 290 and 301 nm, respectively. The present metal oxide (CuO
and ZnO) NPs sensors were found to be useful for the detection of two biomolecules; namely cysteine and NADH.
Furthermore, the CuO and ZnO NPs were found to be highly effective against gram positive (Streptococcus
pneumoniae, Bacillus subtilis) and gram negative (Escherichia coli, Salmonella typhimurium) bacterial pathogens as
well as fungal strains of Aspergillus flavus, Aspergillus fumigates, Aspergillus niger and Candida albicans. A minimum
inhibition concentration of 100 ug/mL was observed for both NPs against bacterial and fungal pathogens.
Consequently, the present investigation offers an environmentally friendly approach to synthesize CuO and ZnO
NPs for biomolecule detection as well as antimicrobial and antifungal applications.
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1. Introduction dehydrogenases, is however, challenging and might be a promising ap-

proach in the field of pollution control, food biology, clinical and other

Cysteine is an essential amino acid involved in metabolism, detox-
ification and protein folding. It may cause certain diseases, including
Parkinson’s disease and Alzheimer’s disease. In addition, cysteine has
been used in the food industry to flavor meat as well as in the baking
industry as quality improver of biscuits and cakes and also in the per-
sonal care industry [1]. Dihydronicotinamide adenine dinucleotide
(NADH) is an important coenzyme present in all living systems. It is
involved in metabolic processes acting as electron carrier during re-
spiration and photosynthesis [2]. More than 300 NADH dependent de-
hydrogenase enzymes that are involved in energy metabolism, growth,
differentiation have been identified [3]. Sensing these NADH dependent

bioprocess monitoring [4]. Numerous methods including spectro-
photometric, fluorimetric, electrochemical, electrophoretic and high-
performance liquid chromatographic have been proposed for the detec-
tion of cysteine and NADH. These methods are, however, expensive, time
consuming with relatively low sensitivity and often high complexity.
Hence, it is necessary to find alternative methods to detect these bio-
molecules that do not present these obstacles.

Microbial communicable diseases are sedated health difficulties it
has haggard the public tending in global as a human welfare menace,
which widens to worldly and societal complications. Furthermore,
combating microbial pathogens with established antibiotics is under

* Corresponding author at: School of Chemistry & Chemical Engineering, Anhui Province Key Laboratory of Chemistry for Inorganic/Organic Hybrid Functionalized

Materials, Anhui University, Hefei, Anhui 230 601, PR China.
** Corresponding author.

E-mail addresses: mmaruthupandy @yahoo.in (M. Muthuchamy), jiming@ahu.edu.cn (S. Ji-Ming).

https://doi.org/10.1016/j.mtcomm.2019.100766

Received 6 May 2019; Received in revised form 5 November 2019; Accepted 7 November 2019

Available online 08 November 2019
2352-4928/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2019.100766
https://doi.org/10.1016/j.mtcomm.2019.100766
mailto:mmaruthupandy@yahoo.in
mailto:jiming@ahu.edu.cn
https://doi.org/10.1016/j.mtcomm.2019.100766
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2019.100766&domain=pdf

M. Muthuchamy, et al.

threat since most of the pathogens develop resistance to antibiotics.
Soon, according to WHO, efficient therapeutics against microbial pa-
thogens will be scarce and the universe will enter into “post antibiotic
era”. Hence, there is a growing demand for treating such pathogens
with novel strategy and materials.

Research on nanoparticles (NPs) has increased considerably since
these particles have interdisciplinary applications in the field of phy-
sics, chemistry and biology. Metallic and non-metallic NPs with a wide
range of properties and applications have been reported elsewhere
[4-7]. The use of nanomaterial-based optical sensor has increased
considerably for the detection of biological molecules [8-12]. The ap-
plication of nanomaterials in optical sensor has been discussed ex-
tensively in literatures [13-15,7]. Optical sensors have been showing
advantages of selectivity, sensitivity, accuracy, linearity, reproduci-
bility, resolution, dynamic range, and limit of detection [9,16]. More
particularly, gold and silver NPs have been studied extensively and
have been shown to possess wide range of applications in biomedicine,
sensors, electronics and bio-analytics [10,17,18].

Metal oxide NPs possess interesting physical and biological prop-
erties including conductivity, luminescence, absorbance and bio-
compatibility. They are commonly used for sensor applications [19,20].
ZnO and CuO are p-type and n-type semiconductor materials, respec-
tively, with a constrictive band gap of 1.7eV and 3.34eV at room
temperature [21]. In addition to Au and Ag NPs, ZnO and CuO metal
oxide NPs have been utilized as colorimetric sensors alone or in com-
posite materials. According to Acres et al. [22], sulfide anions that are
present in the molecular structure of cysteine, cause color change of
Cu@AuNPs colloidal suspensions from purple to red. Furthermore, a
visible color change for synthesized CuO/ZnO nanocomposites has been
observed to the naked eye for cysteine [23].

It has been shown that size, shape, morphology, ligand type and
method of synthesis influence the applicability of these NPs and vast
literature is available for their controlled synthesis [24,25]. Cu NPs,
however, can be easily oxidized when exposed to air or aqueous medium.
As a result, the synthesis of stable Cu NPs is particularly challenging.
Copper NPs possess similar surface plasmon resonance (SPR) properties
to gold and silver NPs and are comparably cheaper. As a result, copper
NPs could be a potential and promising alternative to gold and silver
NPs. In addition, copper NPs have been applied in various fields [26-28]
but their application for colorimetric application of Cu NPs is scarce. To
date, to the best of our knowledge, this is the first report on the detection
of cysteine and NADH that is based on an optical sensing method using
CuO and ZnO NPs. Various chemical and biological methods have been
proposed for the synthesis of CuO and ZnO NPs. Green synthesis of NPs
via biological routes is of great interest since these present several ad-
vantages over chemical methods, including the use of natural products.
Very few reports, however, have reported the use of plant-extract-
mediated synthesis of CuO and ZnO NPs [29,30].

In the present study, biologically (C. japonica) synthesized CuO and
ZnO NPs were used to optically detect l-cysteine as well as NADH. The
synthesis and more detailed characterization of these NPs has been
reported in our previous publication by Maruthupandy et al., [26].
Furthermore, in the present study, CuO and ZnO NPs were tested for
their antimicrobial activity against gram positive bacteria (GPB);
namely S. pneumoniae and B. subtilis as well as gram negative bacteria
(GNB); namely E. coli and S. typhimurium) as well as A. flavus, A. fu-
migates, A. niger and C. albicans fungal strains.

2. Materials and methods
2.1. Materials and chemicals

Cysteine and NADH were purchased from Aladdin chemicals, China.
Stock solutions for each biomolecule type were prepared by dissolving a

known weight in a known volume of deionized water. All the glassware
was thoroughly washed with deionized water prior to use. The bacterial
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and fungal strains were collected from the Bose laboratory, Kalavasal,
Madurai, Tamil Nadu India. Sterile discs were purchased from Himedia
chemicals Pvt. Ltd., India and subsequently used for antibacterial and
antifungal activity evaluation.

2.2. Biological synthesis and characterization of CuO and ZnO NPs

2.2.1. Synthesis of CuO NPs

The CuO NPs synthesis was carried out by following the modified
approach of Sharma et al., [24]. Brielfy, 100 mL of C. japonica leaf
extract was heated up to 60-80 °C using an oil bath under stirring. “10 g
of cuprous nitrate (Cu (NO3),.3H,0) was subsequently dissolved in the
leaf extract under constant stirring in an oil bath. After complete dis-
solution, the mixture was boiled until forming a black colored paste.
The paste was recovered in a ceramic crucible and heated in an air-
heated furnace at 400 °C for 2h to finally obtain CuO NPs.

2.2.2. Synthesis of ZnO NPs

ZnO NPs were synthesized by following the modified method of
Elumalai et al., [27]. Briefly, 100 mL of C. japonica leaf aqueous extract
was taken from the stock solution and heated at 60-80 °C using an oil
bath. When the temperature of the solution reached 60 °C, “10 g of zinc
nitrate hexahydrate (Zn(NO3)2-6H,0) was added. The mixture was al-
lowed to boil until obtaining a yellow colored paste. Then, the past was
recovered into a ceramic crucible cup and heated up in an air-heated
furnace for 3h at 400°C. A light yellowish/whitish colored powder
(ZnO NPs) was obtained, which was used for the subsequent studies.

2.2.3. Characterization of CuO NPs

The synthesized CuO and ZnO NPs were characterized at room
temperature by UV-vis spectroscopy (UV-vis spectrophotometer,
Shimadzu, UV-1750) and Fourier-transform infrared (FTIR) spectro-
scopy (Nicolet NEXUS-870). FTIR spectra were recorded in the range of
4000 — 400 cm ™~ . Powder X-ray diffraction (XRD) measurements were
performed using a Rigaku D/max-RA X-ray diffractometer equipped
with Cu-Ka radiation having a wavelength of 1.54178 A. The mor-
phology, size and composition of CuO and ZnO NPs were assessed by
scanning electron microscopy (SEM, Hitachi S-4800) coupled with en-
ergy-dispersive X-ray spectroscopy (EDS) and by transmission electron
microscopy (TEM, Hitachi JEM-2100).

2.3. Optical sensor of biomolecules

The synthesized CuO and ZnO NPs were used as optical sensors for
cysteine and NADH (Scheme 1). An aqueous solution of cysteine and
NADH were added, individually, to the CuO and ZnO NPs solution with
a corresponding absorbance value of "1 (Scheme 2). The changes ob-
served in the optical absorption band of CuO and ZnO NPs due to the
presence of both biomolecule types were monitored by UV-vis spec-
trophotometry.
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Scheme 1. Molecular structures of cysteine and NADH.
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Scheme 2. Biomolecules interaction with metal oxide NPs.

2.4. Antimicrobial studies

The antibacterial activity of CuO and ZnO NPs was carried out against
GPB (B. subtilis and S. pneumoniae) and GNB (E. coli and S. typhimurium)
by using the agar disc diffusion method. Sterile discs of 6 mm diameter
were placed into Mueller Hinton agar (MHA) medium containing the test
microorganism. The discs were filled with 40 pL of CuO and ZnO NPs
separately at concentrations of 20, 40, 60, 80, 100 pug/mL. Streptomycin
was used as positive control and DMSO solution without NPs acted as
negative control. The plates were incubated for 18 h at 37 °C.

The antifungal activity of CuO and ZnO NPs was assessed against four
fungal strains (A. flavus, A. fumigates, A. niger and C albicans) using the agar
disc diffusion method. Sterile discs of 6 mm diameter were placed into the
potato dextrose agar (PDA) medium that contained the test micro-
organism. The discs were filled with 40 pL of CuO and ZnO NPs at con-
centrations of 20, 40, 60, 80, 100 ug/mL and placed on the MHA plates,
separately. Amphotericin-B was used as positive control and DMSO solu-
tion without NPs as negative control. The plates were incubated for four
days at 25°C. Antibacterial and antifungal activity was evaluated by
measuring the inhibition zone towards each microorganism being tested.

3. Result and discussion
3.1. Characterization of CuO and ZnO NPs

The UV-vis absorption spectrum curves of the mono dispersed CuO
and ZnO NPs are reported in Fig. Sla-c. The spectra exhibit strong ab-
sorption peaks at wavelength positions of 290 nm for CuO NPs and of
~301 nm for ZnO NPs. The periodical observation of the synthesized CuO
and ZnO NPs using UV-vis spectral analysis suggests that no significant
change in the morphology, position and symmetry of the absorption peak
height even after 30 days may have occurred (Fig. Sla,b). This indicates
that the synthesized CuO and ZnO NPs are highly stable [31]. The pho-
toluminescence (PL) spectra of the CuO and ZnO NPs are displayed in Fig.
S2a. FTIR spectra and powder XRD patterns corresponding to biologically
synthesized CuO and ZnO NPs using C. japonica leaf extract are reported in
Fig. S2b and Fig. S2c, respectively. Narrow and strong diffraction peak of
CuO and ZnO NPs indicate that the products are highly crystalline in
nature. SEM images show that the obtained CuO (Fig. S3a,b) and ZnO NPs
(Fig. S4a,b) possess spherical shape and are well distributed forming ag-
gregates. TEM analysis of CuO and ZnO NPs show the formation of
monodispersed and spherical nanoparticles with a small size distribution

in the range “15 — 25 nm with an average size value of “17 nm (Fig. S3 c,d)
and "15—30 nm with an average size of "20 nm (Fig. S4 c,d), respectively.
Little attention has been paid to how synthesis process is influenced by the
agglomeration state of NPs. The ability of NPs to agglomerate is, however,
one of the predominant problems associated to NPs suspensions. Changes
in pH and ionic strength or the presence of biomolecules, particularly
proteins, can easily modify the NPs surface properties, leading to the loss
of colloidal stability and formation of agglomerates [32].

3.2. Optical sensor of biomolecules

3.2.1. Cysteine

The absorption spectral changes observed for CuO and ZnO NPs
upon the addition of 5 UM cysteine is illustrated in Fig. 1a, c. The ab-
sorption spectrum acquired for CuO and ZnO NPs show a characteristic
absorption peak at wavelength positions of 290 and 301 nm, respec-
tively [33]. Figs. 1a (b-f), 1c (b-f)) indicate a significant decrease in the
absorption band intensity of CuO and ZnO NPs upon the addition of
each 5 uM cysteine. Due to the binding of cysteine with CuO NPs, the
isosbestic point was observed at a wavelength position of 317 nm [34].
This decrease in the absorption intensity of CuO NPs may attribute to
the cysteine induced CuO NPs assembly [35]. It has been shown that
cysteine can easily attached onto the surface of both NPs. Additionally,
the interaction between cysteine and NPs has been reported to be
partially electrostatic and also partially covalent [36]. Previous results
suggested that decrease in intensity of the absorption peak of CuO and
ZnO NPs can occur due to aggregation of NPs [37].

Shifts in the absorption peak of CuO and ZnO NPs towards lower
wavelength positions depends on the concentration of cysteine in the
solution. Fig. 1b, d. shows the corresponding calibration plot of ab-
sorbance (Az90 nm and Aso; nm) changes during the addition of cysteine.
The calibration curve shows a good linear relationship (R*> = 0.9773 for
CuO NPs and R? = 0.9693 for ZnO NPs) in the range of 5-25uM of
cysteine (Fig. 1b, d). Moreover, experimental detection limits (LOD) for
both CuO and ZnO NPs was found to be 5 pM. These results may be
potentially useful for the selective sensing of cysteine among other
amino acids, making metal oxide (CuO and ZnO) NPs versatile for
sensing biologically significant molecules.

3.2.2. Dihydronicotinamide adenine dinucleotide (NADH)
The absorption spectra recorded for CuO and ZnO NPs in the pre-
sence and absence of NADH are depicted in Fig. 2a, c. A significant
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Fig. 1. UV-vis absorption spectrum of CuO NPs solution upon each addition of 5 uM of cysteine and corresponding calibration plot of CuO NPs as a function of
cysteine concentration (a and b). UV-vis absorption spectrum of ZnO NPs solution upon each addition of 5 uM of cysteine and corresponding calibration plot of ZnO

NPs as a function of cysteine concentration (c and d).

decrease in the intensity of the absorption peak for both NPs is observed
upon adding 10 uM NADH (Fig. 2a, c). This change in absorption in-
tensity is due to the adsorption of NADH molecules onto the surface of
NPs. The attachment of NADH onto the surface of the NPs can be ex-
pected based on the nature of binding between the NPs and NADH
molecules [38,10]. The optical absorption intensity of the CuO and ZnO
NPs decreased significantly upon each addition of NADH (Fig. 2a, c).
Due to the binding of NADH with CuO NPs, the isosbestic point was
observed at a wavelength position of 320 nm. The reduction in in-
tensity of the peak absorption of NPs is attributed to the formation of
NADH metal oxide NPs assemblies. Upon the addition of NADH, a de-
crease in the intensity of the peak absorption of these metal oxide NPs
was observed. It has been proposed that the electronic interaction be-
tween the adsorbate and the NPs surface resulted in changes in electron
density onto metal oxide NPs, leading to the decrease in the intensity of
the peak absorption of metal oxide NPs. Furthermore, this results in the
modification in the electronic existence of the outside band [39]. Si-
milarly, the observation of the decrease in the intensity of the peak
absorption of CuO and ZnO NPs is due to these interactions upon the
addition of biomolecules. The particle size of the metal oxide NPs is also
reduced due to the interaction of NADH with metal oxide. Moreover,
chemisorption of NADH onto the metal oxide NPs has been found to
lead to demetalization of surface copper and zinc atoms [40,41].

The NADH molecules were adsorbed onto the metal oxide NPs
surface and can efficaciously bring closer together the NPs. The cali-
bration plot presented in Fig. 2b, d reveals a linear relationship between

the NADH concentration and the absorption of the metal oxide NPs.
Moreover, the experimental level of detection (LOD) for both NPs was
found to be 10 uM for NADH. A good linear relationship (R*> = 0.9727
for CuO and R? = 0.9862 for ZnO NPs) between the absorbance and the
NADH concentration at wavelength positions of "290 and “301 nm was
obtained in the range of 10-50 uM (Fig. 2b, d). The present metal oxide
(CuO and ZnO) NPs based sensor can be used for the detection of two
biomolecules namely NADH and cysteine. It is interesting to note that
the present metal oxide NPs are relatively simple to prepare for sub-
sequent use as an optical sensor for the detection of these biomolecules.

Table 1 summarizes the comparative study of analytical perfor-
mance of the present study with some of the previously reported optical
sensor studies towards the detection of biological molecules. The pre-
sent work is the first study to report CuO and ZnO NPs based optical
biosensor for the detection of NADH and cysteine. Numerous reports
are, however, available on the use of other metal (silver/gold) NPs as
optical sensors. Tseng and co-workers [42] reported that functionalized
Au NPs support detection of 1 pM cysteine (with linearity in the range
of 5-500 uM). Mirkin and co-workers [43] reported the detection of
50nM cysteine (with linearity in the range of 50 nM-10 puM) using
DNA-gold NPs based sensor. Wei et al. [44] demonstrated that car-
boxymethyl cellulose mediated Au NPs can be used as optical biosensor
for the detection of 10 uM cysteine (with linearity in the range of
10-100 uM). Willner and coworkers [45] showed that “100 uM NADH
can be detected utilizing adapted Au NPs (with linearity in the limit of
100 pM-10 mM). The two metal oxide NPs synthesized in the present
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Fig. 2. UV-vis absorption spectrum of CuO NPs solution upon addition of he each addition of 5uM NADH and corresponding calibration plot of CuO NPs as a
function of NADH concentration (a and b). UV-vis absorption spectrum of ZnO NPs solution upon each addition of 5 pM of NADH and corresponding calibration plot

of ZnO NPs as a function of NADH concentration (¢ and d).

study support the detection of NADH and cysteine at lower detection
limits (5 and 10 pM concentrations, respectively).

3.3. Antibacterial and antifungal activity of CuO and ZnO NPs

3.3.1. Antibacterial activity

The antibacterial activity of CuO and ZnO NPs against GPB were
found to be 9, 21 mm and 11, 11.5 mm for S. pneumoniae and B. subtilis
at 100 ug/mL concentration, respectively. The NPs showed better ac-
tivity against GNB with zone of inhibition 10.5, 18 mm and 11, 12 mm
for E. coli and S. typhimurium (Fig. 3a,b) at 100 pg/mL concentration,

respectively. The size of inhibition zone was found to increase upon
increasing the concentration of CuO and ZnO NPs above 20 —100 ug/
mL (Fig. 3a, b) for all the tested bacteria. It is noteworthy that the
sensitivity of S. pneumoniae was higher at the lowest concentration of
ZnO NPs when compared to CuO NPs. On the other hand, the sensitivity
of S. pneumoniae (21 mm) was higher at the highest concentration of
ZnO NPs with maximum zone of inhibition when compared to other
bacterial pathogens. Surprisingly, ZnO NPs showed better antibacterial
activity than CuO NPs against all the GPB and GNB bacterial strains.
Moreover, the CuO NPs showed low antibacterial effect against all the
tested bacterial strains. Streptomycin (standard antibiotic disc) was

Table 1

Comparison of some reported assays with metal and metal oxide NPs for optical determination of important biomolecules including cysteine and NADH.
Materials Analyte(s) Analytical performance References
Gold NPs Cysteine 5 puM-500 uM [34]
DNA mediated gold NPs Cysteine 50 nM-10 pM [35]
Carboxymethyl cellulose functionalized gold NPs Cysteine 10 pM-100 yM [36]
Gold NPs NADH 100 pM-10 mM [37]
Silver NPs Cysteine, Adenosine NADH 5 puM-35uM 20 pM-140 pM 5 pM-35 uM [10]
Gold NPs Adenosine 30 uM-200 uM [55]
Gold NPs Glucose 10 uM-400 uM [56]
DNA mediated gold NPs Oligonucleotide 50 pM-5nM [57]
Gold NPs Adrenaline 5 pM-200 uyM [58]
Biologically synthesis copper and zinc oxide NPs Cysteine 5 uM- 25 uM Present work

Biologically synthesis copper and zinc oxide NPs NADH 10 pM-50 pM
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Fig. 3. Zone of inhibition of biologically synthesized CuO and ZnO NPs with different concentrations against respective bacterial pathogens.

Table 2
Antibacterial activity of CuO and ZnO NPs.

Bacterial strains  Zone of inhibition (mm)

CuO NPs ZnO NPs Positive control Negative
(100 ug/ (100 pg/ (Streptomycin) control
mL) mL) (DMSO)

S. pneumoniae 11 21 14 -

B. subtilis 13 13.5 19.5 -

E. coli 12.5 19 21 -

S. typhimurium 13 14 20 -

used as positive control, and DMSO was used as negative control. The
observed zone of inhibition for streptomycin was 12, 19.5, 19 and
20 mm for the respective bacterial strains (Table 2). DMSO did not
show any zone of inhibition against all the tested pathogens. Although
CuO and ZnO NPs exhibited enhanced antibacterial activity at lower
concentrations, i.e. above 20 pg/mL (Fig. 3a, b), the dose of 100 pug/mL
was found to be more effective in inhibiting bacterial growth (Fig. S5).

A previous report of Abboud et al. [46], showed that biologically
synthesized CuO NPs interfere in the bacterial regeneration and inhibit
the growth of E. aerogenes and S. aureus (21 and 15 mm) at concentra-
tions higher than 20 pL. Similarly, Azam at al. [47] demonstrated that
CuO NPs altered the multiplication of B. subtilis and E. coli at a con-
centration of 100 uL. Flower shaped CuO nanostructure enhanced the
bacterial damage against 12 h cultures of B. subtilis, S. paratyphi and E.
coli at lower concentration [48]. The increased concentration of ZnO NPs
resulted in a decrease in bacterial multiplication and increased patho-
genic effect against B. subtilis and E. coli [49]. Furthermore, it was shown
that the antibacterial effect of ZnO NPs is size dependent and the damage
of efflux pump and membrane is partially concentration and size de-
pendent [50]. In our study, the synthesized ZnO NPs and CuO NPs
showed better activity against GPB and two GNB. Among the four strains,
E. coli showed greater sensitivity to ZnO NPs compared to CuO NPs,
which is contradictory to the results of Chang et al. [51]. In addition, the
results of Raghupathi et al. [52] depicted that ZnO NPs have significantly
higher growth inhibition against S. aureus than biosynthesized six metal
oxide NPs (MgO, TiO,, CuO, CaO, CeO,, and ZnO). Hence, our finding is
in good agreement with some previous reports, showing that ZnO NP
possess highly efficient in inhibiting some GPB and GNB.

In the present study, a difference was observed when comparing the
antibacterial effect between the CuO and ZnO NPs against GPB and
GNB pathogens with differed zone of inhibition. The difference in ac-
tivity could be attributed to variations in the cell wall structure, cell
physiology, metabolism or degree of contact. The cell wall of GNB is
composed of thin layer of peptidoglycan, whereas GPB is made of a

thick layer of peptidoglycan, consisting of linear polysaccharide chains
crosslinked by short peptides. These GPB strains have more rigid cell
wall morphology, which could difficult penetration of NPs, resulting in
low antibacterial response [53,54]. Furthermore, previous studies have
shown that the greater the band gap energy (ZnO NPs=23.37 eV), the
greater the efficiency in inhibiting bacterial growth, and that the effect
was mediated by reactive oxygen species (ROS) [55]. In the present
investigation, the antibacterial activity of ZnO NPs was found to be
more efficient when compared with CuO NPs. This effect may be based
on the NPs band gap energy and ROS accumulation.

3.3.2. Antifungal activity

The antifungal activity evaluation suggested that the biosynthesized
CuO and ZnO NPs acted as good antifungal agents against A. flavus, A.
fumigatus, A. niger and C. albicans with respective zone of inhibition of
9, 21, 11 and 11.5mm at 100 ug/mL concentration (Table 3). The ob-
served antifungal activity was dose dependent and the zone of inhibi-
tion increased upon increasing the concentration of CuO and ZnO NPs
above 20 —100 pug/mL (Fig. 4 a,b). Interestingly, the zone of inhibition
was very high against C. albicans at higher concentration (80 pug/mL)
when compared to other fungal pathogens (Fig. 4a, b). CuO NPs showed
higher activity against A. niger and C. albicans at lower concentrations
when compared to ZnO NPs. The maximum zone of inhibition observed
against A. niger and C. albicans were 14 and 27 mm for CuO NPs at a
concentration of 100pug/mL. The positive control amphotericin-B
(standard antibiotic) generated zones of inhibition of 12, 19.5, 19 and
20 mm against A. flavus, A. fumigatus, A. niger and C. albicans fungal
strains, respectively (Table 3). The negative control did not show any
zone of inhibition. The dose of 100 pg/mL was found to be highly ef-
fective for inhibiting fungal growth (Fig. S6).

Our results are in agreement with earlier finding of Ramyadevi et al.
[56] who reported zones of inhibition of 13, 16, and 23 mm against A.
falvus, A. niger and C. albicans, respectively for ZnO NPs. As previously
documented, flower shaped CuO nanostructure exhibited zones of

Table 3
Antifungal activity of CuO and ZnO NPs.

Fungal strains  Zone of inhibition (mm)

CuO NPs ZnO NPs Positive control Negative
(100 ug/ (100 ug/ (Amphotericin-B) control
mL) mL) (DMSO)

A. flavus 13.6 9.6 14.5 -

A. fumigatus ~ 13.5 10.5 16 -

A. niger 24 13 14 -

C. albicans 27 19.1 12.5 -
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Fig. 4. Zone of inhibition of biologically synthesized CuO and ZnO NPs with different concentrations against respective fungal pathogens.

inhibition of 20 and 24 mm against A. flavus and A. niger, respectively
[57]. The supportive evidence of the antifungal activity of CuO NPs
exhibited that the zone of inhibition 19 and 21 mm against A. niger and
C. albicans. The ZnO NPs synthesized using Azadirachta indica leaf ex-
tract showed good antifungal activity with a zone of inhibition of
14.3mm against C. albicans [50]. Similarly, Rajiv et al. [58] also no-
ticed the dose dependence of the antifungal effect of plant leaf mediated
synthesized ZnO NPs against plant fungal pathogens. Furthermore, the
highest zone of inhibition was observed against A. flavus (24.6 mm) and
the lowest zone of inhibition was observed against F. culmorum (14 mm)
with ZnO NPs [59]. Previous studies have shown that the higher the
band gap energy of the ZnO NPs (3.37 eV), the greater the efficiency in
inhibiting the fungal growth, involving both the production of ROS and
the accumulation of NPs [60-62]. In the present investigation, the
antifungal activity of ZnO NPs was more efficient to compare with CuO
NPs. this effect may be based on the NPs band gap energy and ROS
accumulation.

With respect to the antimicrobial activity evaluation, the probable
mechanism of can be attributed to disruption of cell membrane due to
the release of copper ions from CuO NPs and zinc ions from ZnO NPs,
which attached to the negatively charged microbial cell wall and rup-
ture it, thereby causing protein denaturation and cell death. Once en-
tered into microbial cell, it may bind to deoxyribonucleic acid mole-
cules and involved in crosslinking of nucleic acid strands, forming a
disorganized helical structure [63,59]. In addition, copper and zinc ions
were uptaken by the microbial cells may also disturb important bio-
chemical processes [64].

4. Conclusion

CuO and ZnO NPs optical sensing system could potentially selec-
tively distinguish the cysteine and NADH from other analytes under
similar trials. The LOD (limits of detection) of the metal oxide (CuO and
ZnO) NPs optical sensors were found to be 5 and 10 uM for cysteine and
NADH, respectively. To the best of our knowledge, the metal oxide
(CuO and ZnO) NPs were, up to now, not used for the detection of these
biomolecules. The sensing potential of CuO and ZnO NPs could be used
for sensing important biological molecules (cysteine and NADH) for
optical sensing devices applications. On the other hand, this study
showed that CuO and ZnO NPs are promising antimicrobial agent
against bacterial and fungal pathogens. The antibacterial test suggested
that both gram positive (B. subtilis and S. pneumoniae) and gram nega-
tive (P. aeruginosa and S. typhimurium) bacterial strains are more prone
to ZnO NPs than CuO NPs. Before commercialization, detailed research
and comparative study of strain-specific variability is required to de-
termine the bactericidal and fungicidal efficiency of these metal oxide
NPs.
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