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ABSTRACT: The photoinduced synthesis of zinc oxide nanoparticles (ZnO
NPs) was carried out to unveil the effects of change in wavelength of photons.
ZnO NPs were synthesized by the coprecipitation technique exposed to
different light regimes [dark environment, daylight, and blue-, green-, yellow-,
and red-colored light-emitting diodes (LEDs)] at room temperature. X-ray
diffractogram (XRD) revealed the wurtzite structure of ZnO NPs. A small
change in the size of ZnO NPs (17.11−22.56 nm) was observed with the
variation in wavelength of lights from 350 to 700 nm. Spherical to hexagonal
disks and rodlike surface morphologies were observed by scanning electron
microscopy (SEM). The elemental composition and surface chemistry of NPs
were studied by energy-dispersive X-ray diffractive (EDX) and Fourier
transform infrared (FTIR) spectra. Maximum free radical quenching activity,
cation radical scavenging, and total antioxidant capacity were found in ZnO
NPs synthesized under green light (28.78 ± 0.18, 30.05 ± 0.21%, and 36.55 ± 2.63 μg AAE/mg, respectively). Daylight-synthesized
NPs (DL-ZNPs) showed the greatest total reducing potential (15.81 ± 0.33 μg AAE/mg) and metal-chelating activity (37.77 ±
0.31%). Photoinduced ZnO NPs showed significant enzyme inhibitory effects on amylase, lipase, and urease by red-light NPs (87.49
± 0.19%), green-light NPs (91.44 ± 0.29%), and blue-light NPs (92.17 ± 0.34%), respectively. Photoinduced ZnO NPs have been
employed as nanozymes and found to exhibit intrinsic peroxidase-like activity as well. Blue-light-synthesized ZnO NPs displayed the
strongest antibacterial activity (23 mm) against methicillin-resistant Staphylococcus aureus (MRSA). This study can be considered as
a novel step toward the synthetic approach using LEDs to synthesize ZnO NPs with specific physicochemical properties and extends
a great prospect in the environmental chemistry, food safety, and biomedical fields as nanozyme, antioxidant, antibacterial, anti-α-
amylase, antiurease, and antilipase agents.

■ INTRODUCTION

Nanotechnology is a research hot spot in advanced material
science. At the atomic level (1−100 nm), nanoparticles (NPs)
are recognized as controlled or engineered particles. These
engineered NPs have unpredictable activity, and currently,
there is an increasing demand for nanostructured materials in
conventional technologies and medical industrial sectors
worldwide.1

There are different forms of metal oxides, which include
titanium dioxide (TiO2), zinc oxide (ZnO), indium(III) oxide
(In2O3), silicon dioxide (SiO2), and tin(IV) oxide (SnO2).
Among them, ZnO has commonly produced metal oxides after
TiO2 and SiO2. In the earth, ZnO occurs as the mineral
zincite.2 Zinc oxide is an inorganic material with unique
features, including its crystal size, a good aspect ratio of
morphology and orientation, crystalline density with a direct
band gap of 3.3 eV at ambient temperature, 60 meV high
exciton binding energy, a wide radiation absorption range,

semiconductor properties, and high catalytic activity,3 and
finds application in diverse fields of science and technology.4−6

The smaller size of zinc oxide nanoparticles, which increases
their chemical reactivity, has made them attractive for research
in recent years. As a result, there is increased widespread use of
ZnO nanoparticles in biomedicine, electronics, cosmetics,
optics, food packaging, and agriculture.7,8 Moreover, ZnO
nanoparticles have remarkable antimicrobial, antioxidant, and
UV-blocking properties.9,10 The unique properties and
functionality of ZnO pave the way to use multiple methods
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to synthesize different ZnO nanomaterials by modifying the
synthesis parameters. Consequently, some physical and
chemical parameters including precursors, temperature, pH,
and type of solvent were also considered important. In a recent
research work, ZnO nanowires were synthesized via the UV
light decomposition process in the heterojunction of silver-
loaded ZnO (AgxZn1−xO-ZnO nanowires). It has been
reported that ZnO NPs have significant antibacterial activity
against Escherichia coli under visible light or in the dark.11

The advent of photochemical synthesis of metallic nano-
particles dates back to the 18th century discovery when
Schulze found that the irradiation of light darkened some silver
salts. Recent developments in the metallic NP research area
have led to the classic concept of photoreaction, a new use as a
synthesis approach for functionalized nanostructures in UV-
free light-emitting diodes (LEDs).12 Light-emitting diodes
(LEDs) have properties of a relatively narrow band, low
divergent angle, and high emission intensity and have also been
used as sources of light excitation for the production of
particular sizes and shapes of metallic NPs in photochemical
reactions.13 Photochemical synthesis has many advantages: (i)
it gives advantageous characteristics of photoinduced process-
ing, i.e., versatile and clean process; (ii) in situ generation of
reducing agents can be easily controlled; and (iii) photo-
irradiation can trigger the formation of nanoparticles. Recent
advances in photochemistry and photoprocessing techniques
for metallic NPs have allowed researchers to formulate
different photoinduced synthetic approaches in a variety of
conditions to obtain metal nanoparticles.12 The synthetic
conditions for NP formulation are considered the most
important for their specific size and shape.14 Therefore, the
present study is carried out to understand the role of the
synthetic condition of ZnO NP synthesis on its size, structure,
and biological properties. The present work focuses on
obtaining ZnO NPs with improved biological activities through
a photoinduced synthetic route using different color LEDs, i.e.,
blue, green, yellow, and red LEDs. Zinc oxide NPs were also
synthesized in daylight and dark environments. We have
hypothesized that the different synthesis environments would
influence the particle size and surface morphology, which
would affect the antibacterial, antioxidant, enzyme inhibition,
and enzymatic properties. However, to the best of our
knowledge, no research work has yet been published that
compares the properties of chemically synthesized photo-
induced nanoparticles. Thus, the present investigation aimed
to initially characterize chemically synthesized photoinduced
ZnO nanoparticles and to compare their biological properties
to identify their potential use in biomedical applications.

■ MATERIALS AND METHODS
Materials. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O),

sodium hydroxide (NaOH), and ethanol were purchased from
Aldrich. Nutrient Agar Media was procured from Merck. All of
the reagents used were of analytical grade. Laboratory
glassware was kept overnight in a 10% (v/v) HNO3 solution
and then rinsed with deionized water.
Synthesis of ZnO Nanoparticles. Using the coprecipita-

tion method, ZnO nanoparticles were synthesized by
dissolving 1 mM zinc acetate into distilled water (DW).15

Then, 2 M NaOH solution was added dropwise into the zinc
acetate solution under consistent stirring at room temperature
for 3 h. After the completion of the reaction, a white milky
solution was obtained. To produce the photoinduced NPs, the

NPs were synthesized in three different configurations: (1)
blue, green, yellow, and red monochromatic LED lights; (2)
daylight; and (3) a dark environment (nonirradiated), labeled
as BL-ZNPs, GL-ZNPs, YL-ZNPs, RL-ZNPs, DL-ZNPs, and
DE-ZNPs, respectively. The power densities of each light, day,
and dark environments were measured by placing the light
meter at the place of a flask. From the power density, the

photon flux φ was calculated (φ = λ×
hc

power density
) for the dark

environment (0.017 × 1018 photon/(m2 s) at 350 nm), blue
LED (0.068 × 1018 photon/(m2 s) at 450 nm), green LED
(7.29 × 1018 photon/(m2 s) at 510 nm), yellow LED (2.64 ×
1018 photon/(m2 s) at 570 nm), and red LED (6.22 × 1018

photon/(m2 s) at 650 nm). Besides that, the varying
wavelengths of daylight have a synergistic effect. The reaction
mixture was stirred for 3 h at 800 rpm under different colored
lights. Centrifugation was performed at 2000g for 20 min to
collect the white precipitates followed by washing the
precipitates repeatedly with distilled water to remove any
impurities. The final product was dried overnight at 60C in an
oven. The final product powders were kept in labeled glass
vials with an airtight seal.

Characterization of Zinc Oxide Nanoparticles. To
identify the size and crystal phases of nanoparticles, X-ray
diffraction (XRD) analysis was performed by scattering Cu Kα
radiations of wavelength 0.154 nm from the EMPYREAN
diffractometer operated at 45 kV/40 mA over the 2θ range
from 20 to 80°. Using the Debye−Scherrer formula (D = 0.9 ×
λ/β cos θ), the particle size was calculated. The SEM images
were recorded at 100KX magnification operating with a 20 kV
electron beam. Energy-dispersive X-ray spectroscopy was
performed at the energy range of 0−20 kV and current of 1
× 10−9 A to analyze the elemental composition of zinc oxide
NPs using TESCAN MIRA3 LMH Schottky FE-SEM. Fourier
transform infrared (FTIR) spectra spectral analysis was carried
out in the Perkin Elmer spectrum in the diffuse reflection
mode operating at a resolution of 4 cm−1. The dried ZnO NPs
were ground with KBr in the ratio 1:300 and pelletized using a
hydraulic apparatus. The pellet was kept in the sample holder,
and the spectrum was recorded between 4000 and 400 cm−1.

Biological Applications of Photoinduced Zinc Oxide
NPs. Photoinduced zinc oxide nanoparticles were analyzed for
their biological activities by suspending the zinc oxide NPs in
dimethyl sulfoxide (DMSO) at 4 mg/mL. Before use, the
suspension was sonicated for 10−15 min in a water sonicator.

Antioxidative Response of ZnO NPs. 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) Assay (Free Radical Scavenging
Assay; FRSA). FRSA of photoinduced ZnO NPs was assessed
by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) reagent-based
assay.16 A change in absorbance values is detected because
antioxidants in test samples cause the production of hydrazine,
which renders the discoloration of the purple color of the
DPPH reagent. ZnO NPs (10 μL) were mixed with 190 μL of
DPPH reagent (in methanol) in a 96-well plate. The mixture
was incubated at 37 °C in the dark, and absorbance was
recorded at 517 nm. Ascorbic acid was employed as a standard,
and the % scavenging activity of photoinduced ZnO NPs was
determined by the following formula: % scavenging = ((1 −
sample absorbance/control absorbance) × 100).

Total Reducing Power (TRP) Evaluation. A well-elaborated
procedure was adopted for determining the total reducing
power of photoinduced ZnO NPs.16 Briefly, a 100 μL solution
of NPs was combined with phosphate buffer (200 μL, 0.2
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molar, pH 6.6) followed by mixing potassium ferricyanide (250
μL) in the respective Eppendorf tubes. After 20 min incubation
at 50 °C in a water bath, 10% trichloroacetic acid (200 μL)
was added. The mixture was centrifuged at 3000g for 10 min at
room temperature. An aliquot (150 μL) from the supernatant
was mixed with 0.1% FeCl3 (50 μL), and absorbance was read
at 630 nm. Ascorbic acid (1 mg/mL) was employed as the
standard (positive control). The resultant reducing power of
photoinduced ZnO NPs was demonstrated as μg ascorbic acid
equivalent.
Total Antioxidant Capacity (TAC) Evaluation. The

phosphomolybdenum-based analysis technique was adopted
for estimating the total antioxidant capacity of photoinduced
ZnO NPs.17 From each sample, 100 μL was treated with the
TAC reagent (1.67 g of sodium monobasic phosphate, 0.247 g
of ammonium molybdate, and 1.63 mL of sulfuric acid
dissolved in distilled water separately to have a final volume of
50 mL) of 900 μL in Eppendorf tubes. After 90 min incubation
at 95 °C and cooling at room temperature, absorbance was
measured at 630 nm. Ascorbic acid was employed as the
positive control, and the total antioxidant capacity of all ZnO
NPs is demonstrated as μg ascorbic acid equivalent.
Metal-Chelating (MC) Assay. Photoinduced ZnO NPs were

analyzed for their metal-chelating abilities as described by
Wang et al. with some modifications.18 An aliquot of 100 μL
was mixed with 50 μL of 2 mM FeCI2 in a 96-well plate. After
the addition of 200 μL of 5 mM ferrozine in respective wells,
the plate was incubated at 37 °C for 10 min in the dark.
Finally, absorbance was measured at 562 nm. The ferrous ion
chelating ability of ZnO NPswhich can be determined by
the following formula: metal-chelating ability % = (Abs control
− Abs sample)/(Abs control) × 100 standard ethylenediami-
netetraacetic acid (EDTA)-Na2was employed as a reference
standard and 100 μL of deionized water was taken as the
negative and blank as well in place of the ferrozine solution.
ABTS Radical Scavenging Assay. The ABTS radical

scavenging activity of photoinduced ZnO NPs was assessed
by scavenging the 2,2′-azino-bis ethylbenzthiazoline-6-sulfonic
acid (ABTS•+) radical cation.19 For the preparation of ABTS, 7
mM ABTS was mixed with 2.45 mM potassium persulfate
solution in a 1:1 ratio. The solution was placed in the dark for
12−14 h at room temperature until the solution attained a
stable absorbance of 0.700 ± 0.01 at 734 nm. From each stock
solution of ZnO NPs, an aliquot of 10 μL was combined with
100 μL ABTS reagent in a 96-well plate and incubated at 37
°C for 10 min. Finally, the absorbance was checked at 734 nm.
The percent scavenging activity of ZnO NPs can be
determined by the following formula: ABTS• + % scavenging
= ((AB − AA)/AB) × 100, where AB is the absorbance of the
ABTS radical + methanol, AA is the absorbance of the ABTS
radical + sample, and ascorbic acid was employed as the
standard (positive) and dimethyl sulfoxide (DMSO) as a
negative control.
Enzyme Inhibition Assays. α-Amylase Inhibition Assay.

The α-amylase inhibition potential of the ZnO NPs was
investigated according to the procedure described by Kim et
al.20 Initially, 15 μL of phosphate buffer (pH 6.8) was poured
into 96-well plates; then, 25 μL of α-amylase enzyme (0.14 U/
mL), 10 μL of the test sample (4 mg/mL in DMSO), and 40
μL of the starch solution (2 mg/mL in potassium phosphate
buffer) were added in subsequent steps. For 30 min,
incubation of the reaction mixture was made at 50 °C with
the subsequent addition of HCl (20 μL, 1 M) for the cessation

of the reaction. The assay was further preceded by the addition
of the iodine reagent (90 μL). The same procedure was
followed for the preparation of the negative control just by
replacing the test sample with an equal quantity of DMSO,
whereas acarbose was added instead of a test sample in the case
of the positive control. The blank was prepared without a test
sample and amylase enzyme. Results were observed using a
microplate reader, and readings were taken at 540 nm. The
reaction percent enzyme inhibition of ZnO NPs was calculated
using the following formula: % enzyme inhibition = ((Abs −
Abn)/(Abb − Abn) × 100), where Abs is the absorbance of
tested samples, Abb is the absorbance of the blank, and Abn is
the absorbance of the negative control

Urease Inhibition Assay. The assay mixture contained 25
μL of urease, 50 μL of phosphate buffer ((3 mM, pH 4.5)
containing 100 mM urea), and 10 μL of test samples (4 mg/
mL in DMSO) and was incubated at 30 °C for 15 min in 96-
well plates. Later, 45 μL of the phenol reagent (1% (w/v)
phenol and 0.005% (w/v) sodium nitroprusside) and 70 μL of
the alkali reagent (0.5% (w/v) NaOH and 0.1% NaOCl) were
added to each well. The urease inhibition activity was
measured by determining the ammonia production, which
was evident by the pungent ammonia smell already described
by Biglar et al.21 The plates were incubated for 50 min at 30
°C, and later, reading was taken at 630 nm using a UV
spectrophotometer. Thiourea was used as a urease inhibitor
and considered as the control, while for the blank, no test
sample and control were used and contained 60 μL of buffer
instead of 50 μL; the rest was the same as above. The reaction
percent enzyme inhibition of ZnO NPs was calculated using
the following formula: % enzyme inhibition = Abb − Abs ÷
Abb × 100, where Abb is the absorbance of the blank and Abs
is the absorbance of a test sample.

Lipase Inhibition Assay. The assay was reported previously
and was performed with few modifications.22 Lipase was
dissolved in ultrapure water (10 mg/mL), and the supernatant
was used after centrifugation at 16 000g for 5 min. Tris HCl
buffer (100 mM; pH 8.2) was used as an assay buffer. Olive oil
was used as the substrate (0.08% v/v dissolved in 5 mM
sodium acetate (pH 5.0) containing 1% Triton X-100 heated
in boiling water for 1 min to aid dissolution, mixed well, and
cooled at room temperature for further use). For test samples,
each Eppendorf contained 350 μL of buffer, 150 μL of lipase,
and 50 μL of the test sample (4 mg/mL in DMSO); later, 450
μL of the substrate was added to initiate the reaction. Orlistat
was used as a standard inhibitor, and an Eppendorf without
any test sample was considered as the blank and contained 400
μL of buffer, 150 μL of lipase, and 450 μL of substrate. All of
the samples were incubated at 37 °C for 2 h. The samples were
then centrifuged at 16 000g for 1 min, and later, 200 μL was
poured in the microtiter plate into respective wells. Reading
was taken at 400 nm in a UV spectrophotometer. Results were
also compared with standard inhibitors (Orlistat). The
reaction percent enzyme inhibition of ZnO NPs was calculated
using the following formula: % enzyme inhibition = Abb − Abs
÷ Abb × 100.

Peroxidase-like Nanozymatic Activity of ZnO NPs. The
peroxidase-like activity of photoinduced ZnO NPs was
measured using the method of Zhang et al. with few
modifications.23 For the assay, each well was poured with
140 μL of NaAc-HAc buffer (0.2 M, pH 4.0); then, a 20 μL
test sample was poured following H2O2 (6 mM, freshly
prepared) and 20 μL of 3,3′,5,5′-tetramethylbenzidine (TMB)
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(3 mM, freshly prepared). The reaction mixture without the
test sample was used as the control. Absorbance was taken
using a microplate reader at 652 nm wavelength, and the
following formula was used to express the enzymatic activity: A
= ELC, where A is the sample absorbance, C is the enzyme
concentration (mM/min/mg), E is the extinction coefficient
(6.39 mM−1 cm−1), and L is the length of the wall (0.25 cm).
Antimicrobial Assays. The antimicrobial potential of ZnO

NPs was determined by the disc diffusion protocol.16 The
antibacterial activity of ZnO NPs was employed against E. coli
(ATCC-25922), Pseudomonas aeruginosa (ATCC-15442),
Klebsiella pneumoniae (ATCC-1705), Bacillus subtilis (ATCC-
6633), and methicillin-resistant Staphylococcus aureus (MRSA).
Then, 5 μL of each ZnO NP stock solution was loaded on
autoclaved discs and settled on properly labeled seeded agar
plates. Positive controls cefixime monohydrate and roxithro-
mycin (5 μL from 4 mg/mL DMSO) were also infused on
discs and placed on plates. Plates were incubated at 37 °C for
24 h, and then, the zone of inhibition (ZOI) was measured in
millimeters (mm).
The fungal strains against which the samples were tested

included Aspergillus niger (FCBP-0198), Aspergillus flavus
(FCBP-0064), Fusarium solani (FCBP-0291), Aspergillus
fumigatus (FCBP-66), and Mucor species (FCBP-0300). For
the antifungal assay, Petri plates having sterile sabouraud
dextrose agar (20−25 mL) were swabbed with 100 μL of
refreshed inoculum. From each ZnO NP sample, 5 μL of the
solution (4 mg/mL DMSO) was infused on discs of filter
paper (sterilized) and then placed on properly labeled seeded
agar plates. Sterile filter discs infused with 5 μL of DMSO and
clotrimazole (4 mg per mL of DMSO) each were also placed
on plates. The plates were incubated at 37 °C for 36−48 h, and
then, the zone of inhibition (mm) was examined.
Statistical Analysis. All of the assays were performed in

triplicate, and the results are reported as mean with standard
deviation. The means were further analyzed using analysis of
variance (ANOVA) and least significant difference (LSD) at
the probability level p < 0.05. All data were analyzed using SAS
statistical software Version 9.1.2 (SAS, 2004).

■ RESULTS AND DISCUSSION
In this study, photoinduced ZnO nanoparticles were
synthesized under different LEDs, in the daylight, and in the
dark. Different colors of LEDs have different photon fluxes and
deposited different energies. This difference in the flux of LED
light affected the size, surface morphology, and other
physiochemical and biological properties of ZnO NPs (Figure
1).
The growth of zinc oxide in NaOH may be simplified as

follows

· +

→ + +

Zn(CH COO) 2H O 2NaOH

Zn(OH) 2CH COONa 2H O
3 2 2

2 3 2 (1)

+ → ++ +Zn(OH) 2H O Zn(OH) 2H2 2 4
2

(2)

→ + ++ −Zn(OH) ZnO H O 2OH4
2

2 (3)

Characterization of ZnO NPs. XRD Analysis. The XRD
patterns of coprecipitated synthesized ZnO nanoparticles in
different LED lights are shown in Figure 2. The peaks in XRD
spectra corresponding to the planes 100, 002, 101, 102, 110,
103, 112, and 201 are observed at angles (2θ) of 31.69, 34.33,

36.18, 47.47, 56.55, 62.79, 67.89, and 69.01°, respectively. All
of the detected peaks are indexed, and it corresponds to the
wurtzite (hexagonal) structure of ZnO. The diffraction peaks’
broadening is an indication of the small nanocrystals in the
samples. All samples have the strongest peak corresponding to
the (101) plane, which is excellent confirmation with the
(JCPDS) card No. 36-1451.24 The XRD patterns of the
obtained nanoparticles did not display any peaks except for
ZnO, which indicates the purity of the prepared ZnO
nanoparticles.
The diameter of the ZnO nanoparticle was calculated using

the Debye−Scherrer formula

λ
β θ

=D
0.9
cos (4)

Figure 1. Mechanism of photoinduced ZnO NPs synthesized under
different light conditions. A small change in the size of ZnO NPs
(17.11−22.56 nm) was observed with the variation in the wavelength
of lights (350−700 nm).

Figure 2. X-ray diffractogram (XRD) spectra of the DE-ZNPs, DL-
ZNPs, BL-ZNPs, GL-ZNPs, YL-ZNPs, and RL-ZNPs.
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where 0.9 is Scherrer’s constant, λ is the wavelength of X-rays,
θ is the diffraction angle, and β is the full width at half-
maximum (FWHM) of the diffraction peak corresponding to
the (101) plane. The average particle size of the sample was
found to be 16.35 nm, which is derived from the FWHM of a
more intense peak corresponding to the (101) plane located at
36.1°. The calculated unit cell parameters for the ZnO
nanoparticles are a = b = 3.2566 Å and c = 5.2185 Å (Table 1).

Scanning Electron Microscopy (SEM). Figure 3 shows the
general morphologies of the photoinduced ZnO nanoparticles
from spherical to hexagonal disks and nanorods with the
change in light wavelength (nm). Under SEM examination, a
large quantity of one-dimensional (1D) hexagonal ZnO
nanorods was observed under the visible-light range.
DE-ZNPs of Figure 3 show that nanoparticles are spherical

with a narrow size distribution. However, there are some larger
aggregates in the sample because of the high surface energy of
ZnO nanoparticles, which results in aggregation, especially
when the synthesis is carried out in an aqueous medium. On
the other hand, DL-ZNPs showed a distinct morphology with
a complex superstructure assembled by hexagonal disks and
nanorods.25 Well-dispersed BL-ZNPs were observed clearly
with hexagonal disks and nanorods. Despite the aggregation,
the smallest-size GL-ZNPs exhibited a spherical-like shape,
with a few of them having a rodlike structure. When the size of
the particle is very small, the ratio of the atoms on the surface
to all of the atoms in the particle increases. In this situation, the
surface atoms can affect the morphology of the particle.26

However, YL-ZNPs that agglomerated without any specific
shape coexisted with a smaller number of nanorods. It is well-
known that nanoparticles are prone to aggregation due to the
surface-area-to-volume ratio.27,28 Change in the surface
morphology from a rodlike structure to a mixture of hexagonal
disks and roughly spherical structures of ZnO NPs can be
interfered with as a change in the wavelengths of different
lights used.
Energy-Dispersive X-ray Diffraction. The energy-dispersive

X-ray diffraction (EDX) study was performed for photo-
induced ZnO nanostructures (Table 2) to determine the
elemental composition. The EDX data of ZnO NPs revealed
that synthesized ZnO NPs were composed of zinc and oxygen,
which confirmed the purity of photoinduced ZnO nano-
particles.
Fourier Transform Infrared (FTIR) Spectroscopy. Figure 4

shows the FTIR spectra of the as-prepared ZnO nanostruc-
tures synthesized using different light environments. As shown,
the FTIR spectra of the products involve characteristic peaks at
409−494 and 501−588 cm−1 corresponding to metal−oxygen
(M−O) vibrational bands, in the ZnO nanostructures,29 and

also indicated that the morphology of the particle changes
from spherical to a rodlike (1D) shape. This difference in
wavenumber may be due to a difference in particle sizes and
the wavelength of light used. These stretching mode peaks are
indicative of the successful synthesis of ZnO nanoparticles.
Yuvakkumar et al. reported that Zn−O stretching vibrations
were found in the region between 400 and 600 cm−1.30

Generally, metal oxides exhibit absorption bands well below
1200 cm−1 arising due to interatomic vibrations. The
absorptions at 879 cm−1 (DL-ZNPs) and 832 cm−1 (DE-
ZNPs, BL-ZNPs, GL-ZNPs, YL-ZNPs, and RL-ZNPs) are due
to the formation of tetrahedral coordination of Zn.31 The
bands at 1506−1508 cm−1 (all ZnO nanostructures) and 1395
cm−1 (DE-ZNPs, YL-ZNPs, and RL-ZNPs) resemble the
asymmetric and symmetric CO stretching in acetate groups.
The peaks at 1418 cm−1 (DL-ZNPs and GL-ZNPs), 1374−
1378, and 1558 cm−1 (all ZnO nanostructures) correspond to
COO− (carboxylate group), CO, and C−C bonds,
respectively.31 The peaks in the regions of 1627−1635 cm−1

showed N−H stretching vibrations, while peaks observed at
1652 cm−1 are due to the asymmetrical and symmetrical
stretchings of the zinc carboxylate.32 The peaks at about 2349
and 2284 cm−1 for GL-ZNPs are observed due to the vibration
of atmospheric CO2 on the metallic cations. However, this
peak was not observed in other photoinduced ZnO
nanostructures. Moreover, absorption bands at 3362−3513
cm−1 were observed to represent −OH stretching vibrations
from NaOH (precursor) in all ZnO nanostructures, suggesting
that the hydroxyl functional groups are occupied by ZnO
nanoparticles. The obtained functional information from FTIR
justifies that the prepared nanostructures have a good chemical
property, and this is consistent with the SEM and XRD pattern
data.

Biological Applications of Photoinduced ZnO NPs.
Antioxidant Properties. The photoinduced ZnO NPs
exhibited significant antioxidant activities. These ZnO NPs
demonstrated TRP and TAC. Similarly, it has been revealed
that these photoinduced NPs also showed ABTS, metal
chelation, and DPPH free radical scavenging activities. The
DPPH technique is a method that permits the reactivity of
radical DPPH with the functional moieties present on the
surface of zinc oxide nanoparticles. These photoinduced zinc
oxide NPs showed a modest DPPH free radical scavenging
activity in the range of 5.56−28.78% (Table 3) as the
maximum scavenging (28.78%) was observed in GL-ZNPs.
The antioxidant capacity of photoinduced NPs could be due to
the transfer of electron density located at the oxygen to the
odd electron located at the nitrogen atom in DPPH. This
capacity is based on the structural configuration of an oxygen
atom and revealed the thermal stability of nanoparticles by its
available free energy of oxides.33 In the case of the ABTS
radical scavenging assay, antioxidant entities (functional groups
on the NP surface) quench the color and induce discoloration
of the reaction mixture. The reaction is quick and the endpoint
is stable, and it is used as a qualitative and a quantitative
measure for evaluating the antioxidant capacity. The maximum
scavenging activity was observed in GL-ZNPs (30.05%)
followed by YL-ZNPs (26.86%).

Table 1. Average Crystallite Size and Lattice Parameters of
Photoinduced ZnO NPs

ZnO NPs (prepared in)
size
(nm)

d (101)
(Å) a = b (Å) c (Å)

dark λ = (350 nm) 19.66 2.4795 3.2560 5.2176
daylight
λ = (400−700 nm)

22.56 2.4802 3.2567 5.2184

blue LED λ = (450 nm) 19.04 2.4806 3.2568 5.2192
green LED λ = (510 nm) 17.11 2.4803 3.2564 5.2193
yellow LED λ = (570 nm) 19.74 2.4807 3.2577 5.2201
red LED λ = (650 nm) 20.07 2.4793 3.2553 5.21652
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Scheme: Formation of stable radical ABTS• and its reaction

with antioxidant entities (AOH).

The free radical chain reaction is broadly recognized as a
normal mechanism of lipid peroxidation. Through direct
reactions, the radical scavengers reduce peroxide radicals for
terminating peroxidation chain reactions that play the main
role in the pathological events ultimately involved in different
diseases.34 The antioxidant capacity of photoinduced ZnO NPs
was examined by applying the phosphomolybdenum-based
technique (colorimetric analysis) by which ZnO NPs were
evaluated by measuring the formation of the green-colored
complex. Antioxidant entities present on the NP surface make
phosphomolybdate ions to get reduced themselves. The
maximal antioxidant capacity was observed in GL-ZNPs
(36.55 μg AAE/mg) followed by DL-ZNPs (36.02 μg AAE/
mg). These results indicated that the GL-ZNPs showed the
highest scavenging activity in terms of the ABTS assay, the
DPPH assay, and the TAC assay (Table 3). The maximal
activity might be due to the smaller size and surface area of

Figure 3. Scanning electron microscopy of photoinduced DE-ZNPs, DL-ZNPs, BL-ZNPs, GL-ZNPs, YL-ZNPs, and RL-ZNPs.

Table 2. Energy-Dispersive X-ray Analysis of Photoinduced
ZnO NPs

element
(wt %)

DE-
ZNPs

DL-
ZNPs

BL-
ZNPs

GL-
ZNPs

YL-
ZNPs

RL-
ZNPs

Zn 78.56 80.73 81.20 84.08 77.87 76.15
O 21.44 19.27 18.80 15.92 22.13 23.85
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GL-ZNPs. The increase in surface area increases the number of
atoms on the NP surface, resulting in increased biological
(antioxidative) activities.35 Our results are in close agreement
with previous studies of antioxidant activities of ZnO
NPs.14,33,36

The total reducing efficacy of ZnO NPs was explored in this
study so that supporting assumptions can be drawn regarding
the antioxidant powers of our photoinduced ZnO NPs. Their
antioxidant reaction is revealed by their reaction with
peroxides, thus preventing peroxide formation, and they are
also known to terminate the free radical chain by donating a
hydrogen atom (Figure 5). This approach involves the
investigation of reductants. The table shows the TRP values
of the photoinduced ZnO NPs, which are found to be almost
the same in all of the tested ZnO nanoparticles except for BL-
ZNPs. However, the maximum value for reducing power was
observed in DL-ZNPs with 15.81 μg AAE/mg. The obtained
results were compared with the earlier data, and it was found
that reductants present in the photoinduced ZnO NPs cause
the reduction of the ferricyanide (Fe3+) complex to the ferrous
form (Fe2+).37

Reactive oxygen species (ROS) are often formed as essential
intermediates of metal-catalyzed oxidation reactions. The
transition-metal ions Fe2+ can promote the generation of free
radicals by loss or gain of electrons. Therefore, the chelation of
metal ions with chelating agents can be induced by the
reduction of ROS formation. The assessment of the chelation
power of photoinduced ZnO NPs was conducted by a metal-
chelating assay. The results of the metal-chelating activity

(Table 3) illustrated that ZnO NPs could reduce the ferric ion
(Fe3+) to ferrous ion (Fe2+). It indicated that ZnO NPs had
some proton- and electron-donating properties of antioxidant
efficacy. The standard control solution was used as EDTA and
showed the maximum Fe2+-ion-chelating activity of 78.62% at
the concentration of 10 mg/mL DW. Among the photo-
induced ZnO NPs, the highest metal-chelating ability was
observed in DL-ZNPs with the corresponding activity of
37.77% followed by GL-ZNPs with 32.05%. This work
documented that these ZnO NPs have effective ligand abilities

Figure 4. FTIR absorbance spectra of photoinduced DE-ZNPs, DL-ZNPs, BL-ZNPs, GL-ZNPs, YL-ZNPs, and RL-ZNPs.

Table 3. Free Radical Scavenging Activity (FRSA), Total Reducing Power Potential (TRP), Total Antioxidant Activity (TAC),
Metal Chelating (MC), and ABTS Scavenging Values of Photoinduced ZnO NPsa

ZnO NPs DPPH (%) TRP (μg AAE/mg) TAC (μg AAE/mg) MC (%) ABTS (%)

DE-ZNPs 27.98 ± 0.17a 15.27 ± 0.32a 23.13 ± 0.6d 26.81± 0.28d 11.97 ± 0.23e

DL-ZNPs 26.54 ± 0.13b 15.81 ± 0.33a 36.02 ± 0.54a 37.77 ± 0.31a 20.21 ± 0.38c

BL-ZNPs 16.95 ± 0.22c 13.32 ± 0.58b 32.95 ± 0.6b 22.17 ± 0.25e 17.95 ± 0.19d

GL-ZNPs 28.78 ± 0.18a 15.60 ± 0.42a 36.55 ± 2.63a 32.05 ± 0.18b 30.05 ± 0.21a

YL-ZNPs 5.56 ± 0.14e 15.16 ± 0.49a 26.99 ± 0.6c 26.61 ± 0.22d 26.86 ± 0.46b

RL-ZNPs 7.71 ± 0.35d 15.62 ± 0.58a 26.02 ± 1.06c 29.43 ± 0.32c 18.35 ± 0.25d

aThe different letters within the column mean statistical difference between treatments by the LSD test (p ≤ 0.05).

Figure 5. Mechanistic behavior of photoinduced ZnO NPs for the
production of reactive oxygen species (ROS) in the cell.
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for chelating metal ions, thus suppressing the hydroxyl radical
formation by Fenton’s reaction.38

Enzyme Inhibition Activities. In this study, the enzyme
inhibition activities of photoinduced ZnO NPs were studied
specifically, the results of which show that these nanoparticles
bind to the enzyme (amylase, urease, and lipase) as enzyme
inhibitors, prevent the substrate from entering the catalytic site,
and formed the enzyme−inhibitor complex, resulting in
enzyme inhibition (Figure 6). The role of metallic NPs in

the metabolism of glucose has been documented in many
studies.39 In this work, photoinduced ZnO NPs were used to
study the α-amylase inhibitory effect by comparing them with
the standard α-amylase inhibitor drug, acarbose. α-Amylase is
one of the major digestive enzymes in the pancreas involved in
the breakdown of oligosaccharides into monosaccharides.
Therefore, upon α-amylase inhibition, less sugar will be
available for assimilation, thus helping in treating diabetes.40

Photoinduced ZnO NPs showed a significant inhibition
percentage, and the results are documented in Table 4. The
results demonstrated that percent inhibition of the enzyme is
increased by increasing the wavelength of LEDs. In this regard,
RL-ZNPs showed maximum inhibition of the enzyme with
87.4%, followed by YL-ZNPs and GL-ZNPs with 57.8 and
38.2%, respectively. These findings suggested that RL-ZNPs
showed an α-amylase inhibitory activity similar to that of
standard acarbose (95.8%) to pave the way for the use of this
nontoxic, inorganic material in the biomedicine domain.
The effects of photoinduced ZnO NPs on the activity of the

enzyme were specifically analyzed, the results of which indicate
the noteworthy inhibitory effects of ZnO NPs on the urease
enzyme. BL-ZNPs exhibited a potent activity of 92.1%, which
is comparatively higher than thiourea, the standard urease
inhibitor. Thiourea significantly inhibited urease with the
release of 90.3% ammonia. Urease catalyzes the hydrolysis of
urea into ammonia. Nessler’s reagent reacts explicitly with
ammonia, resulting in the red color of the reaction solution.
The significant percentage of ammonia produced by urea
showed that the urease enzyme was responsible for the
hydrolysis of urea into ammonia. The NPs that react with the
−SH group of cysteine are observed as strong urease

inhibitors.41 The urease inhibition activity by these photo-
induced ZnO NPs is summarized in Table 4.
The behavior of pancreatic lipase (PL) was monitored by a

colorimetric assay that measures p-nitrophenol release. PL is
the main enzyme responsible for the absorption of lipids. We
tested photoinduced ZnO NPs for the inhibitory action against
PL and confirmed that these NPs can significantly act as a
lipase inhibitor. The application of ZnO NPs at a
concentration of 4 mg/mL resulted in the inhibition of
59.7−91.4% enzyme activity during 2 h of incubation (Table
4). GL-ZNPs and orlistat showed maximum inhibition of
91.4% pancreatic lipase activity, whereas YL-ZNPs and RL-
ZNPs also showed significant PL inhibitions of 85.2 and
83.6%, respectively. Orlistat, the standard lipase inhibitor, can
inhibit PL with 91.4% p-nitrophenol release. One of the most
commonly studied pathways for assessing the possible
effectiveness of NPs as antiobesity agents is PL inhibition.

Peroxidase-like Nanozymatic Activity of Photoinduced
ZnO NPs. Artificial enzymes have become an increasingly
important area of research owing to their many advantages
over natural protein enzymes that are costly, unable to survive
in harsh conditions, and difficult to isolate. The use of metal
nanoparticles as artificial enzymes, recognized as nanozymes
that demonstrate peroxidase-like activity, enabled these NPs to
catalyze the oxidation of substrate TMB (colorless) in the
presence of H2O2 into TMB ox (blue-color product),
providing a colorimetric response (Figure 7).42 All of the

photo-ZnO-based nanozymes exhibited significant peroxidase-
like activity, but the YL-ZNPs exhibited the maximum mimetic
activity for catalyzing the H2O2-TMB system (Table 4). Based
on the featured mimetic operation, ZnO NPs have been widely
developed to enhance human health, from diagnosis to
antibacterial and cancer treatment, engineer the environment
for pollutant monitoring and elimination, and improve the
performance of the chemical industry.43−45

Antimicrobial Activity. The antibacterial activity of photo-
induced ZnO NPs, which was tested by the disc diffusion
method, was significant against bacterial strains (E.coli, P.
aeruginosa, K. pneumonia, MRSA, B. subtilis) employed in terms

Figure 6. Enzyme inhibition activity of photoinduced ZnO NPs.

Table 4. Enzyme Inhibition (%) Activities and Peroxidase-like Activity (mM/min/mg) of Photoinduced ZnO NPsa

ZnO NPs amylase urease lipase peroxidase-like activity

DE-ZNPs 12.17 ± 0.22d 90.15 ± 0.25b 63.19 ± 0.15e 0.8 ± 0.1b

DL-ZNPs 11.28 ± 0.24d 83.91 ± 0.52d 59.73 ± 0.33f 0.7 ± 0.2b

BL-ZNPs 12.83 ± 0.36d 92.17 ± 0.34a 79.37 ± 0.47d 0.8 ± 0.1b

GL-ZNPs 38.25 ± 0.21c 77.48 ± 0.61e 91.44 ± 0.29a 0.8 ± 0.2b

YL-ZNPs 57.86 ± 0.31b 67.83 ± 0.33f 85.28 ± 0.52b 1.4 ± 0.2a

RL-ZNPs 87.49 ± 0.19a 87.45 ± 0.28c 83.66 ± 0.23c 0.8 ± 0.1b

aThe different letters within the column mean statistical difference between treatments by the LSD test (p ≤ 0.05).

Figure 7. Peroxidase-like nanozymatic activity of photoinduced ZnO
NPs.
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of the zone of inhibition (mm ± SD), as shown in Table 5.
The antibacterial property of these NPs is attributed to the
cation affinity of microbial protein constituents, and when
protein contents precipitate as insoluble proteinates, cell death
occurs.46

Among all of the tested strains, MRSA was found to be the
most susceptible bacterial strain with a maximum zone of
inhibition against BL-ZNPs (23 mm), and K. pneumonia was
observed as the most resistant strain with 7 mm ZOI against
GL-ZNPs and YL-ZNPs. K. pneumoniae and P. aeuroginosa
showed maximum susceptibility toward DE-ZNPs with 9 mm
and 14 mm, respectively. B. subtilis showed maximum
susceptibility toward YL-ZNPs with a 14 mm zone of
inhibition. RL-ZNPs proved to be the most potent against E.
coli, showing a maximum zone of inhibition (10 mm). Overall,
BL-ZNPs proved to be the most potent antibacterial agents,
showing clear zones of inhibition of 23, 13, 11, 10, and 8 mm
against MRSA, P. aeruginosa, B. subtilis, E. coli, and K.
pneumonia, respectively. Blue light has recently gained
attention as a novel phototherapy-based antimicrobial agent
that has significant antimicrobial activity against a broad range
of bacterial and fungal pathogens with less chance of resistance
development compared to antibiotics.47,48 Thus, it can be
concluded that these photoinduced ZnO nanoparticles could
be used as therapeutic tools for serving against MDR
microorganisms, and specifically, BL-ZNPs can be used for
dermatology purposes in the case of MRSA infection. The
results are similar in range to that of a previous work dealing
with the antibacterial activity of photoinduced ZnO NPs.33

ZnO NPs release Zn ions (Zn2+) with the generation of
reactive oxygen species, which could lead to damage of the
bacterial machinery and occurrence of cell death (Figure 8).

By employing the disc diffusion method, the results of the
antifungal analysis revealed that photoinduced ZnO NPs did
not show any activity against the tested fungal strains.

■ CONCLUSIONS

In the present study, we synthesized photoinduced ZnO NPs
using a chemical approach by the coprecipitation method,
under the exposure of different lights. The varying wave-
lengths, versatilities, and efficiencies of lights were the main
objectives of this study. The size, surface morphology, and
other physiochemical, biological, and nanozymatic properties
of ZnO NPs were all influenced by the different colors of
LEDs, which had different photon fluxes and deposited
different energies. Consequently, the varying wavelengths of
daylight have a synergistic influence. Characterization studies
of ZnO NPs were carried out by XRD, FTIR, and SEM. XRD
patterns revealed the wurtzite structure of ZnO. Crystalline
peaks indicated the purity of the prepared ZnO nanoparticles.
FTIR spectra of the ZnO NPs involve characteristic peaks
corresponding to metal−oxygen (M−O) vibrational bands,
confirming the formation and purity of the ZnO structure.
SEM was performed for the microstructure study and to
determine agglomeration results, indicating that photoinduced
ZnO NPs act as efficient and robust antioxidants, anti-
bacterials, enzyme inhibitors as well as peroxidase mimetics
and can be explored further for their efficiency in therapeutic
strategies in in vivo models. These findings revealed that the
advancement in optical technique will provide researchers with
new strategies to produce varying sizes and shapes of
nanoparticles wide a wide range of new possible applications
in biomedical sciences, environmental sciences, and bioanalyt-
ical chemistry.
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Figure 8. Mechanism of action of Zn2+ on the bacterial cell.
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