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Abstract

Hydroxyapatite Nanoparticle (HAp NPs) is similar to the crystal structure of human bone. It has excellent properties such
as biocompatibility, osteoconductivity, and biodegradable. Owing to these properties, it has been used in the field of drug
delivery, dental applications, and bone tissue engineering. PEG (Polyethylene glycol) is a synthetic biodegradable polymer.
It prevents the agglomeration of the nanoparticles, surface oxidation of the particles and thereby making it more biocompat-
ible. Rose Bengal (RB) is a photo sensitiser which has the ability to generate singlet oxygen. In the present study, PEG/HAp
nanocomposite has been synthesised and characterised using DLS and Zeta potential, TEM, and FTIR. The safety efficacy
of the PEG/HAp nanocomposite was studied in wild type Drosophila larvae and adult flies after oral administration. Larval
crawling assay, negative geotaxis assay, survival assay, biochemical assays—SOD activity, DPPH activity and GSH activity
were performed. This study showed that the nanocomposite did not affect the development of the larva rather it enhanced
the behavioural and antioxidant activity. In the adult flies, the climbing activity and the survivability patterns were greatly
improved. Earlier studies with HAp NPs on the Drosophila model did not enhance behavioural and antioxidant activities
whilst in the present study, PEG might help in improving these activities due to its non-immunogenic and non-antigenic
properties.

Keywords HAp NPs - PEG - PEG/HAp nanocomposite - Drosophila melanogaster

Introduction

Calcium phosphate (CaP) is a generic name given to any
compounds made up of calcium and phosphate ions as its
core structure. The group of compounds belonging to the
CaP family also sometimes include calcium ions linked with
other functional groups such as ortho meta or pyrophos-
phates in addition to hydroxide or hydrogen ions. Some of
the key players in the CaP family are hydroxyapatite (HAp),
dicalcium phosphate (brushite) and calcium orthophosphates
that are naturally abundant in the vertebrate skeletal systems
(Nosrati et al. 2021; Zhu 2017). CaP family nanomateri-
als are known for their large surface area, biocompatibility,
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increased drug loading capacity, desirable drug release
effects and bioactivity. These factors makes the CaP fam-
ily nanocompounds to be effective drug delivery carriers,
additionally, HAp conjugates were observed to serve as a
scaffold thereby promoting bone defect restoration and high
gene loading capabilities (Zhu 2017). In addition, Zinc-HAp
nanorods showed great antibacterial properties whereas HAp
sheets and HAp papers were shown to possess high adsorp-
tion capacity for heavy metal ions and organic pollutants,
respectively (Lu et al. 2014; Zhu, 2017).

Hydroxyapatite (HAp) belonging to the apatite family of
minerals specifically consists of Ca/P molar ratios within
the range of 1.5-1.67 whilst also sharing a similar crystal-
lographic structure with Fluorapatite and Oxyapatite (Canil-
las et al. 2017). HAp being extremely biocompatible and
also known for its bioactive properties is highly preferred
for medical applications (Teixeira et al. 2009; Kalita et al.
2007). Due to its stability and biocompatibility, HAp NPs
are preferred to be used for implants, bone substitutes, and
oral treatment (Mostafa and Brown 2007). Unique configu-
ration and specific surface area of these NPs have created
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a new aspect for drug delivery applications in the field of
medical sciences. The synthesis or the occurrence of the
CaP family materials can be natural sources like that of HAp
from bovine bones and eggshells (carboxy—HAp), or syn-
thetic through high-temperature treatment or precipitation
(Canillas et al. 2017).

The application HAp nanoparticles or nanocomposites
are wide as discussed earlier, however, it was observed that
the stability, mechanical and physical properties of HAp-
based materials can be enhanced by slightly modifying the
synthesis methods or by combining it with other composite
materials, this was well studied in (Nosrati et al. 2020a, b,
c). It was reported that modifying the synthesis method of
HAp NPs by switching to argon-gas-injection solvothermal
synthesis significantly increased the nanomaterial crystal
and particle size along with the better crystallinity (Nos-
rati et al. 2020a, b, c). They have also specified the impor-
tance of altering the pressure and temperature significantly
increased the parameters of the HAp nanorods thereby indi-
cating preferential growth directions. Similar study reported
in Nosrati et al. (2020a, b, ¢) showed that using hydrother-
mal autoclave with argon-15% hydrogen gas injection sys-
tems for synthesis, there was a significant improvement in
the mechanical nature like crystallinity of reduced graphene
oxide/hydroxyapatite (rGo/HA) composites. Another study
by Nosrati et al. (2020a, b, ¢) demonstrated the fabrication
of three-dimensional reduced graphene oxide/hydroxyapa-
tite (HA)/Gelatin scaffolds by synthesising the nanopowder
using a hydrothermal autoclave with hydrogen gas injec-
tion systems and the scaffold were prepared using hydrogel
3D-printing method. The modified fabrication process pro-
vided small pore size and increased dimensional accuracy
in the scaffolds (Nosrati et al. 2020a, b, ¢).

Polyethylene glycol or PEG is a hydrophilic compound
with its structure comprising of an inert polyether chemical
backbone and terminal hydroxyl groups (HO-(CH,CH,0), -
H). PEG plays a key role in the agglomeration of the nano-
particles and also effectively prevents the oxidation of the
particle surface. In addition, PEG coating is also known to
increase the circulation time and establish significant resist-
ance to the plasma proteins (Photos et al. 2003). Owing to its
benefits, application of PEG has been widely implemented
across several industrial productions such as cosmetics, food
additives, plasticisers, protein adsorption, cell adhesion, and
drug delivery systems to name a few.

Conjugation of nanomaterials with PEG also known as
pegylation and has several advantages. (Hu et al. 2018; Sie-
pmann et al. 1999; Kim et al. 2005; Laskar et al. 2016; Nie-
dermayer et al. 2015; Zeng et al. 2017). Studies have shown
that PEG-based polymer micelles showed cytotoxic effects
(Eckman et al. 2012), but zinc oxide functionalised PEG
had shown decreased cytotoxicity in cancer cells. In addi-
tion, PEG can chelate Ca>" of HAp NPs (Li et al. 1996) and
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its unique physiochemical properties have been utilised for
applications like drug delivery (Huang et al. 2010). Nano-
composites using HAp NPs are embedded in the polymer
matrix (Pramanik et al. 2006) of PEG, polyvinyl alcohol,
polystyrene polymers to overcome the mechanical problems
associated with bio ceramics for tissue engineering applica-
tions. PEG/HAp nanocomposite has been synthesised under
a controlled environment for comparing their synergistic
effects and to assess their biological potential to be used as
smart materials for biomedical applications (Dhanalakshmi,
2012). Conjugating gold nanoparticles with PEG reduced
the activation of platelets and also reduced cytotoxicity (Nii-
dome et al. 2006). When silver nanoparticles were coated
with PEG and lipoic acid, the cytotoxicity against human
cells was reduced as compared to non-functionalised sil-
ver nanoparticles. The antibacterial and antibiofilm activity
was improved (Milla and Cattel 2012; Niska et al. 2016;
Ragaseema et al. 2012). Manna et al. showed that PEG
functionalised with HAp NPs showed great biocompatibil-
ity with human fibroblasts cells. Structural, electrical, and
in vitro kinetic studies were performed to study the effects
of HAp/PEG composite for drug delivery application. It was
observed that the drug release of aceclofenac drug was more
when coated with HAp/PEG composite rather than HAp NPs
alone (Manna et al. 2016). In addition, the nanocompos-
ite was found to be extremely biocompatible with human
dermis fibroblasts cells (Pramanik et al. 2015). PEG-coated
HAp NPs loaded with silver nanoparticles had a synergistic
antibacterial effect against E. coli. In the study by Bhow-
mick et al. showed that nanocomposites of chitosan, PEG
and Hap-zinc oxide showed improved antibacterial activity
and were found to be biodegradable. Moreover, the synthe-
sised nanocomposite helped in the growth and proliferation
of osteoblast like cells and had shown good cytocompatibil-
ity. Therefore, the synthesised nanocomposites have great
potential for bone tissue engineering applications (Bhow-
mick et al. 2015).

Rose Bengal (RB) is a photosensitiser which has the
ability to generate singlet oxygen. It is comprised of a
xanthene ring. The C9 position of it is substituted by tet-
rachloro benzoic acid. It has been mainly used in eye drops
for the identification of damaged conjunctival and corneal
cells in the eyes. The pharmacokinetic properties of RB
were studied in rats, rabbits, guinea pigs, and dogs. The
study reported that RB had a half-life of 30 min in rats and
rabbits, 46 min in dogs when administered with a dose
of 0.01-10 mg/kg (Klaassen 1976). In another study, RB
was found to be toxic at a concentration of 100 pM in
breast cancer and melanoma cell lines. In case of breast
cancer cells, the toxicity was observed at a concentration
of 300 uM, whereas in melanoma cells, it was toxic at a
concentration of 200 uM (Mousavi et al. 2006; Mousavi
and Hersey 2007). Koevary studied the toxicity of RB on



Applied Nanoscience (2022) 12:225-236

227

ovarian carcinoma cells. When cells were cultured with
RB for 4 days, at 50 uM concentration, the growth of the
cells was supressed and maximum suppression occurred at
400 pM and 800 uM concentrations. Cell damage occurred
due to RB-induced apoptosis and accumulation of ROS in
the ovarian cancer cells (Koevary 2012). In the study by
Mohideen et al (2015), the accumulation of tau was found
to be reduced in human tau expressing flies, and improve-
ment in the climbing activities of fly was observed when
treated with RB. RB has been used for anti-cancer therapy,
which can produce cytotoxic singlet oxygen when irradi-
ated by light to kill the tumour cells. However, RB has a
very faster rate of elimination and lower rate of tumour
formation due to this, the in vivo applications of RB are
limited (Oliveira et al. 2006) (Hiraoka et al. 2006). The
study by Shrestha et al. (2012) showed that RB conjugated
chitosan had lower cytotoxicity and also, the ability to
cross-link and reinforce dentin collagen matrix to enhance
resistance to degradation and improve its mechanical prop-
erties (Shrestha et al. 2012).

Drosophila melanogaster is a robust model organism
used in research lab. Moreover, homologous genes and
organs in both humans and flies make it easier for studying
numerous diseases and their dynamic genetic, cellular, and
physiological mechanisms (Pandey and Nichols, 2011).
Flies have been used for studying the toxicity of various
nanoparticles, their biocompatibility, and their mode of
action (Ahamed et al. 2010; Alaraby et al. 2016; Jovanovi¢
et al. 2016; Pappus et al. 2017; Posgai et al. 2009). Only a
few studies are available wherein flies have been used as a
model for in vivo screening of carrier molecules and drug
release studies (Ferguson et al. 2018; Su 2019).

In the present study, PEG/HAp nanocomposites were
synthesised and the effects of this composite on the larva
and adult flies have been studied. Locomotory assays such
as crawling assay in larva and negative geotaxis assay in
adult flies have been performed. Biochemical assays such
as SOD activity, GSH, and DPPH activity were also per-
formed. In addition, Rose Bengal (RB) has been used as
a drug for studying the drug loading and release patterns.

Materials and methods

Agar—agar type I, sodium phosphate monobasic, and
sodium phosphate dibasic were procured from HiMedia,
Mumbai. D-glucose, potassium chloride, yeast extract
powder, tetra sodium pyrophosphate decahydrate, NADH,
phenazolium methosulfate (PMS), and sodium sulphate
were purchased from SRL Chemicals, Mumbai. PEG 6000
and Rose Bengal disodium salt were procured from SRL
Mumbai. All the reagents used were of analytical grade.

Synthesis of PEG-HAp nanocomposite

HAp NPs were mixed with 1% PEG 6000 solution
and stirred overnight. The solution was centrifuged at
18,000 rpm, 10 min, 4 °C. The pellet was rinsed with Milli
Q water and dried at room temperature (Venkatasubbu et al.
2013).

Characterisation studies

TEM study: The morphology of the synthesised HAp/PEG
nanocomposite was observed through a JEOL JEM-2100
transmission electron microscope (TEM). The sample
was placed on a copper grid at room temperature without
staining.

SEM analysis: The morphological features of the synthe-
sised HAp/PEG nanocomposite were studied using Ther-
moscientific Apreo S scanning electron microscope (SEM).
The sample was placed on an aluminium foil and then loaded
onto carbon-coated grid at room temperature.

FTIR study: To analyse the possible chemical interactions
between HAp and PEG, FTIR spectroscopy measurements
were obtained with a Shimadzu taken in IRTracer-100-Shi-
madzu spectrometer operated in the transmission mode in
the range from 4000 to 400 cm™!. The powdered sample
was mixed with KBr powder and pressed into discs for the
measurements.

XRD study: XRD patterns HAp/PEG nanocomposite
were obtained with a in a Bruker US D8 Advance. The XRD
patterns were collected at room temperature in the 20, scan-
ning range from — 10° to — 80°.

Dynamic light scattering (DLS) and Zeta Potential: The
size distribution and charge of the HAp/PEG nanocomposite
was analysed using Dynamic Light Scattering Spectrometer-
Particle Size analyser and Zeta Potential, Horiba-SZ-100-Z,
Japan. The concentration of the samples used for analysis
was 0.01 wt % in deionised water. 0.01 M sodium chlo-
ride solution was used to analyse the zeta potential of the
samples.

Drosophila husbandry

Oregon K, wild-type flies were used in the present study.
Flies were grown in standard cornmeal agar at 25+ 1 C,
60% relative humidity, and 12 h light and dark cycle.

Experimental setup

The experimental setup had the following doses: control,
10 pg/ml, 100 pg/ml, and 1000 pg/ml, respectively. In
each vial, 15 adult male and female flies were added. After
48 h, the parents were discarded. The larvae were used for
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crawling assay and biochemical assays. The new born adult
flies were exposed to the treatment food for 15 days.

Crawling assay

To study the locomotory behaviour of the larva, the proto-
col of Sundararajan et al. was followed (Sundararajan et al.
2019). Briefly, third instar larvae were collected and rinsed
with water, to remove any food traces. The larvae were made
to crawl on a smooth agar surface. A graph sheet was placed
beneath the plate. A 1-min video was recorded and the dis-
tance covered by the larva was calculated (n=9).

Negative geotaxis assay

A previously optimised protocol was followed to study
the climbing ability of the flies (Sundararajan et al. 2019).
Twenty-five adult male flies were added to the respective
treatment vials and control vials and maintained for 15 days.
After the treatment period was over, the flies were trans-
ferred to an empty vial having 3 cm mark on it. The vials
were tapped for few seconds so as all the flies remained at
the bottom. A video was recorded for 1 min and the number
of flies above the 3 cm mark was counted.

Survival assay

The survival assay was executed according to the protocol by
Mohideen et al. (2015). 100 adult male flies were transferred
to the respective treatment and control vials. The vials were
monitored every day to count the no of dead flies. Those flies
which escaped or stuck to the food were excluded. Once all
the flies were dead, a survival curve was plotted. Log-rank
Mantel-Cox test was performed using Graph pad prism 6
software, to analyse the statistical difference between the
treatment and control groups.

Superoxide dismutase activity

SOD activity in larva and flies was determined according to
the protocol of Ahmed et al. (2010). 20 third instar larva/
male flies were homogenised in 0.5 ml of 0.1 M phosphate
buffer (pH 7.4) and centrifuged at 6000 rpm, 10 min at 4
°C. To initiate the reaction, 0.2 ml of 780 uM NADH was
added to the mixture comprising of 1 ml of 0.052 M sodium
pyrophosphate buffer (pH 8), 0.1 ml of 186 uM phenazine
methosulphate, 0.3 ml of nitroblue tetrazolium, 0.2 ml
supernatant and 0.2 ml of Milli Q water. The reaction was
stopped after 1 min by adding 1 ml of glacial acetic acid.
The OD was measured at 560 nm. One unit of enzyme activ-
ity is defined as the enzyme activity required to inhibit 50%
of chromogen production at room temperature.
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DPPH activity

The protocol of Bag and Mishra was followed with few
modifications. In 0.1 mM of sodium phosphate buffer, 25
larvae/ flies were homogenised followed by centrifugation at
10,000 rpm, 10 min 4 °C. 2.5, 5, 10, and 20 pl of the sample
were taken. To this, 125 pl of DPPH and 50 pl of absolute
methanol were added and incubated for 30 min. OD was
measured at 517 nm (Bag and Mishra 2020).

GSH activity

GSH activity was performed according to the protocol of
Ellman 1959 (Ellman 1959). Briefly, 0.1 ml of the homoge-
nate and 0.9 ml of 5% TCA were centrifuged at 2300g for
15 min at 4 °C. Then, 0.5 ml of supernatant was added to
1.5 ml of 0.1% DTBN and the OD was read at 412 nm. The
amount of GSH was expressed in nmol/mg of protein.

In vitro drug loading studies and release studies
of Rose Bengal

Drug loading

Rose Bengal (RB) was loaded onto HAp/CS nanocomposite
according to the protocol by Venkatasubbu et al. (2011).
100 mg of PEG/HAp nanocomposite was added to the Rose
Bengal solution and stirred for 20 min. The suspension was
centrifuged at 5000 rpm for 10 min. The absorbance of the
supernatant was measured at 550 nm. The amount of drug
loaded is determined by the difference in the concentration
of RB before and after adsorption. The drug loading percent-
age was calculated using the following formula:

[(X — Y)/X x 100],

where X and Y are the initial and final concentrations of RB
solution.

Drug release profile

The drug release profile of RB loaded onto HAp/PEG nano-
composite was studied. 100 mg of drug-loaded nanocom-
posite was added to phosphate buffer saline (PBS, pH 7.4).
At different time intervals, 2 ml of sample was withdrawn
and replaced with 2 ml of PBS. The OD was measured at
550 nm.
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Statistical analysis

The values are expressed as mean + SEM. GraphPad Prism
6.0 software was used to check the statistical significance
between control and treated groups, respectively.

Results
Characterisation of PEG/HAp nanocomposite

The size and charge of the nanocomposite were analysed
using DLS and Zeta potential. The size of the nanocom-
posite was found to be 5162.9 nm and the zeta potential
was — 25 mV, respectively. The morphological features of
the synthesised nanocomposite were studied using SEM
and TEM analysis. The SEM image of the nanocompos-
ite is shown in Fig. 1a. The nanocomposite was found to
be aggregated thus showing that the polymer is embedded
over the matrix of the HAp NPs. TEM image of the HAp/
PEG nanocomposite is shown in Fig. 1b. The synthesised
nanocomposite was rod shaped with an average size of
50 nm. The HAp NPs are embedded in the matrix of the
polymer. The FTIR spectrum of HAp/PEG nanocomposite
is shown in Fig. 2. The absorption peak at 1110 cm™! cor-
responds to C—O—C stretching and vibration of the repeated
—OCH,CH,- units of the PEG backbone. In PEG/HAp
nanocomposite, this peak is shifted to 1105 cm™', wherein
a hydrogen bond is formed between PEG and HAp NPs.
In the area with 3335 cm™!, the OH stretching vibration is
observed in PEG and it is shifted to 3428 cm™! in PEG/HAp
nanocomposite, thus exhibiting a hydrogen bond. The pres-
ence of distinctive absorption peaks of PEG such as C—-O-C
antisymmetric stretching, 1342 cm_l) and —CH at, 955 cm’!
peaks in the FTIR spectrum of PEG and PEG/HAp nano-
composite suggested that PEG was grafted to the HAp Nps
(Venkatasubbu et al. 2013). The crystalline phase structures
of HAp and HAp/PEG nanocomposite were analysed using
XRD. The XRD patterns of HAp and HAp/PEG are shown
in Fig. 3a and b. The peaks observed at 20 =26.4°, 32.1°,
40.6°, and 43.7° are attributed to (211), (112), (013), and
(113) crystalline planes of HAp NPs with d spacing 5.27 A,
(JCPDS card no 98-006-8674). The diffraction of the peaks
can be observed in the HAp/PEG nanocomposite. The inten-
sity of (112) plane is decreased in the HAp/PEG nanocom-
posite. This shows that PEG is coated over the HAp NPs.

Crawling assay

The larval crawling activity is shown in Fig. 4. Crawling
activity is performed to check if any degeneration occurs
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Fig.1 a SEM image of PEG/HAp nanocomposite. b TEM image of
PEG/HAp nanocomposite

in their locomotory activity due to the toxic nature of nan-
oparticles. The average distance crawled by the larvae in
control was 26.5 mm and 43.1 mm in 10 pg/ml, 30.18 in
100 pg/ml, and 48.14 mm in 1000 pg/ml, respectively. A
significant increase in crawling activity was observed in
10 pg/ml and 1000 pg/ml with respect to control.
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Fig.4 Crawling activity of larvae treated with PEG/HAp nanocom-
posite. Values are represented as mean+SEM

@) = HAp NP
El = ‘
I ™
= ’ * 100-
:
& H o
= I i_:'i 80

i8]

F—

_

o

|
gl e
¥y W‘*mwwmwm

-t
o
=
g
£
A
=) 60'
>
s
=
T T T T T T T T T T T 8 L
20 30 40 50 60 70 80 E
20 (degrees) s 204
X
. 0
(b) F HAp/PEG
&
<
00

Fig.5 Negative geotaxis assay of adult flies treated with PEG/HAp
l nanocomposite. Values are represented as mean+SEM

\‘ }1 \N

Intensity (a.u.)

o Negative geotaxis assay

ol

I~
| _ f. =

MMHJ w\ﬂ M wrmdlw i ﬁ#" w M}\' " 'ﬁh"h*«' iy Negative geotaxis assay is used for assessing neurodegen-

' o }"MWM ty eration and also to evaluate the effect of nanoparticles on

the climbing activity of the flies. In the present study, a

20 30 40 50 8 70 80 significant increase in the climbing activity of the flies in

20 (degrees) the treatment groups with respect to control, respectively,

is shown in Fig. 5.

Fig.3 XRD patterns of a HAp NPs and b HAp/PEG nanocomposite

jllate ¢llodl ay .
des Shevis @) Springer



Applied Nanoscience (2022) 12:225-236

231

— CONTROL
— 10 pg/ml
— 100 pg/ml
— 1000 pg/ml

100+

Percent survival

0 20 40 60 80
Time (days)

Fig.6 Survival assay of adult male flies

Survival assay

The survivability curve is shown in Fig. 6. The survival
assay was performed to evaluate if there was any kind of
toxicity induced by the PEG-HAp nanocomposite. The flies
survived for 70 days in both the treatment and control vials.
No statistical significance was observed amongst the curves
of the log-rank Mantel-Cox test.

Superoxide dismutase activity

Figure 7 shows the SOD activity of the larvae and adult
flies treated with the nanocomposite. To evaluate the toxic-
ity of nanoparticles, SOD activity is measured. Significant
increase in the levels of SOD activity leads to toxicity of
nanoparticles. In the present study, there was a significant
decrease in the activity in 10 pg/ml and 100 pg/ml with
respect to control was observed in larvae. No significant
changes were observed in the activity of adult male flies.

DPPH activity

The DPPH activity is performed to study the level of antioxi-
dants. In the present study, the DPPH activity significantly
increased in the larva and adult flies when compared with
the control (Fig. 8).

GSH activity

GSH is a predominant antioxidant found in the brain. Its
function is to react with ROS and other nucleophilic com-
pounds to combat oxidative stress under normal conditions.
A significant decrease in the GSH activity was observed in
larvae and adult flies, when exposed to PEG, coated HAp
nanocomposite (Fig. 9).
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Fig.7 a SOD activity of larvae treated with PEG/HAp nanocompos-
ite. b SOD activity of adult male flies treated with PEG/HAp nano-
composite. Values are represented as mean + SEM

In vitro drug loading and release studies of Rose
Bengal

RB was loaded onto HAp NPs before coating with PEG to
decrease the initial burst thereby slowing down the drug
release. The percentage of RB-loaded HAp NPs was found
to be 17.3% whereas the drug loading percentage of RB
loaded on PEG/HAp nanocomposite was 83.1%.

To check if PEG-coated HAp NPs prolonged the release
of RB, RB-loaded PEG/HAp nanocomposite was dispersed
in PBS solution. The drug release for RB without PEG coat-
ing was found to be 32.5% after 29 h, whereas the drug
release with the PEG coating was found to be 95.16% after
33 h, respectively. As a result, a faster release of RB occurs
from the HAp/PEG nanocomposite when compared to the
HAp NPs (Fig. 10).
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Fig.8 a DPPH activity of larva treated with PEG/HAp nanocompos-
ite. b DPPH activity of adult male flies treated with HAp/PEG nano-
composite. Values are represented as mean + SEM

Discussion

HAp NPs based bio-analogue composites have been
designed using different polymer matrices such as poly-
methyl methacrylate, high-density polyethylene, and poly
L-lactide for bone tissue engineering applications. The pro-
portion of surface area to volume is higher in HAp NPs;
a small amount of the material is adequate to increase its
bioactivity. The interfacial bond between the matrix helps
in e improving the mechanical strength of the HAp NPs/
polymer composites (Pramanik et al. 2006). PEG has vari-
ous beneficial properties such as a varied range of molecu-
lar weights, highly water-soluble, lower toxicity, and flex-
ible chains. It can also be extracted from different forms of
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Fig.9 a GSH activity of larva. b GSH activity of adult male flies
treated with PEG/HAp nanocomposite. Values are represented as
mean + SEM

non-toxic metabolites. Polymeric materials are often being
used for stabilising metal colloids, thereby the agglomera-
tion and precipitation of the materials are prevented (Chen
and Huang 2002). PEG can form complexes with metal cati-
ons due to the presence of ether oxygen groups in its chain.
The physical properties of the metals such as thermal sta-
bility and aggregation change when an interaction between
PEG and metal cations occurs (Okada 1993). It has also
been used to improve the efficacy of drug delivery to the
targeted cells. In addition, the coating of PEG on the surface
of the nanoparticle prevents the aggregation of the surface
and the time of systemic circulation is prolonged. Attach-
ment of PEG with the nanoparticles can be either covalent or
noncovalent. A matrix is created by this attachment around
the nanoparticles, which acts as a drug carrier (Ledn et al.
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Fig. 10 Drug release study of RB loaded onto PEG/HAp nanocom-
posite

2017.). The study by Sapre et al. (2020) demonstrated the
rhodamine release from mesoporous silica nanoparticles
coated with PEG and PDA polymers in the gut of D. mela-
nogaster. It was observed that PEG-coated particles showed
better release of the drug when compared with PDA-coated
particles (Sapre et al. 2020). In the study by Sundararajan
et al. (2019), the potential of cerium oxide nanoparticles has
been explored in both wild type and transgenic AD model
flies. It was observed that both larvae and wild-type flies
when exposed to 0.1 mM and 1 mM concentrations did not
show any toxic effects as evident from the behavioural and
biochemical assays (Sundararajan et al. 2019). In GMR h tau
flies, the autophagy pathway was activated and the level of
htau was also reduced. Whereas in elav; htau AD model, the
levels of SOD enzymes were restored (Sundararajan et al.
2019, 2021). Furthermore, in another study by Sarkar et al.
(2021), the therapeutic potential of cerium oxide nanopar-
ticles against BPA toxicity in flies was tested. It was found
that cerium oxide nanoparticles were able to lower the oxi-
dative stress, genotoxicity and improved behavioural activity
(Sarkar et al. 2021). In a previous study conducted by Dan
et al. (2019), HAp NPs were found to be non-toxic at both
lower concentration 10 pg/ml as well at 1000 pg/ml in both
larvae and adult flies (Dan et al. 2019).

The movement in Drosophila larva occurs mainly due to
the shrinkage of the body wall muscles and these muscles
are regulated by the motor neurons in the ventral ganglion’s
dorsal region (Glanzman 2010). The crawling ability of the
larvae is affected when exposed to any toxic compound or
drug. In the present study, PEG/HAp nanocomposite sig-
nificantly improved the crawling activity of the larvae. The
negative geotaxis assay helps to evaluate the neurodegenera-
tion and climbing defects in flies (Feany and Bender 2000;

Linderman et al. 2012). Dietary exposure of PEG-HAp
nanocomposite for 15 days showed a significant improve-
ment in the climbing activity of the flies. Increased produc-
tion of ROS leads to oxidative stress and toxicity in nanopar-
ticles (Pappus et al. 2017). This in turn is reversed with the
help of antioxidant enzymes (Nel et al. 2006) such as SOD,
GSH, and DPPH. SOD is a free radical scavenging enzyme.
There are three types of SOD present in the mammalian
system. It converts the superoxide which is produced due
to xenobiotics into oxygen and water. GSH is a tripeptide,
acts as a scavenger in the reduced form of the free radicals
produced due to lipid peroxidation. In the present study, the
levels of SOD were not affected significantly in both larvae
and adult flies. Although DPPH activity was found to sig-
nificantly increase in the flies and larvae, a reduction in the
levels of the GSH enzyme was observed.

Various factors such as properties of drug and polymer,
ratio and drug—polymer interaction, method of particle
preparation, and incorporating the drug influence the incor-
poration of the drug into the nanoparticles. Studies have
shown that drugs can be either incorporated during the par-
ticle preparation or absorbed or adsorbed onto the surface
of preformed particles. In the present study, Rose Bengal
(RB) was loaded onto PEG/HAp nanocomposite. The drug
loading and release profile for RB was studied. RB is a
hydrophilic drug, having high protein binding. Due to its
high extinction coefficient at 549 nm, it has been majorly
used as a diagnostic agent. In the present study, RB was
loaded onto PEG-HAp nanocomposite. It was observed that
the loading efficiency of RB increased from 17.3 to 83.1%.
Coating with PEG reduces the opsonisation of the protein.
In addition, it helps the nanoparticles in escaping the reticu-
loendothelial system and thereby reducing the clearance rate.
The drug release profile showed 95.16% release in 20 h. A
gradual release of the drug occurs. Initially, a rapid outburst
of the drug occurs. It is due to the molecules present closer
to the surface. After this, a steady release of the drug occurs
wherein the molecules bound to the surface of the polymer
are released. After this, the drug diffuses through the pores
that are present in the matrix of the polymer. Erosion of the
polymer, hydrodynamic interaction, and columbic interac-
tion, drug solubility, and interaction between the drug and
polymer are important factors to be considered when the
drug is released through the biodegradable polymer surface
(Tzafriri 2000; Siepmann et al. 1999, 2006).

Conclusion

In the present study, PEG/HAp nanocomposite has been
studied for the first time in the D. melanogaster model.
The synthesised nanocomposite showed improved crawling
activity in the larvae and climbing activity of the flies. An
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enhancement in the levels of the biochemical enzymes in
both larvae and flies can be observed. In addition, in in vitro
drug release studies of RB, PEG-coated HAp NPs had a
faster release of RB when compared to HAp NPs.
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