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Introduction

Metal and metal oxide nanoparticles have been 
explored for their various biomedical applications [1-4], 
and among them, zinc oxide is studied the most [5]. Zinc 
oxide is a semiconducting inorganic material with three 
different crystal structures: wurtzite, zinc blende, and 
rock salt. At ambient conditions, the structure of wurtzite 
is thermodynamically stable, with every zinc atom being 
tetrahedrally coordinated with four oxygen atoms [6]. 
With a wide band gap of 3.1–3.3 eV [7, 8], zinc oxide 
has great potential for application in many fields, such 
as biosensors, cosmetics, drug carriers, photocatalysts, 
anti-amyloid agents, and antibacterial agents [9-13]. 
ZnO can be synthesized by many different methods, 
such as sol–gel processing, homogeneous precipitation, 
mechanical milling, organometallic synthesis, the 
microwave method, spray pyrolysis, thermal evaporation, 
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and mechanochemical synthesis [14]. However, these 
kinds of methods usually use organic solvents and toxic 
reducing agents, the majority of which are highly reactive 
and harmful to the environment [15, 16]. Therefore, in 
order to minimize the impact on the environment, green 
synthesis processes have been used to synthesize ZnO 
nanoparticles (ZnO NPs). Green synthesis is a method 
to produce nanoparticles using microorganisms and 
plants with biomedical applications. This method has 
many advantages, such as environmental friendliness, 
cost-effectiveness, biocompatibility, and safety [17, 
18]. Additionally, many studies have proved that ZnO 
NPs made using green synthesis processes have strong 
antibacterial and anticancer properties [19]. 

The orange fruit is one of the most productive fruits 
in the world. Orange fruit peel, as the main by-product 
of citrus, is rich in a variety of natural antioxidants and 
is a known agro-waste. Therefore, the extract of orange 
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peel is considered to be used as a stabilizer to prepare 
ZnO NPs [20]. However, ZnO NPs green synthesis based 
on extracts of orange fruit peel has not studied fully. 
Particularly, the influence of pH value and annealing 
temperature on the morphology and properties of ZnO NPs 
by green synthesis till lacks of understanding. Moreover, 
to obtain a sustained release of these nanoparticles over 
a duration of time, we need to encapsulate them in a 
benign biopolymer [21, 22]. Polyethylene glycol (PEG) 
is extensively utilized as a covalent modulator of particles 
and biological macromolecules and as a carrier for low 
molecular weight medications [23]. PEG exhibits minimal 
antigenicity and immunogenicity, exceptional solubility in 
water-based solutions, and minimal toxicity [24-26]. This 
polymer is recognized as non-biodegradable; however, 
it can be rapidly excreted following administration to 
living organisms. The presence of PEG in water-based 
solutions is not associated with any harmful impact on 
the structure or functioning of enzymes or proteins. 
PEG also demonstrates exceptional biodistribution and 
pharmacokinetic characteristics [27]. Following infusion 
into animals, the substance exhibits prolonged existence 
in the bloodstream and minimal aggregation in the spleen, 
liver, and other reticuloendothelial system organs [28, 23]. 
The antibacterial, anticancer, and UV-blocking qualities of 
zinc oxide (ZnO) nanoparticles make them one of the most 
promising nanomaterials [5, 29]. However, depending 
on stabilizers, surface modifications, and synthesis 
techniques, their interactions with biological systems 
can differ. It is common practice to modify their surfaces 
with biocompatible substances like PEG to increase their 
compatibility with living cells and tissues. PEG-entrapped 
ZnO nanoparticles are therefore being explored more 
and more for biomedical uses; nonetheless, a thorough 
assessment of their biosafety is necessary [30].

There are many types of conventional cancer therapies, 
like surgery, chemotherapy, and radiotherapy, that remain 
foundational in oncology but possess notable drawbacks. 
Surgery is effective for localized tumors but often 
fails against metastasis and can lead to complications 
and incomplete clearance of the tumour, leading to 
recurrence. The other aspects of conventional therapy 
are chemotherapy and radiotherapy, which target rapidly 
dividing cells. However, these therapeutic modalities 
lack specificity, and damage the healthy tissues also. 
Post intervention, they cause systemic toxicities such 
as hematologic, gastrointestinal,  and organ damage. 
In another aspect, drug resistance and heterogeneous 
composition of the tumors frequently reduce the long-
term effectiveness of these treatments. Radiation precision 
improvements still struggle with resistant tumor regions 
and normal tissue injury. These limitations underscore the 
need for more targeted and personalized therapies, and 
also the incorporation of supportive cell-killing strategies 
involving nanoparticles [31]. Cancer nano vaccines have 
also shown their effectiveness in controlling the cancerous 
cell division [32]. Green nanotechnology uniquely 
contributes to cancer therapy by enabling eco-friendly 
synthesis of biocompatible nanoparticles, reducing 
toxicity, improving targeted drug delivery, enhancing 
therapeutic efficacy, and promoting sustainable, inert 

anticancer strategies [33].
The aim of the present study is to prepare the orange 

peel aqueous extract, filter, and characterize for its 
constituents using phytochemical analysis and GC-MS 
analysis. Further, using this extract, ZnO NPs were 
synthesized using the precipitation method and entrapped 
in PEG, followed by characterization using various 
photophysical tools (PEG-ZnO-OP). The hydrodynamic 
diameter and stability are estimated by dynamic light 
scattering (DLS) and zeta potential analysis, respectively. 
The absorption peak and characteristic bond formations 
were analyzed using UV-visible absorption spectroscopy 
and FTIR analysis, respectively. The crystalline structure 
was confirmed by XRD analysis. The surface morphology 
and structure of the as-synthesized ZnO NPs were 
characterized using scanning electron microscopy (SEM), 
and EDX was used to identify the composition of the 
green-synthesized ZnO NPs. A step forward, the in vitro 
biocompatibility of the synthesized nanoparticles was 
assessed using normal fibroblast cell lines, 3T3L1, and a 
haemolysis assay. In vivo biocompatibility was assessed 
using zebrafish embryos, and further, the anticancer 
activity was monitored using the lung cancer cell line, 
A549.

Materials and Methods

Materials
Zinc nitrate hexahydrate, sodium hydroxide, potassium 

bromide, DMEM, antibiotics-antimycotic solution, 
trypsin, PBS tablets (pH= 7.4), and other reagents were 
purchased from HiMedia Pvt. Ltd, India. Foetal bovine 
serum (FBS) was procured from Gibco, USA, and the cells 
(3T3-L1 and A549) were ordered from NCCS, Pune, India.  

Extraction of orange peel
Orange peel extract was used as a stabilizing and 

reducing agent in the green synthesis of PEG-entrapped 
ZnO nanoparticles. Freshly peeled orange peels were 
shade dried for 10-12 days until all the moisture was 
removed (appeared crispy), followed by powder making 
using a grinder. To make the extract, orange peel powder 
was measured to a concentration of 0.25% in distilled 
water. The mixture was ultrasonicated four times at 50 
Hz for 15 minutes. After that, it was agitated for an hour 
at 70–75°C at 500 rpm using a magnetic stirrer. To get 
a homogenous solution without any big granules, the 
extract was then filtered through Whatman filter paper. 
The solution was pale yellow in colour, and the extract 
yield ranged from 30-35%. The filtered extract was sealed 
in a 50 ml tube, sealed with parafilm, and stored at 4 ᵒC 
until further use. 

Phytochemical analysis and GC-MS Analysis of the 
orange peel extract

To determine the presence of bioactive chemicals, a 
phytochemical analysis of the orange peel extract was 
carried out using the methodology outlined by Garg and 
Garg (2018) [34]. A number of qualitative tests were 
performed on the freshly made extract in order to identify 
different phytochemicals. Saponins were identified using 
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to Girigoswami et al. [8]. For PEG encapsulation, 5 
grams of PEG was dissolved in 100 milliliters of distilled 
water and was stirred for 30 min at 500 rpm using a 
magnetic stirrer to make a homogenous PEG solution. Ten 
milligrams of  ZnO nanoparticle powder, which is obtained 
in the previous step, is combined with ten milliliters of 
a 5% PEG solution. In order to produce consistent PEG 
encapsulation around the ZnO nanoparticles, this mixture 
was then ultrasonically sonicated four times for 15 minutes 
each time. This step yielded our final product, which was 
PEG encapsulated ZnO nanoparticles. Until it was needed 
again, the finished PEG-entrapped ZnO nanoparticle 
product was kept at 4°C. The steps of synthesis are 
depicted in Scheme 1.

Characterization of the as-synthesized PEG encapsulated 
ZnO nanoparticles

The characterizations were done according to 
Girigoswami et al. 2024. [9]. The PEG-entrapped ZnO 
nanoparticle sample was characterized by preparing 
a diluted solution and analyzing it using Dynamic 
Light Scattering (DLS), zeta potential, and UV-visible 
absorption, using Malvern Panalytical Ltd. ZS XPLORER, 
and JASCO V-730 spectrophotometer, respectively. 
This allowed for the determination of the hydrodynamic 
diameter, surface charge stability, and absorption 
spectrum, respectively. Five milliliters of this product 
were taken, dried completely using a dry heat hot plate 
maintained at 90 ᵒC and ground using a mortar pestle to 
use for characterization in order to do scanning electron 
microscopy (SEM) and EDX, X-ray diffractometry 
(XRD), and Fourier Transform Infra-Red spectroscopy 
(FTIR) analysis. To evaluate the crystalline structure, 
X-ray diffraction (XRD) examination was performed on 
a dry powder sample of the nanoparticles using a Unique 
D8 diffractometer. To guarantee a clean surface for 
imaging in Scanning Electron Microscopy (SEM), a thin 
layer of the nanoparticle sample was applied to carbon 
tape and allowed to dry in a dust-free environment. The 
SEM analysis was done after subjecting the sample to 
a Palladium and Gold alloy coating and analysis using 
Thermo Fisher, FEI QUANTA 250 FEG. The EDX 
analysis was done to confirm the presence of the elements 
in the prepared sample. To determine the functional 
groups and interactions in the sample, FTIR analysis 
was performed utilizing potassium bromide (KBr) pellet 

the foam test, and the presence of tannins was verified 
using the ferric chloride test and Braymer’s test. Mayer’s 
test and the sulfuric acid test were used to identify 
alkaloids, while the Salkowski test was used to detect 
terpenoids. The alkaline reagent test and the sodium 
picrate test were used to confirm flavonoids. The NaOH 
and Molisch tests were used to identify carbohydrates. 
These phytochemical constituents play a vital role in the 
reduction and stabilization of nanoparticles during the 
green synthesis process.

GC-MS analysis of the aqueous orange peel extract 
was performed to identify the metabolites present in the 
sample. The analysis was conducted using an Agilent 
Technologies 7890B gas chromatograph coupled with 
a 5977B mass spectrometer according to Guttapalli et 
al. [35].  The aqueous extract was dried using a rotary 
evaporator and reconstituted in ethanol for GC-MS 
analysis. The identification of compounds was based 
on their retention times, fragmentation patterns, and 
comparison with reference spectra using the NIST-based 
automated mass spectral deconvolution and identification 
software. 

Synthesis of ZnO nanoparticles using orange peel extract
The ZnO nanoparticles were synthesized using a 

precipitation method [8]. In this process, 5 mL of 10 
millimole zinc nitrate solution was mixed with 50 mL of 
orange peel extract and stirred using a magnetic stirrer 
at 500 rpm for 30 minutes at room temperature (25 ºC). 
Subsequently, 0.5 g of NaOH was gently added to the 
mixture, and stirring was continued for 2 hours to facilitate 
the reaction. The beaker was then covered and kept 
undisturbed overnight at room temperature. The next day, 
a precipitate was observed, indicating the formation of 
ZnO nanoparticles. The precipitate was centrifuged three 
times using distilled water at 5000 rpm for 15 min each 
to remove impurities, and the pH was measured as 7.2 
when dispersed in water, ensuring the removal of excess 
alkali. The resulting residue was dried in a porcelain 
crucible at 200 °C, followed by calcination at 250°C for 
3 h. The final dried product was ground using a mortar 
and pestle to obtain a fine powder, which was the desired 
ZnO nanoparticle sample.

PEG encapsulation
PEGylation of ZnO nanoparticles was done according 

Scheme 1. The Steps of Synthesis of PEGylated ZnO Nanoparticles Using Orange Peel Aqueous Extract (PEG-ZnO-OP) 
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production using Bruker Alpha FTIR. The spectrum data 
were recorded in transmission mode.

In vitro and in vivo biocompatibility
MTT assay was performed 24 h after exposure to 

different doses of PEG-ZnO-OP using 3T3-L1 cells 
according to Guttapalli et al. [35]. Hemolysis assay was 
performed using human blood after getting approval 
from the Institutional Ethics Committee (005/07/2025/
IEC/SMCH), Saveetha Medical College and Hospitals, 
Thandalam, Chennai, India, and getting informed consent 
from a healthy male volunteer of age 21 years. The 
experiment was performed according to our previous 
work [35], and the Declaration of Helsinki was followed. 

In vivo biocompatibility was performed using 
zebrafish embryos after getting permission from the 
Institutional Animal Ethics Committee (IAEC approval 
No. SU/CLAR/RD/19/2025), Saveetha Medical College 
and Hospital, SIMATS. The protocol followed was strictly 
as done earlier [9].

Anticancer activity using A549 cells
Monitoring of the cancer cell killing capacity of 

PEG-ZnO-OP was done using the MTT assay. The lung 
cancer cell line, A549, was utilized for the study. The 
stock solution of the PEG-ZnO-OP nanoparticles was 

prepared (1 mg/mL) and filtered using a syringe filter 
inside a level II biosafety cabinet. 24 h post subculturing 
of the exponentially growing A549 cells seeded in a 96-
well plate, the cells were treated with different doses of 
these nanoparticles. Incubation was done for a further 
24 h, and the MTT assay was performed according to 
Girigoswami et al. [9]. The percentage of cell killing 
was calculated against untreated A549 cells, which were 
taken as the control.

Statistical analysis
Paired Student’s t-test was employed to calculate the 

level of significance compared to the untreated control. 
The number of replicates was three for all the analyses. 
The free version of the software Jamovi was used to 
calculate the level of significance. p < 0.05 → statistically 
significant, was taken as the threshold.

Results

Components of orange peel extract
The phytochemical analysis revealed that the aqueous 

extract of orange peel contains tannins, flavonoids, 
glycosides, alkaloids, coumarins, and proteins (Figure 1a). 

GC-MS analysis reveals the presence of five 
lead compounds (Figure 1 b), which are Silane, 

Figure 1. (a) The Phytochemical Analysis for Orange Peel Aqueous Extract. Tubes from left to right indicate tannins, 
terpenoids & steroids, saponins, flavonoids (ferric chloride test), flavonoids (alkaline test), carbohydrates, reducing 
sugar, glycosides, alkaloids, polysaccharides, coumarins, quinones, protein, respectively. (b) GC-MS spectrum of 
orange peel aqueous extract. (c)-(g) Indicates the individual GC-MS spectra for the components of orange peel extract: 
Silane, methyl-, 3,5-Dimethyl-4-allylpyrazole, Hexasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11-dodecamethyl-, 2-Propanol, 
1-[(2-hydroxyethyl)thio]-3-phenoxy-, Ethanone, 1-(2-ethyl-3,3-dipropylcyclopropyl)-, semicarbazone, respectively. 
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Figure 2. (a) The UV-visible spectrum, (b) hydrodynamic diameter, (c) XRD spectrum, (d) FTIR spectrum, (e) SEM 
image, and (f) EDX analysis of as-synthesized PEG-ZnO-OP nanoparticles. 

Peak # Compound Name Chemical Formula Molecular Weight % Abundance
1 Silane, methyl- CH6Si 46 37.34
2 3,5-Dimethyl-4-allylpyrazole C8H12N2 136 12.22
3 Hexasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11-dodecamethyl- C12H38O5Si6 430 11.32
4 2-Propanol, 1-[(2-hydroxyethyl)thio]-3-phenoxy- C11H16O3S 228 13.33
5 Ethanone, 1-(2-ethyl-3,3-dipropylcyclopropyl)-, semicarbazone C14H27N3O 253 25.79

Table 1. The Components of the Aqueous Extract of Orange Peel were Revealed by GC-MS Analysis.

methyl-, 3,5-Dimethyl-4-allylpyrazole, Hexasiloxane, 
1,1,3,3,5,5,7,7,9,9,11,11-dodecamethyl-, 2-Propanol, 
1-[(2-hydroxyethyl)thio]-3-phenoxy-, Ethanone, and 
1-(2-ethyl-3,3-dipropylcyclopropyl)-, semicarbazone 
represented in Figure 1c-g, respectively. The respective 
abundance, chemical formula, and molecular weight are 
provided in detail in Table 1. 

Characterization of the synthesized PEG-ZnO-CO 
nanoparticles

The UV-visible spectra showed multiple peaks in 
the UV region (220 nm, 240 nm, 363 nm) (Figure 2a). 

The hydrodynamic diameter was found in two regions: 
31 nm and 491 nm (Figure 2 b). However, the XRD 
analysis (Figure 2 c) showed that the crystal size was 43 
nm and the peaks present in the diffractogram matched 
with the JCPDS card number 80-0075, representing ZnO 
nanoparticles in their hexagonal phase [36]. 

The zeta potential of the nanoparticles was found to 
be -20.21 mV, indicating a good stability [37-39].  The 
FTIR peaks for PEG-ZnO-OP nanoparticles are shown in 
Figure 2d at wavenumbers 3362 cm-1, 2898 cm-1, 1641 cm-

1, 1461 cm-1,1351 cm-1,1296 cm-1, 1251 cm-1, 1088 cm-1, 
945 cm-1, 838 cm-1, 695 cm-1, and 547 cm-1. Table 2 shows 
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Figure 3. (a) The inverted microscopic images and cell viability using MTT assay for 3T3-L1 cells, 24 h after exposure 
to different doses of as-synthesized PEG-ZnO-OP nanoparticles. (b) The percentage of haemolysis caused by 2 h 
incubation with 10 μg/mL (low), 25 μg/mL (medium), and 50 μg/mL (high) doses of as-synthesized PEG-ZnO-
OP nanoparticles. (c) The bright field microscopic images (4 X) of zebrafish embryos exposed to 10 μg/mL (low), 
25 μg/mL (medium), and 50 μg/mL (high) doses of as-synthesized PEG-ZnO-OP nanoparticles, at different hours 
post fertilization (hpf). (d) The cumulative hatchability of the embryos after treatment with different doses of the 
nanoparticles. 

S. No. Peaks Bond

1 3362 cm-1, and 2898 cm-1 Stretching of the hydroxyl bond

2 1641 cm-1, 1461 cm-1 amide I–II peaks corroborating the carbonyl stretching of proteins present in orange peel. [40]

3 1296 cm-1,  and 1251 cm-1  C-OH stretching vibrations [41]

4 1088 cm-1,  1351 cm-1 C-O bending vibrations at 1351 cm-1 [42]. C-O-C peak for PEG at 1088 cm-1 [43].

5 945 cm-1 vibration of the C-N bond of the primary amine [44]

6 547 cm-1, 695 cm-1, and 838 cm-1 metal-oxygen (ZnO stretching and vibrations) [44] [41]

Table 2. The FTIR Peaks for PEG-ZnO-OP Nanoparticles and Their Corresponding Bonds

the description of bonds corresponding to these peaks.
The SEM image of the PEG-ZnO-OP nanoparticles 

(Figure 2e) showed the particle size in the range of 81-
143 nm and the elemental analysis is shown in Figure 2f. 

Biocompatibility of PEG-ZnO-OP nanoparticles
The cell viability of normal fibroblasts, 3T3-L1, as 

assessed using MTT assay is shown in Figure 3a. Figure 
3b shows the haemolysis assay results after treatment 
with PEG-ZnO-OP nanoparticles at different doses. 
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Figure 4. (a) The inverted microscopic images of A549 cells and (b) the cell proliferation inhibition as assessed 
by MTT assay for A549 cells 24 h post exposure to different doses of PEG-ZnO-CO nanoparticles. (***p<0.001, 
compared to untreated control) 

Figure 3c shows the zebrafish embryo images captured 
using light microscope after treatment with various doses 
of PEG-ZnO-OP nanoparticles. Figure 3d shows the 
cumulative hatchability of the embryos post treatment 
with PEG-ZnO-OP nanoparticles.

Anticancer activity assessment
The inverted microscopic image of the cells in 

control (untreated) and after treatment with different 
doses of PEG-ZnO-OP nanoparticles is shown in Figure 
4a. Figure 4b shows the percentage of cell inhibition  of 
A549 cells after PEG-ZnO-OP nanoparticles treatment 
at different doses.

Discussion

The phytochemical and GC-MS analysis is shown 
in details in Figure 1 (a-g). Polyphenols present in the 
extract are responsible for the reduction of zinc nitrate to 
ZnO. The biochemical reduction reaction takes place via 
intermediates known as layered basic zinc salts (LBZs), 
which only later transform to the oxide phase. Solid-phase 
transformation occurs as Zn(NO3)2·6H2O → LBZN (N: 
nitrate) → ZnO with no evidence of dissolution [45]. 
In a previous study, the polyphenols present in pepper 
extract were used to synthesize ZnO nanoparticles [46]. 
In Chinese medicines, nanoparticles are been used as a 
part of traditional medicine [47].

The GC-MS showed the chemical components 
present in the orange peel (Table 1). Abdelazem et al. in 
a previous study have shown the presence of alkaloids, 
total phenolics, total flavonoids, tannins, and saponins in 
both ethanolic and aqueous extracts of orange peel [48]. 
Similarly, in another study, the total phenolic content 
and total flavonoid content were estimated for 80 % 
ethanolic, acetone, and methanolic extracts of peels 
of different citrus fruits, including orange. The results 
revealed that maximum TPC and TF were obtained for 
the 80 % ethanolic extract compared to acetone and 
methanol [49]. Akinlabu et al. attempted to extract oil 
from the agro-waste, orange peel, and found that the 
oil was rich in alkaloids, tannin, phenol, flavonoid,  
quinones, carbohydrate, steroids, glycosides, and saponin. 
These results have shown a similar finding to our extract 
composition [50]. Oligie et al. made a methanolic extract 
of sweet orange peel, and the GC-MS analysis found major 
peaks for 17-octadecynoic  acid, 8-methyl-6-nonenoic 
acid, and pentadecanoic acid [51].

The multiple absorption peaks obtained in UV-
visible spectrum (Figure 2a) demonstrated the UV light 
scavenging property of ZnO nanoparticles due to their 
semiconducting nature. Only ZnO nanoparticles exhibit 
semiconducting nature, whereas bulk ZnO does not hold 
this property [52, 53].

The DLS size (Figure 2b) of 31 nm and 491 nm may 
be indicative of two separate estimations, the smaller 



Manasa Kodali et al

Asian Pacific Journal of Cancer Prevention, Vol 272170

one representing only ZnO nanoparticles, which were 
not trapped inside the polymer, and the size of the 
polymer-entrapped ZnO nanoparticles was 491 nm. The 
XRD data (Figure 2c) revealed the crystal size to be 43 
nm (Scherrer’s formula), and the peaks indicated ZnO 
hexagonal phase [36]. There was a presence of distinct 
diffraction peaks in the plane (1 0 0), (0 0 2), (1 0 1), (1 0 2), 
(1 1 0), (1 0 3), (2 0 0), (1 1 2) and (2 0 1), respectively, 
representing that of ZnO nanoparticles [8]. A similar peak 
for XRD was found by previous researchers [54, 55].

The zeta potential value was -20.21 mV showing 
good stability in aqueous environment. For reducing the 
toxicity of ZnO nanoparticles, PEG coating is applied, 
and the coating increases the stability of the nanoparticles, 
evidenced by an increase in their zeta potential [56]. 
Hence, PEG coating not only stabilizes the structure but 
also blocks non-specific interactions. The PEG-coated 
ZnO nanoparticles also exhibited reduced toxicity in rat 
liver BRL-3A cells, compared to only ZnO, indicating the 
controlled toxic effect due to polymer coating [56]. The 
FTIR peaks (Figure 2d)  obtained are shown in Table 2 
and the respective peaks are also explained. In a previous 
study, it was clearly reported that PEG contributes a C-O-C 
peak at 1089 cm-1, and we have also obtained a peak at 
1088 cm-1, indicating the presence of PEG. Calibration 
plots correlating the intensity of the C–O–C absorption 
band with PEG unit concentration were constructed for 
PEG samples with different molecular weights (0.4, 
5, and 20 kDa). In every case, the absorbance of the 
C–O–C band at 1089 cm⁻¹ showed a linear relationship 
with PEG concentration up to 1 M. In addition, changes 
in pH within the range of 4–10 and variations in PEG 
molecular weight had only a negligible influence on the 
slope of the calibration curves. These results confirm that 
the FTIR method, using the C–O–C band at 1089 cm⁻¹, is 
a reliable and analytically useful approach for determining 
PEG content [43]. Pure Zn-O stretching is assigned at 544 
cm-1 [57], whereas we have obtained the peak at 547 cm-1. 
The shift can be attributed to the incorporation of ZnO 
inside the PEG, which caused a shift towards a higher 
wavenumber.

The SEM images showed a proper nano-sized 
synthesis (Figure 2e) having particle size range from 
81 to 143 nm. The polymeric PEG matrix exhibits 
a distinct layered morphology, over which spherical 
ZnO nanoparticles are uniformly distributed. These 
nanoparticles are predominantly located on the surface 
of the PEG layers and display moderate aggregation, 
suggesting partial particle–particle interaction while 
remaining well stabilized within the polymer framework. 
The elemental analysis (Figure 2f) showed the presence of 
Zn and O, indicating the presence of ZnO. Moreover, the 
other elements present indicated the PEG components, and 
the presence was due to the carbon tape used for preparing 
the samples. Au and Pd indicated the conductive coating 
done during the SEM analysis. Other trace elements like 
Mg, P, Si, Sn, and Fe may be contributed from the orange 
peel extract.

Any nanostructure, if used for human or environmental 
purpose should be checked for its biocompatibility in order 
to render safety to the individuals. We have attempted to 

monitor the safe dose of the synthesized PEG-ZnO-OP 
nanoparticles, which can be used safely without harming 
the normal cells or aquatic animals. The in vitro MTT data 
using fibroblast cell lines (Figure 3 a) inferred that the cell 
viability was more than 94 % after treatment with 320 μg/
mL of the nanoparticles, revealing their benign nature up to 
that dose. On the other hand, the hemolysis assay (Figure 
3 b) showed that there was less than 2 % haemolysis after 
exposure to 50 μg/mL of the nanoparticles, indicating that 
the hemolysis percentage was within the safety limits up 
to this dose. It is documented that up to 5 % haemolysis 
is allowed for any lead molecule or drug to be applied 
safely for humans [58, 59]. Thus, our product was safe to 
be used up to a dose of 50 μg/mL. In vivo toxicity assay 
evaluated using zebrafish embryos (Figure 3 c) suggested 
that up to a dose of 50 μg/mL of the nanoparticles, there 
was no visible developmental toxicity observed. There 
was no delay in hatching or development of pericardial 
edema, tail bent, or any other abnormality. The cumulative 
hatchability (Figure 3 d) also suggested that up to 95 
% of the embryos were alive and hatched at the proper 
time, similar to the untreated control after treatment with 
50 μg/mL of PEG-ZnO-OP nanoparticles. These results 
altogether suggested that the dose 50 μg/mL was safe to 
be used for both in vitro as well as in vivo. In a previous 
study, it was found that the ZnO nanoparticles did not 
alter the survival of the zebrafish embryos up to a dose 
of 100 μg/mL, and the hatching was 100 % up to 50 μg/
mL of ZnO NP exposure, whereas the delayed hatching 
was observed at 100 μg/mL [60]. This indicated that our 
results corroborated with a previously published study. 
The haemolysis assay is superior compared to the MTT 
assay because in the MTT assay, the toxicity is assessed 
using cell lines, which are cultured outside the body. They 
grow in a controlled environment, and do not get the exact 
physiological cues like the human body. On the other hand, 
the haemolysis assay involves blood taken from the human 
body, which contains all the components present in the 
human body and is much more physiologically relevant 
[59]. Hence, we performed both assays to ensure the bio-
inertness of our product.

Lung cancer is a leading cause of cancer, with its 
treatment strategy yet to be established. The treatment 
varies from case to case, and several treatment strategies 
have been proposed [61]. In this study, the lung cancer cell 
line, A549, was used to study the cancer cell-killing effect 
of the as-synthesized PEG-ZnO-CO nanoparticles. Figure 
4 shows that the cell killing was achieved for A549 cells 
24h after exposure to different doses of our nanoparticles. 
The inverted microscopic images (Figure 4a) depicted that 
the cell density is reduced after exposure to 33 μg/mL 
and 66 μg/mL, compared to the untreated control. Figure 
4 b showed that the percentage of cell growth inhibition 
increased with an increase in the dose of exposure to PEG-
ZnO-OP nanoparticles. The IC50 was found to be 43.88 μg/
mL. This dose is safe for administration as evidenced by 
the in vitro and in vivo biocompatibility assays. Previous 
reports exist showing rod-shaped chemically synthesized 
ZnO nano rods could induce killing of A549 cells with 
an IC 50 value of  130.95 μg/mL [62]. On the other hand, 
Rani et al. reported that green-synthesized ZnO NPs using 
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neem tree leaves elicited A549 cell killing with an IC 50 
value of 138.5 μg/mL [63]. These two studies showed a 
much higher IC50 value compared to our results. This can 
be attributed to the PEG coating of our green synthesized 
ZnO nanoparticles, where the polymer entrapment could 
release the zinc ions slowly and in a sustained manner, so 
that the cell killing effect can contribute for a longer period 
of time without any aggregation of the nanoparticles. The 
lower IC50 might also be due to better cellular uptake of 
the PEGylated particles compared to bare ZnO. Thus, with 
a much smaller dose, we could achieve 50 % cell killing, 
which is beneficial for human use.

Nanostructures have been explored for their drug 
delivery applications using different carriers like 
liposomes [64, 65], micelles [66] and polymers [67]. Green 
synthesis has reduced the toxic effect of nanoparticles, as 
reported by many studies [68]. Polymer entrapment has 
also shown that natural polymers are more biocompatible 
than the synthetic ones [8]. Recently, ZnO NPs have been 
successfully synthesized using extracts from plants. Gao 
et al. [69]synthesized ZnO NPs using Citrus sinensis peel 
extract and compared them with commercial ZnONPs, and 
then applied them as nanocoatings on fresh strawberries 
to evaluate the preservation effect. The high antibacterial 
and antifungal activities of ZnO NPs improve their 
potential in food packaging applications. Luque et al. 
[70] have also synthesized ZnO NPs successfully using 
citrus sinensis extract. Zinc oxide nanoparticles (ZnO 
NPs) have emerged as prominent and versatile materials 
within the domain of metal oxides, garnering considerable 
attention across an array of scientific and industrial 
disciplines. Their extensive range of applications spans 
from enhancing industrial products [71] to revolutionizing 
the capabilities of sensors [10, 72], optoelectronic devices 
[73], biomedicine [74, 11, 9], and bioimaging [75]. On 
the other hand, the notable ability of PEG to deprive 
biological macromolecules, such as proteins and particles, 
from their environment, along with its exceptional 
activity within living organisms, is a critical factor in 
utilizing this polymer to create different bioconjugates 
[76, 77]. The features of the PEG can be attributed to the 
chains’ significant mobility, which contributes to their 
capacity to adopt different conformations and bind to 
water. PEGylation decreases cytotoxicity and lengthens 
circulation time in biological contexts by improving 
nanoparticle dispersibility, decreasing aggregation, and 
minimizing protein adsorption. 

In conclusion, in this work, ZnO nanoparticles were 
successfully synthesized using an aqueous extract of 
orange peel, demonstrating a sustainable approach to waste 
valorization in which agro-waste served as both a reducing 
and capping agent. The phytochemical constituents of 
the extract contributed beneficial properties, including 
enhanced biocompatibility in both in vitro and in vivo 
contexts, reduced nanoparticle size as confirmed by DLS 
and SEM analyses, and improved stability. These green-
synthesized ZnO nanoparticles were further functionalized 
through PEGylation to obtain the final PEG-ZnO-OP 
formulation. In addition to their favorable biocompatibility 
profile, the PEG-ZnO-OP nanoparticles showed strong in 
vitro anticancer activity against a lung cancer cell line. 

Encapsulation within the polymer matrix resulted in a 
lower IC₅₀ value compared with previously reported ZnO-
based systems, indicating that effective anticancer activity 
could be achieved at reduced concentrations. Nonetheless, 
additional investigations involving other cancer cell lines 
and in vivo animal models are required to fully assess their 
therapeutic potential. 
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