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Abstract

Platinum nanoparticles (PtNPs) are widely used as a potent antioxidant and thus, have gained interest in the field of biomedi-
cal research. The present study depicted the non-cytotoxic and non-genotoxic properties of PtNPs using Drosophila mela-
nogaster as in vivo model system. The PtNPs are proposed to be used for wound healing in Drosophila. PtNPs were found
to quench the reactive oxygen species (ROS) by interacting with the antioxidant enzymes, such as superoxide dismutase,
catalase, and glutathione peroxidase. The application of the PtNPs on the wound site showed a tremendous healing potential
reported for the first time. The wound was healed within a short period of time as compared to the untreated wound. A com-
parative study of mitochondrial staining and mitochondrial protein measurement revealed that PtNPs help in scavenging the
internal ROS and enhance the mitochondrial function. PtNP showed a negligible cytotoxic effect and no genotoxic effect.
This finding can lead to the future applications of PtNPs in nanomedicine.

Graphical Abstract

Platinum nanoparticles help in scavenging the reactive oxygen species and act as a nano-antioxidant. It also induces mito-
chondrial function and increases the mitochondrial protein and copy number. Platinum interacts with the hemocytes without
any toxic effect on the cells. PtNPs significantly induced the wound healing process to be completed in a short time.
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Introduction

Nanotechnology is one of the emerging fields of modern
science which include the development of a number of
nanomaterials, including nanoparticles (NPs) possessing
unique physicochemical and optoelectronic properties, to
be used in several applications. Metallic NPs such as tita-
nium, silver, and platinum are used extensively to fuel the
cells, as biosensors in biomedical industries, petrochemical
industries, photonics, electronics, organic catalyst, phar-
maceuticals, and automobiles [1-4]. Among the metallic
NPs, platinum nanoparticles (PtNPs) have been widely
used as a potential catalyst due to their high conductance
and reactivity [5]. PtNPs have also been seen to have a
protective role against reactive oxygen species [6-9]. It
was also reported that PtNPs do not show any cytotoxic
and genotoxic effects in in vitro studies of different cell
lines such as HeLa [10, 11], HepG2, MI-38, TIG-1, and
MRC-5 [12-14]. However, some studies also reported that
cellular uptake of PtNPs shows duration, size, and dose-
dependent cytotoxic effects [15, 16]. Moreover, in a selec-
tive way, PtNPs have been shown to induce the breakdown
of DNA strands in human colon cancer cell lines after the
cellular uptake of NPs and solubilized inside the nucleus
[14, 17]. Further investigation of PtNPs showed that they
can be used in wound healing and therapeutic agents along
with the other noble nanoparticles due to their improving
antioxidant defense mechanism [10, 18, 19]. Superoxide
dismutase (SOD) plays the first line of defense mecha-
nism that oxidizes the superoxide radicals into hydrogen
peroxide, followed by catalase and glutathione peroxidase
enzymes that help in the breakdown of hydrogen peroxide
to water and oxygen molecule [20, 21].

Noble nanoparticles such as gold and palladium are
often used along with PtNPs [10, 19]. These NPs show
strong catalytic activities e.g., oxidation, hydration, and
hydrogenation reactions [22, 23]. Platinum and palladium
nanoparticles are used for studying aging-related skin atro-
phy in mice models [10]. Over 100 years ago in 1915, Dr.
H. Naguchi and Dr. S. Ishizuka formulated an idea for
creating a paste of palladium and platinum NPs solution
and named it as PAPLAL [10, 24]. PAPLAL has been used
in the treatment of Japanese patients having hives, burns,
gastric ulcers, lung inflammation, frostbite, and rheuma-
toid arthritis [24]. PtNPs can further increase the concen-
tration of Pt in a treatment cell as compared to the control
cells [25]. Sakaue et al. also reported that, when C. elegans
were treated with PtNPs, the internalized concentration of
Pt increases tremendously in the nematodes [26]. All of
these results showed that PtNPs taken by the cells inhibit
the oxidative stress by inhibiting the internal ROS and
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help in wound healing [10]. Many reports were available
regarding the toxic and nontoxic effects of PtNPs; how-
ever, the authors were unable to suggest the other appro-
priate aspect uses of PtNPs. There are only a few reports
available regarding the relationship between the PtNPs,
ROS, and mitochondria biogenesis. Therefore, in this
report, we have studied the various parameters related to
antioxidant enzymes and mitochondria biogenesis. PtNPs
were introduced as a new application to help the wound
for rapid healing.

Drosophila melanogaster is used as a promising model
organism to study the toxicity of different NPs [27-30]. The
model possesses, 1) a small number of chromosomes i.e.,
four pairs, it shares 75% of the human disease genome, 2)
it is easy to maintain and manipulate, and 3) many genera-
tions can be studied in a short period because its life span
is about 30-45 days, 4) all the genetic tools are available.
All these assets make it an ideal model organism to study
various aspects of nanoparticle treatment. Our current study
checked the cytotoxic and genotoxic effects of PtNPs using
D. melanogaster. After checking the biocompatability, the
wound healing potential of PtNPs was checked in D. mela-
nogaster. This is the first study report of PtNPs on D. mela-
nogaster in accordance with the in vivo models such as C.
elegans and mice.

Material and Methods
Materials

Hexachloroplatinic acid (H,PtCl,) and Polyvinylpyrrolidone
(PVP) were purchased from Sigma-Aldrich. The chemi-
cals for anti-oxidant assays such as Bovine serum albumin
(BSA), L-methionine, Hydroxylamine hydrochloride, Folin
& Ciocalteu's phenol reagent, Ethylenediaminetetraacetic
acid, Copper sulfate solution, Sodium potassium tartrate,
Riboflavin, disodium hydrogen phosphate, 5,5'-dithiobis-
(2-nitrobenzoic acid), Sulphanilamide N-1-Naphthylethylen-
ediamine dihydrochloride, Orthophosphoric acid, Reduced
glutathione, Sodium azide, Hydrogen peroxide, Trichloro-
acetic acid, 2,2-Diphenyl-1-picrylhydrazyl Methanol, and
ascorbic acid were purchased from HiMedia Pvt. Ltd, India.
Phenylmethylsulfonyl fluoride (PMSF) was procured from
ThermoFisher Scientific, India. All the mentioned chemicals
were of molecular and analytical grade and used without any
modifications.
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Synthesis of Platinum Nanoparticle (PtNPs)

PtNPs were synthesized by an earlier reported method with
slight modifications [31]. In a typical synthetic approach,
equal proportion of H,PtCls and PVP (1:1 wt. ratio) were
mixed into 60 mL of distilled water and stirred vigorously
on a magnetic stirrer to form a homogeneous orange-yel-
lowish solution. The obtained solution was transferred to
a 100 mL Teflon-lined stainless-steel autoclave and heated
subsequently at 160 °C under autogenous pressure for 8 h.
After the reaction was completed, the autoclave was cooled
down to room temperature. The acquired dark grey colored
precipitate was then rinsed and centrifuged with distilled
water before being dried in a hot air oven at 60 °C for 24 h.
The obtained powder was suitably grounded using a pestle
and mortar and labeled as PtNPs.

Characterization of Nanoparticle

The nanostructures of the PtNPs were characterized by
X-ray diffraction (XRD, XRDPHILIPS PW 1830, Japan),
field emission scanning electron microscopy (FESEM/EDX,
FEI NovaNano SEM 450, Japan), Attenuated total reflec-
tance Fourier transforms infrared spectroscopy (alpha ATR-
FTIR, Bruker), DLS and Zeta potential (Zetasizer Malvern
NANO-ZS-90, UK).

Fly Rearing

D. melanogaster (Oregon-R+) wild-type flies were obtained
from the C-CAMP fly facility, Bangalore, India. UAS-
mCDSGFP flies were from the Center for Human Genetics,
Bengaluru. The female and male flies were transferred to each
vial in an 8:5 ratio respectively. The flies were kept at 25 °C
constant temperature and 70% humidity for 12 h of light and
dark conditions. For the toxicity study, PtNPs were added to
the fly food to achieve the concentrations of 50, 100, 200, and
400 pg/mL. The treatment of doses was selected from LD50
values of PtNPs measured from in vitro and in vivo studies.

Evaluation of Non-cytotoxic Potential of PtNPs

The PtNPs-fed larval gut was dissected and co-stained with
DAPI and DCFH-DA to check the effect of P(INPs on the gut
by following Priyadarshini et al., [32]. A detailed method is
given in the supplementary section. DAPI stains the nuclei
and DCFH-DA stains the ROS generated from the mito-
chondria. The number of fragmented nuclei was counted and
plotted for each concentration. The intensity of DCFH-DA
was also plotted for each concentration to know the cellular
stress generated after PtNPs treatment. The gut was also
stained with trypan blue by following Bag et al. [2], to check
if there is any membrane damage due to PtNPs treatment.

Measurement of Oxidative Stress After PtNPs
Treatment

Late 3™ instar larval hemolymph was used to check the oxi-
dative stress. Briefly, 25 numbers of third instar larvae were
collected. The larvae were pricked carefully near the thoracic
region by keeping on an icebox to prevent melanization. Lar-
vae were centrifuged at 4500 rpm for 10 min at 4°C. 10 pL
of the hemolymph was collected in a 1.5 mL eppendorf tube.
To the tube, an equal amount of 1X phosphate buffered saline
(PBS) was added. The hemolymph was used for the NBT
assay by following Nayak et al., 2019 and Bag et al. 2020
[33, 34]. Briefly, to the hemolymph equal volume of NBT
(1.6 mM) solution was added and left for 1 h in dark. After
1 h, an equal volume of 100% glacial acetic acid (GAA) was
added and incubated for 5 min to stop the reaction. Then 150
pL of 50% GAA was added and measured the absorbance at
595 nm in a microplate reader (Elisa Biobase, EL10A). A
similar procedure was followed for the measurement of oxi-
dative stress on adult flies in a time-dependent manner. Adult
flies were taken from alternative days for the analysis of oxi-
dative stress (i.e., after hatching of 2, 4, 6, 8, and 10 days
young flies). Other antioxidant enzymes like SOD, catalase,
and glutathione peroxidase (GPx) are also measured (S2).

Number of Mitochondria Within the Gut

This study is crucial for the detection of the percentage
of mitochondria inside the cells. For this, Alsford et al., 's
staining procedure was followed [35]. Briefly, third instar
larval and adult (6-8 days young flies) guts were isolated
and fixed in 4% paraformaldehyde (PFA) at 4 °C. Then, the
guts were taken out from PFA and washed with 1X PBS
twice. Then to permeabilize the gut 4% BSA-PBST was used
twice for 10 min each. After that, the guts were stained with
Mito-Tracker™ Red CMXRos (100 nm, Invitrogen, M7512
Molecular Probes) for 10 min, washed with 1X PBS once,
and counterstained with DAPI (1 uM) for 5 min to visualize
DNA. After that, the guts were mounted on a grease-free
slide with 20% glycerol and covered with a coverslip. Then
the slides were observed under the fluorescence microscope
(Olympus BX50, Japan).

Quantification of Mitochondrial Protein

Mitochondrial protein quantity was measured by following
the Dhar et al. and Brandt et al. method [36, 37]. Briefly,
thirty adult (6-8 days old) flies were taken and freezed for
10 min to stop their metabolism. The flies were homoge-
nized with 2 ml of mitochondrial isolation buffer (MIB) at
4 °C (pH 7.2) containing 1 mM EGTA, 20 mM Tris-HCl,
and 310 mM sucrose. This homogenate was filtered with a
100-pm nylon mesh filter and the filtrate was centrifuged at
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800 g for 10 min at 4 °C. The supernatant was centrifuged
at 4500xg for 15 min at 4 °C to pellet out the mitochondria.
The pellet was suspended in 100 pL. of MIB. The mitochon-
drial protein concentration was determined by the Lowry et
al., method taking BSA as a standard [38].

Hemolymph and Pt-NPs Interaction

The hemolymph and PtNPs interaction study were done by
taking UAS-mCDS8GFP larvae. Briefly, ten 3" instar lar-
vae were taken and washed with 1X PBS. The larvae were
pricked with a fine needle in the thoracic region in an eppen-
dorf tube on an icebox. Hemolymph was collected by cen-
trifugation at 8000 rpm (4 °C) for 10 min. Then, 10 ug/mL
concentrations of PtNPs were added to the 5 uL of hemo-
lymph. A short spin for 2 min was given to settle down the
hemocytes and allow the nanoparticles to mix well with the
hemolymph. A smear was made by taking the hemolymph
on a grease-free slide and drying it for 5 min. The images
were taken in a fluorescence and bright field microscope
(S3). For the study of SEM and EDX analysis of PtNPs
interaction, the protocol by Bag et al., 2020 was followed
[39], The isolated hemolymph was spread over a slide of 1
cm?. Then fixed with absolute methanol and dried for 48 h in
an oven. The slides were coated with gold and images were
taken in SEM (Nova NanoSEM 450).

Phenotype

The adult phenotype was monitored by screening the eye,
wing, bristle, and head of 50 adult flies (3—4 days old). The
images were taken with the help of a USB Digital Micro-
scope (S2 USB 8 Led 1X-500X, Generic). From the adult
phenotypic analysis, it was shown that there were no defects
in the eye, bristle, and wings. This confirmed that, PtNPs is
non-genotoxic to the organism at appropriate concentration.

PtNPs for Wound Healing

A wound-healing experiment was performed by making a paste
of PtNPs and applied on the surface of the wound. Briefly, an
adult 4-5 days old fly (N=20) was taken and anesthetized with
diethyl ether for 30 s. After that, flies were placed on a petri-
plate with the help of sticky gum. The petriplate was put under
the stereo zoom microscope and the recording was started. By
focusing the thoracic region in 100X magnification, a small cut
was made with the help of an insulin needle (31 gauge x 15/64,
Hindustan Syringes & Medical Devices Ltd, India) to develop
a wound (Approx. area>0.06 mm?). After the wound was
developed, a little pinch (=1/100" mg) of PtNPs paste (1 mg
in 10 uL of miliQ water) was applied to the wounded surface
with the help of an insulin needle. Then, the fly was left till the
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wound was completely healed. The time taken for the wound
to heal was noted and compared between the PtNPs treatment
and without treatment.

Wound Healing Analysis

Wound healing analysis was done by comparing the treated
with the non-treated control group. The process of wound
healing was recorded under a confocal microscope (Leica,
SP8). The videos were processed in Image] software and
the actin filaments movement was measured, by staining
the wound with phalloidin congugated red fluorescence dye.
From the videos, the kymograph was plotted with respect to
the actin movement events.

Wound Closure Analysis

The wound closure rate was measured by tracing the wound
on different time points, such as 1, 30, 60, 90, 120, 150, 180,
and 360 min using the stereo zoom microscope images and
videos were processed on Image] measurement software.
The wound of control and PtNPs treatment was measured
from fifteen numbers of adult flies till the wound get totally
healed. Changes in the wound area were evaluated by an
indication of the rate of wound healed or the wound contrac-
tion with respect to time. The evaluated surface area was
used to calculate the percentage of wound closure by taking
the initial size of the wound as 100 percent, and calculated
from the formula [40, 41];

% of wound closure

(wound area on 1 min — wound area on X minutes) %

- 100
wound area on 1 min

where X is times in minutes (i.e. 30, 60, ........ , and 360).

Statistical Analysis

All the experimental data were analyzed in GraphPad Prism
5.0 software. XRD and FTIR data graphs were obtained by
using X'Pert HighScore graph software and OriginPro 2020b
graph software respectively. Kymograph was obtained from
ImagelJ software. The data are interpreted by Mean + SEM
values with the significance *P < 0.05, **P <0.01,
***P <0.001 by unpaired two-tailed student t-test.

Results
Characterization of Nanoparticle

Figure la shows the XRD pattern of PtNPs, which shows
two prominent peaks at 39.8° and 46.3° specifying the (111)
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Fig. 1 Characterization of PtNPs, a XRD analysis, b FTIR analysis, ¢ FESEM analysis, d distribution curve from FESEM analysis, e and f BET-

analysis

and (200) planes of face-centered cubic (fcc) lattice con-
firms the successful formation of PtNPs [31, 42]. Figure 1b
indicates the FTIR spectra of PtNPs. The broadest IR spec-
trum measured at 3320 cm™! is due to the stretching vibra-
tions of hydroxyl groups. Furthermore, the intense band at
1635 cm™! was attributed to the C=0O stretching vibration of
PVP residue present in the sample [43, 44]. The morphology
and size distribution of the PtNPs was evaluated by FESEM
analysis (Fig. 1 ¢ & d). Ultra-small spherical PtNPs with an
average diameter of 45-50 nm were observed. Again, the
average size of PtNPs was measured by dynamic light scat-
tering (DLS) (Fig. S1 a). It was found that the average size of
the PtNPs was about 100 nm, which is comparatively greater
than that determined by FESEM, which is due to the aggre-
gated behavior of the suspended particles. Furthermore, the
Zeta-potential of the PtNPs at neutral pH was found to be
-36.5 eV (Fig. S1 b). The N, adsorption—desorption isotherm
was used to determine the specific surface area and pore
size of PtNPs, as shown in Fig. 1 (e & f). The acquired data
reveal that the produced PtNPs have a type III adsorption
isotherm with a specific surface area of 33.0 m%g, indicating
that they are nonporous. PtNPs have a pore size of 3.708 nm
and a pore volume of 0.39 cm®/g, according to the BJH pore
size distribution curve.

Evaluation of Non-cytotoxic Property of PtNPs
Nanoparticles fed to the flies pass through the gut and come

in direct contact with the gut epithelial cells. To check
whether the NPs induce any cell damage, the cytotoxicity

of these cells was checked. DAPI is used to detect DNA
damage after exposure of the cells to any toxic compound.
The percentage of DNA damage observed was insignificant
in the lower concentration of PtNPs treatment (Fig. 2a-e).
The percentage of DNA breakdowns in the control and treat-
ment groups were represented in the graph (Fig. 2m). From
the internal gut staining of the larva by DCFH-DA, it was
observed that PtNPs can reduce the internal ROS activities
(Fig. 2f-j). The total fluorescence of the internal gut cell
was plotted on the graph (Fig. 2n). This finding was sup-
ported by the NBT assay as well as the increased level of
anti-oxidative enzymes, suggesting PtNPs help in the reduc-
tion of ROS and protect the cells from oxidative stress. This
result was similar towards the finding of antioxidant mimic
of other reports given by many researchers [8—11].

Intracellular ROS Level

To measure the amount of intracellular ROS, and NBT
assay was performed in the third instar larval hemolymph.
From the NBT assay, it was found that the formation of
ROS reduced significantly in the PtNPs treated group as
compared to the control (Fig. 3a). From the adult hemo-
lymph NBT assay, it was observed that the amount of ROS
was higher at the initial adult stages. On day 4 of ROS analy-
sis, it was observed that the highest amount of ROS pro-
duced by the cells as platinum NPs were marked as foreign
particles for the cells. From 6 day onwards young flies show
a remarkable reduction of ROS levels as compared to the
control flies (Fig. 3b). Thus, the NBT assay suggests that
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Fig. 2 Histological staining of
the larval gut; a—e DAPI stain-
ing of the gut of control and
PtNP treated groups; f—j DCFH-
DA staining of the gut of con-
trol and PtNP treated groups; k
trypan blue staining of control
larva; 1 trypan blue staining of
treated (400 pg/mL PtNP); m
the percentage of a fragmented
nucleus from DAPI staining;
n) total cell fluorescence of
internal gut from DCFH-DA
staining. ns non-significant,
*indicates P <0.05
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the PtNPs play a vital role in the scavenging of ROS. The
formation of ROS was seen in the gut, where DCFH-DA
staining of the gut epithelial cells showed reduced total cell
fluorescence of the PtNPs treated larval gut, indicating less
ROS as compared to the control (Fig. 2n).

Measurement of Mitochondrial Number
and the Protein Content

Mitochondria are the power pack of the cell and are involved
in many cellular mechanisms including oxidative stress
pathways. Following a significant reduction in ROS amount
and elevated level of anti-oxidative enzymes, we sought to
check mitochondria localization within the gut using Mito-
tracker staining (Fig. 4a). The mitochondrial protein was
also quantified in the control and PtNPs treated gut (Fig. 4b).
In PtNPs treated gut, enhanced mitochondrial proteins were
detected. Mito-tracker staining (CMXRos) of PtNPs treated
gut also revealed a greater number of mitochondria within
the gut of 400 ug/mL gut as compared to the non-treated
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control (Fig. 4a). It was due to the initial increased amount
of ROS level that triggered more number of mitochondria
to be produced to overcome the oxidative stress. Later on,
these cells were acquainted with PtNPs and stayed healthy
because PtNPs do not cause any affect or damage to mito-
chondria. Hence, PtNPs act as an antioxidant to the cells
and help in scavenging the ROS and defense from oxidative
stress, which was observed from antioxidant measurements
(Fig. S2). The number of mitochondria presented per slide
in an area of 1 cm? was quantified and plotted in the graph
(Fig. 4c¢).

PtNPs Show Nontoxicity to the Hemolymph

It was crucial to check the interaction of hemolymph and
PtNPs before studying its application. From the interaction
study of PtNPs-hemolymph, no membrane damage and cell
damage were found (Fig. 5a-e). From the treatment, the
EDX analysis reveals the abundance of three ions i.e., Ca*?,
Mg**, and Na* as 16.61%, 9.30%, and 25.84% respectively
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Fig.4 Mito-tracker CMXRos (a) CMXRos
red staining of the larval gut;

a counterstaining of CMXRos
(Mitochondria, Red color),
DAPI (Nucleus, Blue color); b
mitochondrial protein quantifi-
cation; ¢ graphical representa-
tion of the number of mitochon-
dria count from a slide of area

1 cm?

Control

Treatment

Fig.5 Interaction of PtNP and
hemocytes; a bright-field image
of hemocytes and PtNPs; b
fluorescence image of hemo-
cytes showing no membrane
damage; ¢ SEM image of hemo-
cytes and PtNP; d interaction
of single hemocytes with PtNP;
e presence of applied Pt-NP on
hemolymph (blue color); f EDX
elements analysis of hemo-
lymph. (White arrow showing
PtNPs and Red arrow showing
hemocytes)

(Fig. 5f). Quantification of different types of hemocytes after
PtNPs treatment are given in S3.

Phenotype Analysis of Flies Hatched After PtNPs
Treatment

The adult phenotype was monitored by screening the eye,
wing, bristle, and head of 50 adult flies (3—4 days old). The
images were taken with the help of a USB stereo zoom cam-
era. From the adult phenotypic analysis, it was shown that
there were no defects on the eye, bristle, and wings in any
concentrations (Fig. 6).

PtNPs Promote Wound Healing in Adult Flies

The wound healing and regeneration of tissue were effec-
tively studied in a wound healing model of Drosophila and
found that applying PtNPs on the site of the wound enhances
tissue growth and angiogenesis. As a result, the tissues at the
site of PtNPs administration grow and heal faster as com-
pared to the control group without PtNPs treatments. The

DAPI

MERGE

NN N
& & S S
S e
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300
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200

100

Number of mt count/slide

¥ %258 166um

0 2 4 6
ull Scale 1634 cts Cursor: 13817 (1 cts)

Eye Bristle Wing

Control

Treatment

Fig.6 Phenotypic analysis of adult flies i.e., eyes, bristles, and wings
showed non defect on treatment with PINP

time taken for wound healing in control i.e., without NP
applied on the wound was + 6 h. However, when the wound
was covered with the PtNPs paste, it takes only 3 to 4 h for a
complete wound healing (Fig. 7). From the SEM analysis of
the wound site, it was found that the wound in non-treatment
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Fig.7 Wound healing of adult
fly; a, b SEM images of the
non-treatment wound; ¢ EDX
and percentage of hemocyte’s
element analysis of non-
treatment wound; d, e SEM
images of PtNPs paste treatment
wound; f EDX and percentage
of hemocyte’s element analysis
of PtNPs treatment wound

Control panel

Treatment panel

groups causes necrosis and also damages the neighboring
cells (Fig. 7a-b). In PtNP treated flies, the wound healing
site does not develop necrosis as found from EDX analy-
sis of the wound (Fig. 7d-e). Since, it was known that the
hemolymph possesses many ions and elements such as Na¥,
K™, CI7, Ca?*, Mn?*, and Mg?*, the elemental analysis was
performed in the wounded site and the weight percentage of
the elements was found to be for Na* (0.17%), K* (0.30%),
Cl~ (1.02%), Ca>* (0.34%), Mn* (0%), and Mg** (0.06%)
respectively for the non-treated wound site (Fig. 7C). For
the PtNPs treatment wound it was found to be Na*t (0.29%),
K* (0.78%), C1~ (0.79%), Ca** (0.42%), Mn** (0.27%), Pt
(22.24%), and Mg?* (0.15%) (Fig. 7f). All ionic percentage
increases at the PtNPs treatment site and enhances the rapid
angiogenesis and helps in wound healing.

Wound Healing Analysis

From the wound healing activities, it was found that the
actin filaments were more active at the initial stage of wound
healing. When the wound gets fully healed, then the actin
dynamic also gets minimized. It was seen that, in PtNPs
treatment groups, the wound site heal around 38% at an
initial time period of 1 min and it was reached maxima at
120 min, and then it retarded subsequently with respect to
time. At a time point of 180 min, the wound heal completely
(Fig. 8c). Whereas in the control untreated group, the wound
remain unhealed up to 360 min. Briefly, from the kymograph
study, revealed that the actin molecules (indicating as deep
red color) have more active on PtNPs applied wound area
(Fig. 8c). It was also clearly seen on kymograph analysis that
the movement of actin molecules was more in PtNP treated
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wound area (Fig. 8b,d) initially which become stabilised at
later part.

Wound Closure Measurements

Wound closure measurements are the more dynamic method
to know the rate and percentage of wound healing with
respect to time. From this measurement it was found that the
percentage of wound closure was more on PtNPs treatment
as compared with the control non-treated ones. At the ini-
tial stage the wound (approx. area of wound > 0.06 mm?)
was considered as 100%, and as time increases, the wound
started to heal. At 1 min of healing, 8% and 14% of wound
healing for control, and PtNPs were applied wound respec-
tively (P <0.01). After 30 min, it was seen that the wound
healing in the treatment group was faster as compared to the
non-treated control (60% and 32% respectively, P <0.001).
The wound of the control group was seen not healed fully
until 360 min after wound development (Fig. 8c).

Discussion

The current study established the potentiality of PtNPs as
non-cytotoxic and non-genotoxic nanoparticles in the model
organism D. melanogaster. The study further establishes that
PtNPs can induce angiogenesis to aid the wound healing
process and can scavenge the ROS in D. melanogaster.
From the histological staining, DAPI reveals negligible
DNA damage. This study is in agreement with the earlier
studies which show PtNPs can also be used in the treat-
ment of cancer cells [13, 45, 46]. Earlier reports of in vitro
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Fig.8 Wound healing and
wound closure analysis of adult
fly; a PtNPs applied wound
under a stereo microscope and
confocal microscope; b raw data
of event kymograph showing
the rate of actin molecule move-
ment; ¢ graphical representation
of the percentage of wound
closure rate w.r.t time; d graph
showed the dynamic intensity of
actin movement obtained from
kymograph
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and in vivo studies showed that PtNPs help in quenching
the oxides and hydroxide radicals [10, 47, 48]. Our find-
ing also agreed less production of ROS after PtNPs treat-
ment as evidenced by DCFHDA staining. NBT assay reveals
the concentration of superoxide radicals present within the
body. The current study evidenced less amount of superox-
ide radical formation after PtNPs treatment and acts as an
antioxidant (Fig S1). The mechanism for ROS scavenging
was schematized in supplementary figure (Fig S4).
Further, trypan blue staining showed no internal gut dam-
age and proved PtNPs to be non-toxic. Again, it was wor-
thy to study the interaction of PtNPs and hemocytes. This
experiment showed the PtNPs interact with the hemocytes
without causing any damage to the hemocytes, besides it can
induce the phagocytic cell i.e., plasmatocytes in great num-
ber to invade and fight with the foreign particles (Fig. S2).
Mitochondria amount and protein vary according to
different nanoparticles. A comparative study of mito-
chondrial number and mitochondrial protein revealed the
details of the induced property of PtNPs. Mitochondria
amount altered in many diseased conditions such as dia-
betes [49], muscular dystrophy [50], and ischemic dam-
age [51]. The NPs such as Au [52, 53], CuO [54], Fe@
AuO [55], TiO, [56], ZnO [57], and amorphous silica
NPs [58] induced ROS in cells, and thus mitochondrial
number decreases or down-regulate or dysfunction. How-
ever, when cells need high energy, mitochondria number

100 5 180] (d) —— Treatment
= ]
F80 o > 160]
- 2 1
- 60 : E ]
a0 5 2 ™
o E 1001
-20 § :>,' 1
3 80
—L0 ]
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Dynamic movement

increases i.e., power-hungry cells have more mitochon-
dria than the cells with lower energy needs. Some of the
NPs such as PLGA-PEG NPs [59], Dibenzoazepine-PLGA
NPs[60], Momordica charantia NPs [61], silver NPs and
Curcumin NPs [62-64] act as antioxidants and help in
the reduction of ROS and also increased the number of
mitochondria by promoting the Nrf2 signaling pathway
and PGC-1a gene. Our findings also agree with the above
statement that mitochondria number and protein concen-
tration can be increased due to the stress level of cells. Our
finding is in agreement with this statement that, mitochon-
drial biogenesis occurs when cells need more energy to
overcome from necessity. Therefore, at initial stage, more
ROS amount was observed so to overcome mitochondrial
biogenesis was marked. This was due to when the larvae
get molts into 1% instar, 2" instar, and 3" instar, and get
metamorphosis on pupa stage to acquire adult. Whole gut
was degenerated during metamorphosis and new young
gut was developed. In this process, the accumulated NPs
assimilated throughout the body and mixed with hemo-
lymph. Thus, at initial stage adult flies shows more ROS
production. To overcome from this more amount of mito-
chondrial biogenesis occurs as well as protein content was
also increased. But, later on ROS amount was reduced due
to the positive effect of PtNPs inside the cells which act
as an antioxidant agent without hindering the hemolymph
as well as mitochondria. All these findings suggest that
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PtNPs can reduce the ROS level of the cells and increase
the biogenesis of mitochondria. In agreement with these
results, we also found an increased number of mitochon-
dria after PtNPs treatment.

Although nanoparticles are widely used, genotoxic
reports are also coming up from various animal studies.
The toxicity of several nanoparticles was reported from the
study of D. melanogaster [29, 65, 66]. The toxicity of noble
metallic nanoparticles like gold and silver were reported in
this organism [28, 67]. In the meantime, polymeric nano-
particles like guargum were also reported to be nontoxic in
D. melanogaster [2]. The PtNPs also did not produce any
phenotypic defect after oral treatment. This suggests PtNPs
is non-genotoxic in D. melanogaster and can be used for
future biomedical applications.

Nanoparticles interact with the blood once it is circulated
within the hemolymph. Wang et al., 2013 reported that the
concentration of hemoglobin and percentage of red blood
cells increased in rats treated with graphene quantum dots
[68]. The erythrocytes do not show any damage immedi-
ately when exposed to toxic substances, because it has an
improved antioxidant defense system which includes enzy-
matic antioxidants such as catalase and peroxiredoxin-2
and nonenzymatic antioxidant as glutathione [69, 70]. The
interaction of NPs with blood was also reported by many
researchers by in vitro studies [71-74]. PtNPs help in scav-
enging the intracellular ROS as reported from in vivo study
[8, 48, 75, 76]. The nanoparticles such as AgNPs [77],
AuNPs [78], and fibrin-based scaffolds containing PLGA
[79], were used for wound healing and regeneration. Nota-
bly, our finding also suggested that the noble PtNP helps in
wound healing. The synthesized PtNPs promisingly help in
fastening the wound healing in vivo via inducing the angi-
ogenesis process. However, the percentage occurrence of
CI™ ions in treatment groups is low due to less binding effi-
cacy of Pt towards the C1™ ions and formed PtCl. This will
be helpfull in the development of potential biomedicines to
cure accidental wounds.

In summary, our current findings suggest that PtNPs may
be potentially effective in protecting against ROS, by scav-
enging ROS under stress conditions. PtNPs also showed
promising findings towards wound healing and angiogene-
sis. Furthermore, the PtINPs doesnot damage the hemocytes;
however, they can promote the plasmatocytes production
to help in the defense mechanism. The PtNPs do not show
any phenotypic defects in adult flies too. All these findings
showed that PtNPs can be used as a potentially important
nanoparticle for future biomedical applications; however,
due to many contradictory findings regarding PtNPs, a suit-
able concentration of PtNPs can be used for a better result.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10876-022-02292-9.
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