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1. Introduction

Wide bandgap semiconductor-based novel
nanohybrid for potential antibacterial activity:
ultrafast spectroscopy and computational studies

Md. Nur Hasan,? Tuhin Kumar Maji,® Uttam Pal, ©2® Arpan Bera,® Damayanti Bagchi,?
Animesh Halder,* Saleh A. Ahmed, % Jabir H. Al-Fahemi,® Tahani M. Bawazeer,®
Tanusri Saha-Dasgupta & ®9 and Samir Kumar Pal & *a®

The properties of nanomaterials generated by external stimuli are considered an innovative and promising
replacement for the annihilation of bacterial infectious diseases. The present study demonstrates the
possibility of getting the antibiotic-like drug action from our newly synthesized nanohybrid (NH), which
consists of norfloxacin (NF) as the photosensitive material covalently attached to the ZnO nanoparticle
(NP). The synthesized NH has been characterized using various microscopic and spectroscopic
techniques. Steady state fluorescence and time-correlated single photon counting (TCSPC)-based
spectroscopic studies demonstrate the efficient electron transfer from NF to ZnO. This enhances the
reactive oxygen species (ROS) production capability of the system. First principles density functional
theory has been calculated to gain insight into the charge separation mechanism. To explore the
electron densities of the occupied and unoccupied levels of NH, we have verified the nature of the
electronic structure. It is observed that there is a very high possibility of electron transfer from NF to ZnO
in the NH system, which validates the experimental findings. Finally, the efficacy of NH compared to NF
and ZnO has been estimated on the in vitro culture of E. coli bacteria. We have obtained a significant
reduction in the bacterial viability by NH with respect to control in the presence of light. These results
suggest that the synthesized NH could be a potential candidate in the new generation alternative
antibacterial drugs. Overall, the study depicts a detailed physical insight for nanohybrid systems that can
be beneficial for manifold application purposes.

danger for people's health worldwide, especially in children.*
These are most generally treated by broad-spectrum antibiotics

Bacterial infections are one of the most dangerous health
problems worldwide that affect almost all age groups of people,*
and initiate various social and economic complications.*?
Increased infections and outbreaks related to pathogenic
burden, antibiotic infection of bacteria, the emergence of new
bacterial mutations, and shortage of applicable vaccines create
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(such as norfloxacin, ciprofloxacin, tetracyclin, and meticillin).?
However, they have some limitations, such as the overuse of
antibiotics, extended durations of treatment, use of subthera-
peutic dosages, prophylactic use of antibiotics, and misuse of
antibiotics for other non-bacterial infections."®” So, it is
necessary to develop a new alternative strategy (targeted and
stimuli-responsive) to overcome bacterial infections.

The implementation of light harvesting nanomaterials (such
as metallic and inorganic oxide nanoparticles) for numerous
targeted biomedical aspects is presently going through
a dramatic expansion.*® In the last few years, photosensitizers
(PS) have been broadly used in antibacterial photodynamic
therapy (PDT) because of the high molar extinction coefficient,
less toxicity, and good biocompatibility."®'* Some reports on
their photocatalytic activity are also present.'” They can generate
reactive oxygen species (ROS) from neighboring water and
oxygen molecules upon excitation.” These ROS are responsible
for their antibacterial, antifungal, and anticancer activity.™
However, there are some limitations associated with photo-
sensitizers that restrict their practical applications."”> Many PS

This journal is © The Royal Society of Chemistry 2020
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have poor solubility in polar protic solvents (many dyes undergo
aggregation in polar protic solvents), very short circulation time
and poor photostability."*'” In order to avoid these limitations
for both photosensitizers and inorganic nanoparticles, the
formulation of an organic-inorganic (unit cell to large crystal)
nanohybrid (NH) is of great importance in this field.*®

There is a high demand for the development of stimuli-
sensible NH just because of multifunction, multiuse and
highly effective implementation.”** Nowadays, nanoparticles
(NPs) are increasingly used to target bacteria and could serve as
an alternative to organic antibacterial agents.*"** The efficacy of
antibacterial agents may be increased via nano-binding that
could be effective to obstruct infections in humans, animals, as
well as prevent the growth of bacteria in family products.”® The
NH is likely to remain safe against degradation, developing
bioavailability, and advancement in intracellular penetration,
controlled delivery of the drug and enhanced efficacy.>*>”
Therefore, the improvement of new antibiotics is a necessary
thing to constantly achieve, but this kind of attempt has already
passed since the late 1980s just because of the relatively low
potential recovery on the investment and high expenditure of
development.*® Hence, our attention has been focused on newly
synthesized, less toxic, low cost and exciting NP-based light
harvesting hybrid materials with antibacterial activity.

The inappropriate and inconsistent use of these antibacte-
rial agents gives rise to unwholesome or harmful bacteria.*
Thus, improving the novel, light sensitive antibacterial drugs
against bacterial strains, most primary food pathogens, like
Escherichia coli, Staphylococcus aureus, Salmonella typhi, and
Clostridium perfringens, has become the ultimate challenge.*®
The potential toxicology of the newly synthesized hybrid mate-
rials upon light exposure is mysterious.** Such kinds of medi-
cation could be applied to the affected tissue, while the
surrounding cells remain normal, active, healthy and unhurt.**
This requires the drugs or NH materials to be activated in the
targeted organism. Recently, nanotechnology and NP-based
materials have adopted important attention in antibiotics,
antimicrobial action against bacteria, and more specifically for
cancer therapy.*

In our present study, we report a new approach that focuses
on a very well known antibiotic, norfloxacin (NF). NF has been
widely used in the medicinal sector for varicose disease,
including urinary tract infection in chronically catheterized
patients.**** We chose a wide bandgap semiconductor ZnO NP
due to its advantages (compared to other NPs, such as targeted
delivery vehicles, non-toxic, chemically reliable, biodegradable,
excellent wide bandgap, greater binding energy (60 MeV), lower
cost and abundance in nature®****) and developed two
different sizes of NF-functionalized nanohybrids (NHs) using
ZnO NP (~5 nm and ~30 nm) to study the effect of crystal
dimension on molecular interaction in NH. We have chosen the
fluorescence properties of 5 nm ZnO NPs to confirm the NH
formation and excited state electron transfer dynamics from
ZnO to NF. As 5 nm ZnO is not stable at room temperature, we
have used 30 nm ZnO for application purposes. The newly
synthesized NH has been characterized using various micro-
scopic and spectroscopic techniques. We have characterized the
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Scheme 1 Schematic representation of electron shuttling in the
semiconductor ZnO nanostructure, leading to antibacterial activity.

inorganic crystal of the synthesized nanohybrid with high-
resolution electron microscopy (HRTEM) and X-ray diffraction
technique (XRD). To represent the optical spectroscopy prop-
erties of the systems, UV-Visible spectroscopy was used. Steady-
state fluorescence and picosecond resolved time correlated
single photon counting (TCSPC) spectroscopy studies demon-
strate the efficient electron transfer from NF to ZnO NP. This
enhances the reactive oxygen species (ROS) generation capa-
bility of the system. First principles density functional theory
(DFT) calculation has been operated using the Vienna ab initio
simulation package (VASP) code to understand the charge
separation mechanism of both unit cell ZnO and bulk ZnO
complexes. To explore the electron densities of the occupied
and unoccupied levels of the ZnO-NF complex, we have inves-
tigated the nature of the electronic structure for both
complexes. It is observed that there is a high chance of charge
transfer from NF to ZnO in both NH systems, which validates
the experimental findings. Finally, for the potential applications
of the NH system, an in vitro bacteria culture has been per-
formed on E. coli bacteria, where we observed a significant
bacterial death by the complex, compared to the free NF in the
presence of UV light at 375 nm wavelength. These results
suggest that the synthesized NH can be a potential candidate in
the new generation antibacterial PDTs (Scheme 1).

2. Experimental section

2.1. Reagents

In our overall study, all of the chemicals were of analytical
grade. The chemicals were used beyond any further purifica-
tion. Sodium dihydrogen phosphate (NaH,PO,) and sodium
hydroxide (NaOH) were obtained from Merck. The zinc acetate
dihydrate ((CH3COO),Zn-2H,0) and dichlorofluorescin diac-
etate (DCFH-DA) were obtained from Sigma Aldrich. ZnO
nanoparticles (approximately 30 nm), NF and ethanol were
purchased from Sigma Aldrich. Dimethyl sulfoxide (DMSO) was
purchased from Merck. The double-distilled water from a Mil-
lipore system (18.2 MQ cm) was used in our present study.

RSC Adv, 2020, 10, 38890-38899 | 38891
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2.2. Synthesis of 5 nm ZnO NPs

ZnO NPs of size 5 nm were prepared in aqueous ethanolic
medium following a method as described in ref. 39. 20 mL
4 mM (CH3COO0),Zn-2H,0 was heated at 60 °C for 30 min.
20 mL 4 mM NaOH in ethanol was added to this solution. The
mixture was vigorously stirred for 2 h at around 60 °C. The
resulting ZnO NPs solution was cooled down to room temper-
ature, and then reserved at 4 °C until further need.

2.3. Preparation of nanohybrids

The surface of 30 nm ZnO NPs were functionalized by NF by
adding 15 mg of 30 nm ZnO NPs to 15 mL of NF solution
(0.25 mM solution in DMSO) with regular stirring at room
temperature for 15 h. After 15 h, the solution was then centri-
fuged for 30 min. Then, the NH was washed with DMSO three
times to remove free dyes. After washing, the NH was then dried
in an oven for 8 h under 140 °C. Similarly, the surface of ~5 nm
ZnO NPs were functionalized by NF by adding 15 mL of ZnO (5
nm) NPs to 15 mL of the NF solution (0.25 mM solution in
ethanol) with continuous stirring at room temperature for 15 h,
followed by washing. The final solution was taken at 4 °C until
further use.

2.4. Characterization methods

The TEM grids of the NH microsphere were prepared by putting
a diluted drop of the sample to carbon-coated copper grids. The
size of the particles was analyzed from micrographs at
a magnification of 100 000x using an FEI (Technai S-Twin,
operating at 200 kV) instrument. The XRD pattern was carried
out in the range from 10° to 80° using a PANalytical XPERTPRO
diffractometer to characterize the crystal phase. A Shimadzu
UV-2600 (spectrophotometer) was used to measure the
absorption spectra of ZnO, NF, and NH using a 1 cm path quartz
cell. A Jobin Yvon Fluorolog was used for the measurement of
the room temperature emission spectra and excitation spectra.
Time resolved spectroscopic studies were performed using
a TCSPC setup from Edinburgh Instruments, with an instru-
ment response function (IRF) of 82 ps upon excitation with
375 nm laser light and monitoring at 440 nm.

2.5. In vitro measurement of ROS

ROS creation ability for all samples was checked using
dichlorofluorescin (DCFH) following a reported method.****
DCFH was synthesized from commercial DCFH-DA. 1.0 mM
DCFH-DA in 0.5 mL methanol was mixed with 2.0 mL, 0.01 M
NaOH at room temperature up to around 30 min. 10 mL, 25 mM
NaH,PO, was used to neutralize the solution. We used NF (0.5
uM), the ZnO-NF nanohybrid (the concentration of NF in the
nanohybrid is 0.5 uM), and 30 nm ZnO (maintaining the O.D. at
369 nm, similar to the ZnO-NF nanohybrid, which contains 0.5
uM of NF) for ROS measurement. The experiments were per-
formed in a total time of 40 minutes (initial 15 minutes under
dark, and then up to 25 minutes under irradiation of UV light of
wavelength 375 nm).
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2.6. Bacterial culture condition

The antibacterial culture was performed with E. coli cells,
following a reported method.*” To observe the bacterial growth
analysis under different treatment conditions, bacterial cells
were cultured at 37 °C in a Luria Broth (LB) medium for 12 h. It
was then diluted 1000 times, and different samples were added.
The bacterial assay experiment was cultured in different
cuvettes containing 30 nm ZnO nanohybrids (0.5 mg mL "
sample of nanohybrids, which contains 0.5 uM NF), 30 nm ZnO
NPs (maintaining the O.D. at 369 nm, similar to the 30 nm ZnO
nanohybrid), NF (concentration of NF used on the basis of NF
loading on the surface of ZnO NPs) and DMSO. The samples
were incubated at 37 °C after irradiation of UV light (wavelength
375 nm) for 30 minutes. In order to verify the reduction effect of
the drugs, the absorbance was taken every hour and it was
repeated for up to ~25 h. Finally, the absorbance of all samples
was performed and plotted with respect to time. The nature of
the plot suggests the relative effectiveness of the ZnO-NF
samples as antibacterial drugs.

3. Computational methods

We used the VASP, adopting Generalized Gradient Approximation
(GGA) and Projector Augmented Wave (PAW) schemes.**™** The k-
points were chosen by using the Monkhorst-Pack method,* and
typical values of the k-point mesh were (2 x 2 x 1), where 1
corresponds to the elongated direction of the supercell. The
detailed calculation process is followed by our earlier work.”” The
unit cell of the ZnO wurtzite structure with 8 atoms was pre-
optimized with a k-point density of 11 x 11 x 11. Supercells
were built by repeating the optimized unit cell. For the simulation
of the surface, the periodically repeating slab geometry was
employed. Each slab was separated by the vacuum. For the [1010]
and [0001] surfaces (non-polar zig-zag end and polar Zn end,
respectively), there were 120 Zn and 120 O arranged in 8 layers.
For the [1120] surface (non-polar arm-chair end), there were 108
Zn and 108 O arranged in 6 layers. NF was attached to the surface
with various orientations, assuming bidentate attachment
through the carboxylic and carbonyl O of NF with Zn.

4. Results and discussions

4.1. Structural characterization

Fig. 1(a) depicts the structure of NF. It has a carboxylic (-COOH)
group, which can form a bond with another material. The
powder X-ray diffraction (XRD) of the ZnO nanoparticles dis-
played many peaks, which indicates the presence of many
diffraction planes. The XRD patterns of ZnO (Blue) and NF-ZnO
(Red) are depicted in Fig. 1(b). The diffraction peaks are well-
indexed using JCPDS Card No. 36-1451, which confirms the
wurtzite ZnO. No additional peaks were obtained in the X-ray
diffraction patterns, which proposed its crystalline impurities.
NH shows the same nature of the diffraction peaks as ZnO,
which confirms that there is no change of phase during the
formation of NH. The crystalline nature and size of the
synthesized ~5 nm ZnO NP, ~30 nm ZnO NP, ~5 nm ZnO-NF

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (a) Depiction of the structure of norfloxacin. (b) XRD patterns of ZnO nanoparticles (Blue), and XRD patterns of ZnO—-NF nanohybrid (Red).
(c) The HRTEM image of ~5 nm ZnO nanoparticles. (d) The HRTEM image of ~5 nm ZnO-NF nanohybrids. (e) The TEM image of 30 nm ZnO
nanohybrid, and the inset shows the particle distributions of the nanohybrid (average particle size is 29.35 + 0.68 nm). (f) The HRTEM image of the
30 nm ZnO-NF nanohybrid.

NH and ~30 nm ZnO-NF NH were analyzed by TEM and 0.27 nm of a single NH, which relates to the distance between
HRTEM techniques. Fig. 1(c) illustrates the HRTEM image of two (002) planes, as shown in Fig. 1(f). This shows that the
the size ~5 nm ZnO NPs, and Fig. 1(d) depicts the HRTEM synthesized NH is polycrystalline in nature.*

image of the synthesized ~5 nm NF-functionalized ZnO NH.
This shows the high crystallinity nature of the synthesized
~5 nm ZnO NP and ~5 nm ZnO NH. The TEM image (Fig. 1(e))
of NH shows a sphere-like structure. The overall particle size 10 investigate the optical properties of the systems, UV-Vis

distribution of NH is shown in the inset of Fig. 1(e), and the absorption spectra were measured for all samples. Fig. 2(a)
shows the UV-Vis absorption spectra of NF (Green) and 5 nm

ZnO NP (Blue) in ethanol solvent, exhibiting the characteristic
peaks at 330 nm and 353 nm, respectively. After binding 5 nm

4.2. Spectroscopic characterization

average particle size was found to be 29.35 + 0.68 nm. The
interplanar distance in the lattice fringe was found to be

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 38890-38899 | 38893
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(a) UV-Visible absorbance of 5 nm ZnO NP (Blue), NF (Green) and 5 nm ZnO—-NF nanohybrid (Red). (b) UV-Visible absorbance of 30 nm

ZnO NP (Blue), NF (Green) and 30 nm ZnO—-NF nanohybrid (Red). (c) Room-temperature PL spectra (excitation at 335 nm) of NF (Green), 5 nm
ZnO NP (Blue) and 5 nm ZnO-NF nanohybrid (Red). (d) Room-temperature PL spectra (excitation at 335 nm) of NF (Green) and 30 nm ZnO-NF

nanohybrid (Red).

ZnO NP to NF, the characteristic peak of NF was seen in NH with
a new peak at 348 nm, corresponding to 5 nm ZnO NP, which
indicates the sign of complexation between NF and 5 nm ZnO
NPs. Similarly, the absorption of NF (Green) and 30 nm ZnO
NPs (Blue) in DMSO exhibited the characteristic peaks at
330 nm and 370 nm, respectively. After binding 30 nm ZnO to
NF, the characteristic peak of NF was seen in NH (Red) with
a new peak at 372 nm, corresponding to ZnO NP, as shown in
Fig. 2(b). This also indicates the sign of complexation between
NF and 30 nm ZnO NPs. The room temperature photo-
luminescence (PL) spectra of 5 nm ZnO NP (Blue) in Fig. 2(c)
shows a large and broad green-yellow emission centered at
around 530 nm, which can be attributed to the oxygen vacancy
defect states (mostly present at the surface of the nano-
particles).”® Here, NF exhibits an emission maximum at 435 nm
upon excitation at 335 nm, and NH exhibits (slightly blue shift
with respect to NF) emission maxima at 431 nm. The excitation
spectra are presented in the inset of Fig. 2(c). On the other hand,
30 nm ZnO has no broad green-yellow room temperature
emission centered at around 530 nm due to less oxygen vacancy
defect states.®® The room temperature photoluminescence
spectra of NF (Green) and 30 nm ZnO-NF (Red) are shown in
Fig. 2(d), and the corresponding room temperature excitation
spectra are given in the inset. It is observed that both NF and
NH exhibited an emission maximum at 435 nm upon excitation
at 335 nm. In both cases, after attachment of NF to the ZnO NPs,
the steady state emission intensity is significantly reduced. This

38894 | RSC Adv, 2020, 10, 38890-38899

may indicate the molecular level interactions during the
synthesis process. The emission quenching in this region may
be due to a nonradiative process, which is attributed to charge
transfer from the NF to ZnO within the NH."”

To understand the electron transfer from NF to ZnO NPs,
TCSPC studies were performed for all samples. The time-
resolved fluorescence decay for 5 nm ZnO NPs (Black), free NF
and 5 nm ZnO-NF was measured upon excitation with a 375 nm
laser, and detected at a wavelength of 440 nm as shown in
Fig. 3(a). The excited state time-resolved decay profile of NF was
fitted with an exponential decay, and the lifetime was found to
be 1.6 ns. The excited state lifetime of NF quenches in NH with
respect to NF. The fitting parameter of the time-resolved fluo-
rescence decays are depicted in Table 1. On the other hand,
30 nm ZnO has no time-resolved fluorescence decay profile due
to less oxygen vacancy state. The time-resolved fluorescence
decays for free NF (Green) and 30 nm ZnO-NF (Red) in the
DMSO solvent were measured with a 375 nm laser, and emis-
sion has been detected at a wavelength of 440 nm, as shown in
Fig. 3(b). The excited state lifetime of NF quenches in NH with
respect to NF. It has been found that a faster component (50 ps)
arises after attachment of NF on the surface of 30 nm ZnO NP
(Table 1), as well as after the attachment of NF on the surface of
5 nm ZnO NP (Table 2). Here, the potential of energy transfer is
eliminated, as there is no overlap between the NF emission and
ZnO absorption spectra. Therefore, a faster component indi-
cates the PET (photoinduced electron transfer) from the highest

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The picosecond-resolved fluorescence transient lifetime of

5 nm ZnO NP (Black), NF (Blue) and 5 nm ZnO-NF nanohybrid (Red).
The excitation wavelength was 375 nm and the collection wavelength
was 440 nm. (b) The picosecond-resolved fluorescence transient
lifetime of 30 nm ZnO-NF nanohybrid (Red) and NF (Blue).

Table 1 Picosecond-resolved fluorescence transient lifetime of NF
and 30 nm ZnO-NF in DMSO solvent. The emission (monitored at 440
nm) was detected with 375 nm laser excitation. The values in paren-
theses represent the relative weight percentages of the time
components

Systems 7, (ns) 75 (ns) 73 (ns) Tavg (NS)
NF 1.6 (100) — — 1.6
ZnO-NF 0.05 (70) 0.7 (22) 3.9 (8) 0.5

occupied molecular orbital (HOMO) of NF to the conduction
band of the ZnO semiconductor NPs.*?> Therefore, the PET
interfaced from the HOMO of NF to the CB (conduction band) of
ZnO NP scale down the recombination of the electron and hole
of the semiconductor. This appreciates the biological antibac-
terial activity,** which will be discussed in the later course of the
discussion.

4.3. Computational study

To gain insight into the electron delocalization of the occupied
and unoccupied levels of the ZnO-NF complex, we investigated
the band-decomposed electron densities nature of NH. It was
observed that there is a high possibility of electron transfer
from NF to ZnO in the NH system, which validates the experi-
mental findings. Among several different binding modes, the
bidentate binding of NF through the carboxylic O to the Zn on

This journal is © The Royal Society of Chemistry 2020
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Table 2 Picosecond-resolved fluorescence transient lifetime of ZnO
5 nm, NF and 5 nm ZnO-NF in ethanol solvent. The emission (moni-
tored at 440 nm) was detected with 375 nm laser excitation. The values
in parentheses represent the relative weight percentages of the time
components

Systems 74 (ns) 7, (ns) 73 (ns) Tavg (DS)
ZnO NP 0.6 (23) 4.7 (77) — 3.7
NF — 0.9 (46) 2.2 (54) 1.6
ZnO-NF NH 0.08 (56) 0.6 (31) 4.1 (13) 0.7

the nonpolar [1010] surface was found to be the most energet-
ically favorable mode of binding. The bond distances of Zn and
two carboxylic O of the norfloxacin were found to be 1.98 A and
2.01 A, respectively, which is consistent with the computation-
ally estimated covalent bond distances of Zn and O in ZnO (1.98
A, 1.98 A, 1.98 A and 1.99 1&). This indicates the formation of
covalent bonds between ZnO and NF. The binding energy of the
NH has been calculated by using the formula:*

Eg = Enn — Ezao — Env (1)

The theoretically calculated binding energy of NH was found
to be —1.9 eV, which indicates that the formation of the NH is
energetically stable. The band decomposed charge density
calculations were performed to find out the electronic distri-
bution of the valence band maximum (VBM) and the conduc-
tion band minimum (CBM), as shown in Fig. 4(a) and (b),
respectively. It suggests that in the ground state, the highest
energy electrons remain localized on the O of NF. Given the
energy, the electron delocalizes to the CBM of the ZnO nano-
particles. This was confirmed by time-resolved fluorescence
spectroscopy with 30 nm ZnO NP. A similar result was observed
for the norfloxacin complex with the (ZnO),, atom cluster, as
shown in Fig. 4(c) and (d), which validates the experimental
findings with 5 nm ZnO NP.

The DOS (density of states) analysis was continued to gain
further insight into the observed effect. We calculated the TDOS
(total density of states) of ZnO NPs, The gap between the VB
(valence band) and CB (conduction band) of ~0.8 eV was ob-
tained, which is in accordance with the literature data,**** as
shown in Fig. 5. It shows the non-magnetic and semiconducting
nature. The total DOS of NF was also calculated, as shown in
Fig. 5. Changes in the coordination number of atoms affect the
band nature of the material, retaining the reduction in
hybridization and covalent bond nature of atoms.>* In the NH
system, the contribution of the DOS near the Fermi level comes
from NF. This may indicate the molecular level interactions
during the formation of NH.

4.4. Invitro ROS and antibacterial activity

After investigation of the photoinduced electron transfer
dynamics and excited state molecular dynamics, we continued
our research on the antibacterial activity of NH. In vitro ROS
generation was examined using the well-known familiar marker
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Fig.4 Band-decomposed electron densities of ZnO—-NF nanohybrids.
(a) VBM of NH for the lowest energy binding conformation of NF on
the nonpolar zig-zag surface of the ZnO wurtzite structure. (b) CBM of
NH for the lowest energy binding conformation of NF on the nonpolar
zig-zag surface of the ZnO wurtzite structure. (c) HOMO of NH for the
lowest energy binding conformation of NF on the (ZnO);, nanocluster.
(d) LUMO of NH for the lowest energy binding conformation of NF on
the (ZnO);» nanocluster.

DCFH. DCFH is oxidized to fluorescent DCF in the presence of
reactive oxygen species (ROS), and shows an emission peak near
520 nm. Thus, the enhancement of ROS during the experiment
was monitored at 520 nm. The experiment was performed in the

View Article Online

Paper

absence of light for up to 10 minutes, and under the irradiation
of UV light (wavelength 375 nm) for 30 minutes. The results are
depicted in Fig. 6(a). With an increase in the time of light
exposure, a greater enhancement of the intensity at 520 nm was
observed for the synthesized NH, as compared to NF and ZnO.
Thus, the light generates efficient ROS for NH. The electron
capture (from the HOMO of dye to CB of ZnO) process in NH is
responsible for the enhancement of ROS generation. Mainly,
this excited state electron and produced hole generate ROS from
the neighboring H,0 and O,. The detail reaction mechanisms
are listed below:

NF + hv = NF (e~ + h") (2a)

NF (h*) + H,O —» NF + H" + OH~ (2b)
NF (h*) + OH™ — NF + OH (2¢)
ZnO (e7) + O, — ZnO + O, (2d)

0, +H" — HO,™ (2e)

HO,™ + HO,~ — H,0, + O, ()

ZnO (e”) + H,0, — ZnO + OH + OH ™~ (2g)
H,0, + O,~ — OH + OH™ + O, (2h)

For a potential application, we performed a bacterial culture
in vitro. The bacterial culture experiment for the antibacterial
activity was conducted on E. coli, which was incubated for
around 25 hours at 37 °C with the fixed concentrations of the
ZnO-NF nanohybrid, free NF and ZnO NPs as controls in the
absence of light (Fig. 6(b)) and the presence (Fig. 6(c)) of light to
study the cell growth rate. The enhancement of the antibacterial

8 S 40
(@) ZnO-NF % ® —— NF
4 W g 20
0] —ooooC £ 0f
5
-4 B -20 A
5
-8 T T A -40 T T
-4 2 0 2 4 -4 2 0 2 4
8
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4 .
0 - —o—O—Qm
4 -
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-4 2 2 4
Binding Energy (eV)
Fig.5 (a) Density of states (DOS) of ZnO—-NF. (b) DOS of NF. (c) DOS of ZnO NP surface [1010] direction. The black solid line represents the Fermi
energy (Eg).
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(
absence of UV light over time: control (Dark), DMSO (Gray), ZnO NP (Blue), NF (Green) and ZnO-NF nanohybrid (Red). (c) Growth of cells in the
presence of UV light over time, control (Dark), DMSO (Gray), ZnO NP (Blue), NF (Green) and ZnO—NF nanohybrid (Red). (d) Percentage of living

bacteria cells (D, Dark; L, Light).

activity was observed by the complex in the presence of light, as
compared to free NF and ZnO NP. The percentages of living cells
with respect to the control are shown in Fig. 6(d). NH attained
a significantly higher bacteria death, which is around 65% for
a particular concentration, compared to free NF (20%) and ZnO
NP (11%). However, the antibacterial application depends on
the dose. The bacterial death can be increased by increasing the
dose concentration of ZnO-NF.*® This approach could be
applied to other antibiotics that will enhance their potential
utilization in a PDT.

5. Conclusion

In summary, we investigated the enhanced antibacterial ability
of ZnO-NF NH over free NF and ZnO NP using various experi-
ments, as well as computational studies. We have established
the benefit of norfloxacin (NF) as the light stimulated drug. NF
was strongly associated with ZnO NPs, and the attachment was
confirmed using various spectroscopy mechanisms. The excited
state charge transmission process from NF to the ZnO semi-
conductor was confirmed by TCSPC, and supported by the first
principle computational analysis. This charge transfer mecha-
nism shows a greater extent of the ROS generations. The anti-
bacterial photodynamic effect on E. coli was confirmed using
the cell culture experiment, which suggests significant changes

This journal is © The Royal Society of Chemistry 2020

after the light stimulated drug treatment. Our results indicate
that bacterial cell death occurred by a high ROS production
process. It reveals that the ZnO-NF nanohybrid is much more
effective in the antibacterial effect on E. coli cells compared to
free NF and ZnO NP. This developed procedure could be applied
to other antibiotics that will enhance their ability in PDT. This
result provides a new path that has the capability to deliver the
NF in the targeted cells, which can be used for disinfection or
membrane-based antibacterial applications.
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