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Abstract: Papaya contains high amounts of vitamins A, C, riboflavin, thiamine, niacin, ascorbic acid,
potassium, and carotenoids. It is confirmed by several studies that all food waste parts such as the
fruit peels, seeds, and leaves of papaya are potential sources of phenolic compounds, particularly
in the peel. Considering the presence of numerous bioactive compounds in papaya fruit peels, the
current study reports a rapid, cheap, and environmentally friendly method for the production of
gold nanoparticles (AuNPs) employing food biowaste (vegetable papaya peel extract (VPPE)) and
investigated its antioxidant, antidiabetic, tyrosinase inhibition, anti-inflammatory, antibacterial, and
photocatalytic degradation potentials. The phytochemical analysis gave positive results for tannins,
saponins, steroids, cardiac steroidal glycoside, protein, and carbohydrates. The manufactured
VPPE-AuNPs were studied by UV–Vis scan (with surface plasmon resonance of 552 nm), X-ray
diffraction analysis (XRD) (with average crystallite size of 44.41 nm as per the Scherrer equation),
scanning electron microscopy–energy-dispersive X-ray (SEM-EDS), thermogravimetric analysis
(TGA), Fourier transform infrared spectroscopy (FT-IR), particle size, zeta potential, etc. The mean
dimension of the manufactured VPPE-AuNPs is 112.2 d.nm (PDI—0.149) with a −26.1 mV zeta
potential. The VPPE-AuNPs displayed a significant antioxidant effect (93.24% DPPH scavenging
and 74.23% SOD inhibition at 100 µg/mL); moderate tyrosinase effect (with 30.76%); and substantial
α-glucosidase (95.63%) and α-amylase effect (50.66%) at 100 µg/mL. Additionally, it was found to be
very proficient in the removal of harmful methyl orange and methylene blue dyes with degradation
of 34.70% at 3 h and 24.39% at 5 h, respectively. Taken altogether, the VPPE-AuNPs have been
proven to possess multiple biopotential activities, which can be explored by the food, cosmetics, and
biomedical industries.

Keywords: food biowaste; gold nanoparticles; antioxidant; antidiabetic; antityrosinase; anti-inflammatory;
antibacterial; photocatalytic dye degradation

1. Introduction

Nanotechnology has proven to have an important role in the field of technologies,
biomedical science, chemical industry, drug-gene delivery, catalysis, nonlinear optical
devices, photo-electrochemical applications, space industries, energy science, etc. that
utilize nanoparticles or nanoscale structures. Because of their very small size which is in
the nanometer range and their large surface-to-volume ratio, nanoparticles have received
much attention [1,2]. Regarding novel metal nanoparticles, researchers are more focused
on gold and silver nanoparticles due to the uniqueness of these nanoparticles in terms of
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their mechanical, electrical, size-dependent, and magnetic properties [3]. Nanotechnology
is poised to contribute substantial value in the fields of curative diagnostics, agriculture,
and pharmaceuticals [4,5]. Metals like silver, gold, selenium, and their oxides have been
used as antioxidant agents, antibacterial agents, targeted drug delivery vehicles, anticancer
agents, antimycotic agents, etc. Among them, due to their unique properties, Au and
Ag nanoparticles are highly significant. Currently, is being undertaken dedicated to the
synthesis of nanomaterials using physical, chemical, and biological or green synthesis
methods [6,7]. Among these methods, the physical and chemical methods are considered
unfavorable and have been replaced by the green synthesis methods due to the physical
and chemical methods requiring multi-faceted equipment and synthesis settings and using
harmful chemicals, consuming large amounts of energy, and releasing toxic chemicals with
harmful byproducts [7,8]. Meanwhile, in contrast to these, the green synthesis methods
involve a one-pot synthesis method utilizing minimal basic equipment and are considered
non-toxic, low cost, and environmentally friendly [9–11].

Diverse plant parts for the synthesis of metallic nanoparticles are commonly employed
in green synthesis methods for their easy availability, environmental friendliness, and
lower manufacturing budget. Further, it must be noted that several plants have essential
biomedical uses; they have naturally bioactive compounds, including saponins, terpenoids,
flavonoids, polyphenols, alkaloids, etc. At this point, it can be suggested that if plants with
essential biomedical potential are used for making metal nanoparticles (NPs), the achieved
nanoparticles might be coated with the naturally active constituents and thus take on their
biomedical potentials. C. papaya is a globally important fruit [12]. While papaya (mainly its
fruit) can be eaten fresh, it is acknowledged to be generally used in food manufacturing
industries to make processed foods (mainly the fruit pulp), while other parts such as
the peel and seeds are discarded [13]. Some earlier reports have reported that around
32% of non-edible pulp, 8.47% of peel, and 6.51% of seeds are produced as waste during
industrial food processing which are mostly discarded as food waste materials [13–16].
The accumulation of huge amounts of papaya peels (food waste) after its pulp is utilized
remains an environmental issue, as the solid wastes transmit life-threatening diseases and
there are no sustainable management systems for this huge and year-round production of
bioresource waste materials. Thus, the use of papaya food waste materials such as peels in
a sustainable manner can add to decreasing food insecurity and enhance food sustainability,
specifically in the underdeveloped countries of the world [16]. There is a report of ripened
papaya peels used as biofertilizers [17].

Papaya contains high amounts of vitamins A, C, riboflavin, thiamine, niacin, ascorbic
acid, carotenoid, and polyphenols [13,18–20]. In a study by Canini et al. [21], the authors
identified and quantified many bioactive compounds such as 5,7-dimethoxycoumarin, caf-
feic acid, p-coumaric acid, protocatechuic acid, chlorogenic acid, kaempferol, and quercetin
from the leaf of the papaya plant. Azarkan et al. [22] have reported the presence of cysteine
endopeptidases, chitinase, and glutaminyl cyclase in the latex of papaya. Winterhalter
et al. [23] reported the existence of linalool in the fruit pulp. Olafsdottir et al. [24] reported
benzylglucosinolate and benzylisothiocyanate in all tissues. Just recently, Zhou et al. [25]
have studied the existence of phenolic compounds in the peel, pulp, and seeds of papaya
fruits and confirmed that all these parts are potential sources of phenolic compounds,
particularly in the peel. A detailed list of phenolic compounds from different parts of the
papaya samples is provided in Table 4 of the article by Zhou et al. [25]. In addition, several
authors have extracted compounds like isothiocyanate, chymopapain, papain, polyphenols,
flavonoids, lycopene, anthocyanins, omega-3 and omega-6 fatty acids, tannins, minerals,
β-carotene, etc. from papaya fruit peels [13,26–32]. The leading flavonoid compounds
present in the papaya food waste materials (like peel, pulp, and leaves) were reported as
apigenin, bemyricetin, kaempferol, quercetin, luteolin, and morin [33].

The occurrence of such bioactive compounds could somewhat clarify the pharmaco-
logical properties of this plant. Among them, papain has been reported to have a potential
application in the pharmaceutical industries in the formulation of medicines and vaccines
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for treating several diseases associated with the digestive tract, wound treatment, and
fever and vaccines for deworming cattle [13,34]. The peel extract was reported to act as a
wonderful source of riboflavin, which supports the formation of bound co-enzymes such as
flavin mononucleotide and flavin adenine dinucleotide, which acts as a catalyst for several
reduction and oxidation reactions [30]. There are also reports that the unused parts (food
waste) of papaya (peel and seeds) are rich in phenolic compounds, and flavonoids with
stronger antioxidant properties compared to the flesh of the fruit [13,19,35]. Moreover, in
terms of the significance of the edible part of the fruit, the chemical configuration of their
byproducts is also vital not only regarding the abundance of bioactive compounds but
also for the reprocessing of these food biowaste materials for several manufacturing areas,
like the food, pharmaceutical, and cosmetics sectors [36,37]. Some reports show the use of
papaya peels, seeds, and other parts in the treatment of stomach pains, inflammations, and
bacterial infections [38], as an antioxidant, anticancer, antimicrobial, and hepatoprotective
agent [39–42]. All these components present in papaya peels could be utilized as dietary
and nutraceutical supplements in unique food and pharmaceutical products [43]. Because
of this, currently, an effort is being made to produce AuNPs using the green vegetable
Carica papaya peel extract as a reduction mediator and explore its multi-functional capacities
in terms of antioxidant, tyrosinase inhibition, anti-inflammatory, antidiabetic, bacterial
inhibition, and photocatalytic degradation potential.

2. Materials and Methods
2.1. C. papaya Extract Preparation

The C. papaya fruit was obtained from the nearest certified outlet of the Republic
of Korea. It was identified in the laboratory and the herbarium number (RIILSEH No.
202211-04) was recorded. The waste peel of raw vegetable papaya (VPP) was washed
properly, patted dry, cut into small pieces, dried in room temperature, and ground. Then,
100 g of grounded VPP was put in a 1 L flask with 500 mL double distilled water. It was
heated for around 30 min and cooled down to room temperature, filtered using filter paper
(Whatman No.1), and kept at 4 ◦C until further use.

2.2. Phytochemical Analysis of the VPP Extract

The extract of VPP was screened for the presence of various phytochemicals like
flavonoids, saponins, tannins, terpenoids, a cardiac steroidal glycoside, carbohydrates, and
anthraquinones as per the standard protocols [44,45]. For flavonoids, about 1 mL of the
VPP extract was reacted with 1 mL of NaOH in a test tube, and the appearance of a dark
precipitate confirmed the presence of flavonoids in the VPP extract. For saponins, VPP
extract was dissolved in 10 mL of distilled water and shaken vigorously to cause frothing
followed by the addition of a few drops of olive oil and checked for the appearance of foam,
which was stable for around 5 min. Terpenoids were tested by chloroform assay. Briefly,
1 mL of chloroform was mixed with 2.5 mL of VPP extract and evaporated in a water bath
followed by the addition of 3 mL conc. H2SO4 in boiling conditions. The formation of
grey coloration confirmed the presence of terpenoids in the VPP extract. For the test of
cardiac steroidal glycoside, the Keller–Kiliani test was performed. Briefly, 5 mL of VPP
extract was mixed with 2 mL of glacial acetic acid and 1 drop of 2% FeCl3 was added
followed by the addition of 0.5 mL of conc. H2SO4. The formation of a brown ring at the
junction of two liquids confirmed the presence of cardiac glycoside. The Molisch reagent
test was performed to check for the presence of carbohydrates, which was confirmed by the
formation of purple-red rings. For testing anthraquinones, a benzene test was performed.
Briefly, 3 g of VPP powder was mixed with 5 mL of benzene, soaked, and filtered followed
by the addition of 5 mL of ammonia solution continuously. The appearance of red, pink, or
violet coloration at the junction of two layers confirmed the presence of anthraquinones.
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2.3. Green Synthesis and Characterization of Synthesized VPPE-AuNPs

The phytochemical-rich VPP extract was utilized for the synthesis of VPPE-AuNPs
using regular procedures [46]. The characterization of the fabricated VPPE-AuNPs was
performed by nine regular investigative approaches following standard methods described
in detail in a previous publication [47]. UV–Vis spectral analysis was carried out by
determining the scanning spectra through a UV–Vis spectrophotometer from 300 nm to
700 nm (for 24 h at regular time intervals). The alteration in the color of the test solution
was recorded by visual observation. The synthesized VPPE-AuNPs’ morphology, size,
and elemental compositions were scrutinized by scanning electron microscopy (SEM)
and an energy-dispersive X-ray (EDS) machine linked with the SEM instrument. The
morphology and surface of the synthesized VPPE-AuNPs were examined by using atomic
force microscopy (AFM). The synthesized VPPE-AuNPs’ crystal structure was estimated
through X-ray diffraction (XRD) analysis employing Cu-Kα radiation at 40 mA and 30 kV
at a two-theta angle. The Fourier transform infrared spectroscopy (FT-IR) analysis of
VPPE and VPPE-AuNPs was determined by an FT-IR spectrophotometer (Nicolet iS5 FTIR
Spectrometer, Thermo-Fisher Scientific, Waltham, MA, USA) in the range of 400–4000 cm−1.
The presence of various functional groups of compounds was determined by various
modes of vibration. The zeta potential and particle size of the fabricated VPPE-AuNPs
were estimated by a zeta potential machine at 25 ◦C. The composition and thermal stability
of the synthesized VPPE-AuNPs were estimated by a thermogravimetric analysis (TGA)
instrument at a temperature range of 25–900 ◦C with a ramping time of ten degrees Celsius
per minute.

2.4. Assessment of Multiple Biological Potential of the Synthesized VPPE-AuNPs

The multi-functional potential of the produced VPPE-AuNPs was studied by antioxi-
dant, antityrosinase, α-glucosidase and α-amylase inhibition, anti-inflammatory, antibacte-
rial, and photocatalytic degradation potential studies using established standard protocols.

2.4.1. Evaluation of Antioxidant Potential of VPPE-AuNPs

Evaluation of the antioxidant effect of generated VPPE-AuNPs was carried out by
some assays as discussed in detail in a previous publication [47] and other standard proce-
dures [48]. For all the antioxidant experiments, three different concentrations, i.e., 25, 50,
and 100 µg/mL, of VPPE-AuNPs and gallic acid/butylated hydroxytoluene taken as refer-
ence compounds were used. To evaluate the DPPH scavenging potential of VPPE-AuNPs,
gallic acid (GA) was taken as control. The absorbance was recorded at 517 nm in a spec-
trophotometer and the scavenging potential was evaluated through the calculation below:

% DPPH scavenging (free radical) effect =
Ctrt − Ttrt

Ctrt
× 100 (1)

Here, Ctrt is the value of the control and Ttrt is the resultant value of the treatment
tested.

The ABTS scavenging effect of VPPE-AuNPs and the standard GA was estimated by a
regular process [49]. Before starting the research investigation, 7.4 mM of the ABTS stock
solutions and potassium persulfate 2.6 mM were prepared and mixed equally. The data
were recorded at 734 nm in a spectrophotometer. The ABTS scavenging percentage was
measured by Formula (1). The reducing power of VPPE-AuNPs was measured using Patra
et al.’s [50] method. The OD was determined, and the data were considered as absorbance
values. The SOD enzyme inhibition effect of the VPPE-AuNPs was measured by a commer-
cial kit (Oxi Select Superoxide Dismutase Activity Assay Kit, MyBiosource, Inc., San Diego,
CA, USA) by referring to the manufacturer’s standard procedure. Butylated hydroxyl
toluene (BHT) was selected as control and VPPE-AuNPs were taken at concentrations of 25,
50, and 100 µg/mL. To produce superoxide anions, the assay kit uses the xanthine oxidase
system, and the included chromagen generates a dye soluble in water (formazan dye) when
reacting with the superoxide anions. By the inhibition of chromagen reduction, the SOD
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inhibition action is estimated. At 490 nm, the absorbance was recorded. The SOD inhibition
percentage was estimated by following Formula (1). Further, the total antioxidant capacity
(TAC) of VPPE-AuNPs is estimated by the MAK334 kit (Sigma-Aldrich, St. Louis, MO,
USA) using the company’s protocol. The absorbance values were recorded at 570 nm
followed by the calculation of the TAC values using the equation below.

TAC value =
Ta−Ca

Slope
× n

where Ta—OD of the treatment; Ca—OD of the control; n—dilution number; slope
value—standard curve linear equation.

2.4.2. Evaluation of Tyrosinase Inhibitory Potential of VPPE-AuNPs

The tyrosinase inhibitory activity of VPPE-AuNPs was analyzed using the procedure
of Ekennia et al. with minor amendments [51]. Briefly, the reaction mixture solution
(300 µL) contains 25–100 µg/mL VPPE-AuNPs/kojic acid (KA, reference standard), L-
DOPA (0.0001 M), phosphate buffer (0.0001 M, pH 6.5), and tyrosinase enzyme (mushroom,
50 U/mL). The test solution was rested for ½ an hour at room temperature. Next, after
incubation, the OD was estimated at 475 nm. The VPPE-AuNPs’ tyrosinase inhibitory
activity was articulated as a percentage of tyrosinase inhibition by using Formula (1).

2.4.3. Antidiabetic Potential of VPPE-AuNPs

The VPPE-AuNPs’ α-amylase activity was estimated by using previously used stan-
dard procedures with a few modifications [52,53]. Concisely, test samples (40 µL, 10 mg/mL
DMSO) were made again in 160 µL PBS (0.02 M, pH 6.9), comprising NaCl (0.0067 M) in
2 mL vials, and incubated for 5 min with 200 µL α-amylase (4 U/mL) which was prepared
in double distilled water (ice cold). The test response was instigated by adding 400 µL
potato starch (soluble) solution (1/2% w/v) in PBS (0.02 M, pH 6.9). Subsequently, incuba-
tion (3 min) followed by mixing 400 µL DNS color reagent and heating for about 10 min at
85–90 ◦C (water) were performed to develop color and then the mixture was cooled. In a
microplate (96 wells), the test reaction solution (50 µL) was diluted with 175 µL pure water.
The OD value is measured by using a spectrophotometer at 540 nm and the α-amylase
effect was determined by Equation (1). To obtain an accurate OD, the background was
taken according to the test sample blanks.

The α-glucosidase inhibition activity of VPPE-AuNPs was studied by following a regu-
lar process with slight modifications [53]. In the test solution (a total of 1000 µL), 4 units/mL
of the α-glucosidase enzyme, VPPE-AuNPs at a concentration of 25, 50, 100 µg/mL, and
potassium phosphate buffer (pH 6.8) were added. Next, the sample was incubated for 600 s
(ambient conditions). Then, 3 mM p-nitrophenyl-α-D-glucopyranoside (100 µL) was used
as the substrate. Afterward, the test solution was kept at 37 ◦C for incubation (20 min).
Next, 0.1 M sodium carbonate solution (2000 µL) was mixed with it, the sample OD was
measured (405 nm), and activity was estimated by Equation (1).

2.4.4. Evaluation of Anti-Inflammatory Potential of VPPE-AuNPs
Cell Viability

For the cell viability study of VPPE-AuNPs, the cells (RAW264.7) were acquired from
a cell bank, Korea and sub-cultured in culture medium (high-glucose DMEM, FBS 10%,
and antibiotics 1%), at 37 ◦C. Using MTT assays, the effect of VPPE-AuNPs on the survival
of RAW264.7 cells was studied. The cells (RAW264.7) were seeded in 96-well plates at a
5 × 104 cells/well density. The detailed procedure as described in a previous publication
was followed [47].

Enzyme-Linked Immunosorbent Test (ELISA)

In the ELISA, the cells (RAW264.7) were seeded in 96-well plates at a 5 × 105 cells/well
density. Next, after 1 day, cells were starved overnight with a medium that was free from
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serum. Then, cells (RAW264.7) were treated with the VPPE-AuNPs/dexamethasone (DEX,
0.1 mM) at different concentrations or, 1 h earlier, stimulated with LPS (lipopolysaccharide),
1 µg/mL for 1 day. Next, TNF-α, IL-1β, and IL-6 levels in culture were checked using
commercial ELISA kits (Koma Biotech Inc., Seoul, Republic of Korea) using the company’s
directions. The optical density was recorded at 450 nm.

2.4.5. Evaluation of Antibacterial Potential of VPPE-AuNPs

The antibacterial activity of VPPE-AuNPs was evaluated against two pathogens, Lis-
teria monocytogenes (ATCC 33090) and Pediococcus sp., by using a standard disc diffusion
method [54]. A VPPE-AuNP (0.1 mg/disc) paper disc and kanamycin (0.01 mg/disc) were
tested and the result was estimated after the incubation period by measuring the zone of
inhibition diameter. The minimum inhibitory concentrations (MICs) of the VPPE-AuNPs
were estimated by a regular technique [55]. Before starting the experiment, different con-
centrations of the VPPE-AuNPs were made by carrying out a two-fold dilution method.
The different pathogenic bacterial cultures, around 10 µL each, were added to them sep-
arately and kept at 37 ◦C overnight for incubation. The MIC was estimated by naked
eye observation after incubation. The lowest VPPE-AuNP concentration which did not
show any noticeable development of the pathogenic bacteria visually on the nutrient broth
was considered the MIC of the tested sample. The concentration of the VPPE-AuNPs
which displayed no growth on nutrient agar (NA) plates was considered the minimum
bactericidal concentration (MBC) of the synthesized VPPE-AuNPs.

2.4.6. Evaluation of Photocatalytic Dye Degradation Potential of VPPE-AuNPs

The photocatalytic effect of the synthesized VPPE-AuNPs was estimated by degrading
methylene blue (MB) and methyl orange (MO) dyes under light incubation following
standard procedures with a few modifications [56]. A light treatment approach was
applied to analyze the catalytic degradation ability of VPPE-AuNPs on methyl orange and
methylene blue dyes. In brief, 5 ppm of a dye was added with 500 µL of VPPE-AuNPs
and incubated under light exposure. To determine the dye concentrations based on the
absorption spectra, 100 µL of the reaction mixture was taken out at different time intervals
and scanned using a spectroscopy machine in the 300–950 nm range. The percentage of
degradation was estimated employing the calculation below.

MB or MO dye % of degradation =
(Consble − Consale)

Consble
× 100

where Consble signifies the OD of the sample before light exposure and Consale denotes
the OD of the sample after light exposure.

2.5. Statistical Analysis

SPSS statistical analysis software (IBM SPSS Statistics, version 27) was used for one-
way ANOVA and Duncan’s multiple tests. Outcome results are displayed as means ± SD
and p-value < 0.05. For the anti-inflammatory assay, a Student’s t-test for unpaired experi-
ments was performed. OriginPro 2024 version 10.1, USA software was used for analysis
and calculations.

3. Results and Discussion
3.1. VPPE-AuNP Manufacture and Analysis

At the beginning of the current research, primary screening of phytochemicals in
VPP extract was performed. The phytochemical analysis gave positive results for tannins,
saponins, steroids, cardiac steroidal glycoside, protein, and carbohydrates in the aqueous
VPPE (Table 1). Similar results on the presence of tannins, saponins, steroids, etc. in the
aqueous peel extracts were also reported previously [57,58], and our current results prove
them (Table 1). It is reported that saponins have numerous beneficial effects, including the
reduction of blood cholesterol and anticancer activities [59], and the presence of tannins
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showed that the extract is rich in polyphenolic compounds that could be responsible for its
antioxidant potential [58]. In addition, the FT-IR analysis of VPPE showing the character-
istic absorption bands adjacent to alcohols, phenols, and other aromatic compounds also
confirmed this. In a separate study, other authors reported the presence of high levels of
proteins, crude fibers, and carbohydrates in papaya fruit peels [19], and the same is reported
in the current result (Table 1). Papaya peel extract has been reported to have riboflavin
that helps to form bound co-enzymes such as flavin mononucleotide and flavin adenine
dinucleotide, which act as a catalyst for several reduction and oxidation reactions [30],
and hence these compounds also could have acted as capping and stabilizing agents in
the biosynthesis of VPPE-AuNPs. This result states that the VPP extract is rich in many
beneficial phytochemicals. The synthesis of VPPE-AuNPs was successful and confirmed
by visual evaluation of the color of the test reaction (Figure 1A, inset). The change in color
from neutral to dark purple has also been reported in previous reports [60,61] and this
confirmed the successful synthesis of VPPE-AuNPs (Figure 1A, inset).

Table 1. Phytochemical results of VPPE.

Name Result

Tannin +ve

Protein, amino acids +ve

Saponin +ve

Cardiac steroidal glycoside +ve

Carbohydrates +ve

Steroids +ve
+ve—positive.
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Next, the test reaction was also subjected to spectral analysis using a spectropho-
tometer at regular time intervals from 0 to 24 h (Figure 1A). The VPPE-AuNPs’ reaction
kinetics was examined by UV–Vis spectral analysis from 300–700 nm and it displayed a
maximum absorption at 552 nm (surface plasmon resonance, SPR) (Figure 1A), which is
similar to earlier published reports [62,63]. As specified in earlier studies [62,63], AuNPs
characteristically demonstrated just a single SPR band from 500–560 nm, and similar results
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were also reported here. The change in color of the VPPE-AuNPs was due to the excitation
of SPR of the AuNPs as evident from previous publications [64]. The UV–Vis SPR at
552 nm, which is amplified as a function of time without hampering the peak position,
signifies the characteristic bioformation of AuNPs. This result further authenticates the
transformation of Au+ to Au◦. Earlier reports have also reported similar results on the
biosynthesis of AuNPs using the ethanol extract of G. elongate [65]. The basic analysis
and elemental configuration of the VPPE-AuNPs were appraised by SEM (Figure 1B) and
EDS (Figure 1C) analysis. The SEM result of VPPE-AuNPs displayed spherical-shaped
nanoparticles. This result is similar to that of an earlier article [66]. The EDS profile of
VPPE-AuNPs showed a strong signal for the presence of Au atoms and the sharp absorp-
tion peaks between 1–3 keV signify the existence of the Au particles (Figure 1C), which
corroborates earlier reports [63,66]. Additionally, the occurrence of C, N, and O in the
EDS spectra of VPPE-AuNPs could be due to the VPP extract used in the biosynthesis of
VPPE-AuNPs. The 2D AFM and 3D AFM analyses were carried out to study the surface
morphology of VPPE-AuNPs (Figure 1D,E). Scrutiny of the AFM images showed that the
size of the VPPE-AuNPs was in the order of 0–10 nm and they appeared to be spherical
in shape. Similar results were also presented previously on papaya-peel-mediated silver
nanoparticles [67]. The surface of the synthesized VPPE-AuNPs was more irregular than
that of the AuNPs which shows that the VPPE was successfully combined with the Au
element. This is similar to an earlier reported result [68].

The XRD analysis revealed that VPPE-AuNPs are crystalline in nature (Figure 2A). The
Bragg’s reflections attained from the synthesized VPPE-AuNPs evidently correspond to the
face-centered cubic (fcc) crystalline structure of Au. Five individual diffraction peaks ((111),
(200), (220), (311), and (222)) were observed at 2θ = 38.31, 44.60, 64.80, 77.88, and 81.97 of a
gold metal (JCPDS card no. 04-0783), showing the existence of pure crystalline gold [63].
The average crystallite size as per the Scherrer equation was calculated as 44.41 nm [69].
The percentage of crystallinity as calculated from the graph using the OriginPro 2024
software was found to be 86.94%.

The FT-IR analysis was undertaken to determine the type of functional groups present
in the VPP extract that played a vital role in reducing and capping the VPPE-AuNPs. Five
peaks at 3347.82 cm−1 (O–H stretching, H bonding of alcohols and phenols), 1594.36 cm−1

(N–H bending of primary amines), 1406.82 cm−1 (C–C stretching (in ring) of aromatic
compounds), 1051.50 cm−1 (C–N stretching of aliphatic amines), and 513.94 cm−1 (C–Br
stretching of alkyl halides) were shown by the VPP extract (Figure 2B). And six peaks at
3332.91 cm−1 (O-H stretching/H bonding due to alcohol and phenol groups), 2106.37 cm−1

(–C≡C– stretching for alkynes), 1634.22 cm−1 (N–H bending, bonding of primary amines),
663.09 cm−1, 594.04 cm−1, and 553.57 cm−1 (C-Br stretching for alkyl halides) were dis-
played by the VPPE-AuNPs (Figure 2B) [70]. The peak value at 1594.36 cm−1 (in VPPE)
which was shifted to 1634.22 cm−1 (in VPPE-AuNPs), specifies the N–H bending and bond-
ing of primary amine [70]. A similar peak at 1635 cm−1 was also reported by Aina et al. [71]
when studying the synthesis of silver nanoparticles using papaya seed aqueous extract.
The presence of primary amines signifying the protein content in papaya peels further
evidenced that protein in the fruit’s peel could have acted as a capping and stabilizing
agent in the biosynthesis of VPPE-AuNPs [72,73]. The VPP extract peaks at 3347.82, 1594.36,
and 513.94 cm−1 probably shifted to 3332.91, 1634.22, and 594.04 cm−1 in VPPE-AuNPs
(Figure 2B). Further, the FT-IR results signify the presence of polyphenolic compounds,
flavonoids, etc. and other biomolecules in the papaya peel extract that might have acted
as capping and stabilizing agents in the VPPE-AuNP synthesis process. Similar results
were also reported previously [30,73,74]. The deviations in the VPP extract absorption peak
values and the VPPE-AuNPs might be attributed to the VPPE-AuNP synthesis, reducing,
capping, and stabilizing procedure [75].
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Size distribution and zeta potential of VPPE-AuNPs were examined to determine
their particle size and surface charge. The average size was detected as 112.2 d.nm, and
the PDI value was 0.149 (Figure 2C). The zeta potential of the VPPE-AuNPs was found to
be −26.1 mV which is highly negative (Figure 2D) and probably due to the long stability
of the nanoparticles as per similar reports published previously [67,76,77]. The negative
zeta potential value specifies that the negative organic molecules (such as OH–) are en-
capsulated in the NPs, which diminishes the repulsive force between the VPPE-AuNPs,
hindering particle agglomeration and lengthening their stability [78]. A study by Kokila
et al. [67] reported −20.5 mV zeta potential of silver nanoparticles synthesized using pa-
paya peel extract, which is similar to the current result. The zeta average diameter size
was comparatively larger than the average particle size as determined by AFM and XRD
analysis because the DLS measurement is established on the hydrodynamic radius of the
particles [67].

The TGA of the synthesized VPPE-AuNPs was performed to find the decomposition
effect along with the thermal stability and decomposition temperature of the nanoparticles
at high temperatures (25–900 ◦C). The TGA plot depicted a three-phase weight loss of
VPPE-AuNPs from 25–900 ◦C (Figure 2E). The graph generated from TGA exhibited that in
the first phase a total of 17.06% weight loss from 25–230 ◦C was attained (Figure 2E). This
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can be credited to the weight loss because of the water, organic solvents, physiosorbed and
chemisorbed water molecules, and additional minor molecules coupled to the nanoparti-
cle’s outer surface [79]. In the synthesis process of VPPE-AuNPs, a weight loss of 68.09%
was observed in the second phase from 230–815 ◦C, which is credited to the elimination and
decomposition of organic matter, which could have acted as the capping and stabilizing
agents [46,79,80]. A residual mass of 27.66% was obtained, which might be due to the
residual metal catalysts from synthesis or impurities within the sample [81].

3.2. The Multi-Biofunctional Potential of VPPE-AuNPs

The VPPE-AuNPs’ multi-functional biopotential was estimated by the antioxidant,
antityrosinase, antidiabetic, anti-inflammatory, antibacterial, and photocatalytic dye degra-
dation properties.

3.2.1. Antioxidant Effect of VPPE-AuNPs

Antioxidant compounds are highly capable of inhibiting the reactions of oxidative
chains, which occur in the presence of reactive oxygen species. They are proficient in
stabilizing polymeric products like petrochemicals, pharmaceuticals, foodstuffs, cosmetics,
etc. [82]. These compounds play a significant part in the body’s natural resistance mech-
anism, as they are responsible for protection against the harmful effects of free radicals.
The antioxidant effect of VPPE-AuNPs was evaluated by various in vitro analyses. The
obtained results are displayed in Figure 3. The DPPH scavenging result of VPPE-AuNPs
displayed a significant effect with 93.24% scavenging at 100 µg/mL in contrast to standard
GA (77.19%) at the same concentration (Figure 3A). The ABTS free radical scavenging effect
of VPPE-AuNPs displayed a positive value of 17.92% scavenging in contrast to GA positive
standard (92.03%) scavenging at a 100 µg/mL concentration (Figure 3B). Likewise, the
VPPE-AuNPs also exhibited a positive reducing power effect at three concentrations (25,
50, 100 µg/mL) that gradually amplified (Figure 3C). Moreover, the VPPE-AuNPs also
displayed a high SOD inhibition effect of 74.23% (100 µg/mL) in contrast to the 58.67% in-
hibition effect displayed by the positive control BHT at the same concentration (Figure 3D).
The VPPE-AuNPs’ scavenging potential was improved with the increased sample con-
centration, which may be attributed to their capability to deliver ions like electrons to
the free radicals to lessen their harmful effects [83]. It is concluded that the DPPH effect
of the VPPE-AuNPs is comparatively high among all four tested assays (Figure 3). In
addition, the effective concentration showing 50% activity (IC50/IC0.5 values) according
to all antioxidant parameters was calculated and is presented in Table 2. Concerning the
IC50/IC0.5 values, the DPPH and SOD scavenging potentials of VPPE-AuNPs are highly
commendable at 44.54 and 43.34 µg/mL, respectively (Table 2). The result of this study
corroborates the previously reported findings by Anadozie et al. [84], where higher concen-
trations of their synthesized AuNPs using extract of papaya fruit exhibited high antioxidant
activity. Further, the authors reported an IC50 of 0.60 mg/mL for DPPH activity [84], which
is 10 times higher than what is shown by the VPPE-AuNPs (Table 2). It proves that the
VPP-extract-mediated AuNPs are more effective compared to AuNPs made from other
papaya parts. Likewise, other authors [3] reported the antioxidant potential of selenium
nanoparticles synthesized using papaya fruit extract and found that the IC50 values for
DPPH and ABTS assay were 45.65 and 43.06 µg/mL, respectively, which are similar to the
current results obtained by VPPE-AuNPs. In another study, Easmin et al. [85] reported the
antioxidant potential of zinc oxide nanoparticles synthesized using papaya peel extract
with an IC50 value of 98.74 µg/mL for DPPH assay compared to 44.54 µg/mL for the IC50
value exhibited by the current VPPE-AuNPs. In a study by Jeon et al. [42], very little DPPH
and ABTS activity of the papaya peel extract was reported, however, when AuNPs were
synthesized using a peel extract (VPPE) in the current investigation, their activities were
enhanced (Figure 3, Table 2). Additionally, the TACs of VPPE-AuNPs and GA were found
to be 45.64 ± 1.38 and 47.48 ± 1.76 µM Trolox equivalent, respectively (Table 2). In a study
by Salla et al. [86], the authors estimated the antioxidant potential of papaya fruit peel
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extracts and concluded that TAC was 14.56 mM Trolox equivalents and DPPH activity had
an IC50 of 8.33 mg/mL, which is much higher than what is exhibited by the VPPE-AuNPs
(Table 2). Hence, it can be assumed that when AuNPs are synthesized using VPPE as
the reducing and capping agent, the antioxidant potential is increased by several fold as
evident from the current results. The antioxidant potential of papaya-peel-mediated silver
nanoparticles has also been reported previously [67] and this proves the current claim of
promising antioxidant potential of papaya-peel-based nanoparticles. All these findings
confirmed the superior antioxidant potential of the current synthesized VPPE-AuNPs.
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Table 2. IC50/IC0.5 values of antioxidant, total antioxidant capacity, tyrosinase inhibitory, and
antidiabetic assays of VPPE-AuNPs.

Antioxidant Assays
IC50 Value (µg/mL)

VPPE-AuNPs GA

DPPH free radical scavenging 44.54 24.96

ABTS free radical scavenging 566.39 31.71

SOD inhibition 43.34 50.86 (BHT)

Reducing power (IC0.5) 580.91 38.62

TAC (µM Trolox equivalent) 45.64 ± 1.38 47.48 ± 1.76

Tyrosinase inhibitory activity 222.04 218.68 (Kojic acid)

α-glucosidase inhibition 44.29

α-amylase inhibition 84.87

VPPE-AuNPs were confirmed to possess a substantial amount of antioxidant effects,
which may be due to the phytochemicals existing in the extract of VPP that represented
capping and stabilizing agents in the nanoparticle production process. The presence of
many phytochemicals including tannins in the VPPE showed that the extract is rich in
polyphenolic compounds that could be responsible for its antioxidant potential as evident
in the current result [58,86]. There are reports that the waste parts of papaya (peel and
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seeds) are rich in phenolic compounds and flavonoids with stronger antioxidant properties
compared to the flesh of the fruit [19,35]. Jeon et al. [42] have quantified the individual
phenolic compounds present in different waste parts (like peel, pulp, and leaves) of papaya
and have reported that the leading flavonoid compounds present in papaya food waste
materials (like peel, pulp, and leaves) are apigenin, bemyricetin, kaempferol, quercetin,
luteolin, and morin [33,42]. Hence, the antioxidant potential of VPPE-AuNPs, which were
synthesized by using outer peel papaya extract as a reducing and capping agent, could also
be attributed to the presence of these compounds.

3.2.2. The Antityrosinase Potential of VPPE-AuNPs

The tyrosinase enzyme assay was performed against a mushroom tyrosine enzyme
to evaluate the effectiveness of VPPE-AuNPs on melanin-producing enzymes. The ob-
tained result is presented in Figure 4A. The VPPE-AuNPs displayed a moderate tyrosinase
inhibition effect of 30.76% (100 µg/mL) in contrast to KA which displayed an effect of
52.42% at an equal concentration (Figure 4A). The IC50 values of VPPE-AuNPs and KA
were calculated as 222.04 µg/mL and 218.68 µg/mL, respectively (Table 2). Earlier reports
suggest that melanin is formed by the oxidation of L-tyrosine followed by its conversion
to L-dihydroxy-phenylalanine (L-DOPA) by catalysis with a copper-dependent tyrosinase
enzyme [87,88]. Despite its protecting role, excess melanin production in the body can
result in hyperpigmentation, melasma, and age spots [89]. Therefore, VPPE-AuNPs with
positive tyrosinase inhibitory effects could be considered a useful candidate by the cos-
metics industry in the production of skincare products after intensive safety testing and
approval of safety guidelines.
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3.2.3. α-Glucosidase and α-Amylase Assay of VPPE-AuNPs

The VPPE-AuNPs displayed good α-amylase inhibition (50.66%, 100 µg/mL), with
an IC50 value of 84.87 µg/mL (Table 2, Figure 4B) and a significantly high α-glucosidase
enzyme inhibition (95.63%, 100 µg/mL, and IC50—44.29 µg/mL) (Table 2, Figure 4C). Both
enzymes are important to minimize hyperglycemia, suppression of which will eventually
decrease the breaking of carbohydrates to monosaccharides and other simpler forms which
affect blood sugar levels and result in high blood sugar [90]. The treatment of diabetes can
be carried out by decreasing the effects of α-glucosidase and α-amylase to slow down the
release of glucose in the blood [91,92]. Therefore, the VPPE-AuNPs might be a potential
candidate to treat diabetes. The antidiabetic potential of papaya leaf extract was reported
previously [93] and the current findings support it.

3.2.4. Anti-Inflammatory Prospects of VPPE-AuNPs

The anti-inflammatory results indicated that the cell viability decreased at 10 and
25 µg/mL concentrations (Figure 5). However, at 10 µg/mL, the cell viability is around
80% (Figure 5). Therefore, it is concluded that the toxicity of VPPE-AuNPs is not very strong.
In the inflammatory process, cytokines (proinflammatory), like IL-6, IL-1β, and TNF-α, are
highly important [94]. Here, VPPE-AuNPs hinder the manufacture of proinflammatory
cytokine (IL-6) increased by LPS treatment (Figure 5). Hence, VPPE-AuNPs are judged
to have an anti-inflammatory effect. The result of the current research is similar to that of
earlier published reports [94,95]. In a study by Jeon et al. [42], the authors demonstrated
the positive anti-inflammatory potential of papaya peel extracts and this is also proved in
the current study. Earlier studies have proposed the anti-inflammatory potential of papaya
peel extracts and have shown that they have the ability to control the inflammatory factors
in many cell types, which are exposed to different stresses [96]. Pathak et al. [97] have
reported that the flavonoid-rich fraction of papaya seed extract inhibited the activation
of NF-κB, as well as INF-γ, IL-6, and TNF-α, in colon, kidney, lung, and pancreatic cells.
Consequently, the anti-inflammatory potential of the VPPE-AuNPs (Figure 5) could be
associated with the flavonoids present in the VPPE that acted as the reducing and capping
agents during the biosynthesis of the nanoparticles.
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3.2.5. Antibacterial Potential of VPPE-AuNPs

VPPE-AuNPs’ antibacterial effect was evaluated against two pathogenic bacteria
(foodborne). The results of antibacterial activity are presented in Table 3. The VPPE-AuNPs
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demonstrated a positive antibacterial effect at 100 µg/disc with a 10.00 ± 0.18 mm zone of
inhibition against Pediococcus sp. and 8.74 ± 0.03 mm against Listeria monocytogenes ATCC
33090 (Table 3). Kanamycin was taken as the standard positive control (10 µg/disc) and it
showed a diameter of the zone of inhibition of 12.00 ± 0.05 mm against Pediococcus sp. and
13.04 ± 0.14 mm against L. monocytogenes (Table 3). The VPPE-AuNPs could be a substitute
for synthetic antibacterial agents and can be explored by the cosmetics industry. In addition,
after several safety tests and approvals, they can also be explored for use synergistically
in combination with other antibiotics and thus can aid in tackling multidrug-resistant
pathogens. Further, the MIC and MBC of the VPPE-AuNPs were found to be 100 µg/mL
and >100 µg/mL, respectively. Kanamycin’s MIC and MBC were 5–10 µg/mL (Table 3).
There are a few previous reports on the antibacterial activity of papaya-peel-mediated silver
nanoparticles against pathogenic bacteria [30,98,99]. The positive antibacterial effect of zinc
oxide nanoparticles synthesized using papaya peel extract has also been reported [85]. All
these claims also justify the current claim of the positive antibacterial potential of VPPE-
AuNPs. The reason for the antibacterial effect of VPPE-AuNPs could be hypothesized
as being their smaller size, allowing them to easily enter the bacterial cells, lysing the
cell wall or disturbing the cell membrane permeability, osmoregulation, and transport of
electrons in the cell, leading to cell death of the bacterial pathogen [54,98,100,101]. Lesser
antibacterial activity exhibited by the VPPE-AuNPs could be attributed to both the bacterial
pathogens being Gram-positive bacteria, which could have hindered the entry of the NPs
into the cell wall which is made up of a thicker three-dimensional peptidoglycan layer
with linear polysaccharide chains cross-linked by more short peptides forming a more
complex structure [67,98,102,103]. Additionally, the positively charged metal ions released
from NPs might have interacted with the negatively charged bacterial surface, resulting
in the dissolution and weakening of the surface protein of the bacteria, leading to cell
death [79,104].

Table 3. VPPE-AuNP and Kanamycin’s effect on the infective strains.

Infective Strains
Measurement of Inhibition (mm)

IC and BC

VPPE-AuNPs Kanamycin

Sample Standard IC BC IC BC

Pediococcus sp. 10.00 ± 0.18 12.00 ± 0.05 100 >100 5 10

Listeria monocytogenes
ATCC 33090 8.74 ± 0.03 13.04 ± 0.14 100 >100 5 10

Sample (VPPE-AuNPs—100 µg/disc); Standard (Kanamycin—10 µg/disc); IC—MIC (µg/mL); BC—MBC
(µg/mL).

3.2.6. Photocatalytic Dye Degradation Effect of VPPE-AuNPs

The photocatalytic degradation effect by the VPPE-AuNPs was estimated for two types
of industrial toxic dyes, methylene blue and methyl orange, under light exposure treatment
(Figure 6). With the VPPE-AuNP treatment, the absorbance value for the methylene blue
and methyl orange dyes decreased with the increase in light exposure time, as shown in
Figure 6. The effectiveness of the VPPE-AuNPs in the case of methylene blue dye degrada-
tion was evaluated at 666 nm at different time intervals for 5 h. When the VPPE-AuNPs
were added to the dye solution and exposed to light, they exhibited a time-dependent re-
duction in the intensity of the absorption peak value. After 5 h of light exposure (in the case
of methylene blue dye), the estimated dye degradation percentage was found to be around
24.39% (Figure 6A). The effectiveness of VPPE-AuNPs in the case of the methyl orange
degradation was evaluated at 418 nm at different time intervals for 3 h (Figure 6B). After
3 h of light exposure (in the case of methyl orange dye), the calculated dye degradation
percentage was found to be around 34.70% (Figure 6B). It is stated that the photocatalytic
effect depends on the morphology and form of metallic NPs [56,105,106]. In addition, there
is also evidence that spherical nanoparticles showed a greater photocatalytic degradation
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effect [56,107]. The catalytic degradation of 4-nitrophenol by silver nanoparticles synthe-
sized using papaya peel extract has been reported by Prasad et al. [74]. In another study,
the photocatalytic degradation of palm oil mill effluents by copper oxide nanoparticles syn-
thesized by papaya peel aqueous extract was also reported [73]. Similarly, Easmin et al. [85]
have reported the photocatalytic degradation of rhodamine B by papaya-peel-mediated
zinc oxide nanoparticles. All these studies further validated the promising photocatalytic
degradation effect of VPPE-AuNPs in the current investigation. The VPPE-AuNPs could
be explored as a promising candidate for light-based wastewater management.
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4. Conclusions

Cost-effective, harmless, biofabricated VPPE-AuNPs were effectively synthesized
using VPP extract. In the synthesis process of VPPE-AuNPs, the phytochemicals of VPP
extract acted as initiators and stabilizers. The application of papaya waste peels in the
fabrication of AuNPs is a profitable and environmentally friendly technique. In addition,
it is a proficient technique for the management of waste utilization from the vegetable
and food industries. To the best of our knowledge, this is the first reported research to
synthesize AuNPs from green raw vegetable papaya waste peel extract and explore its
biological activities like antioxidant, antidiabetic, antibacterial, antityrosinase, wound
healing, anti-inflammatory, and photocatalytic degradation activities. The biofabricated
VPPE-AuNPs exhibited substantial biological multi-therapeutic effects. VPPE-AuNPs
also exhibited photocatalytic degradation potential against methyl orange and methylene
blue dyes. Considering the above results, the useful multi-biopotential properties of
the VPPE-AuNPs could be explored for applications in the cosmetics and food sector
industries such as applications as sunscreen and antibacterial agents, etc., based on their
promising antioxidant, α-glucosidase and α-amylase enzyme inhibition, antibacterial, anti-
inflammatory, and tyrosinase inhibitory potentials. They can also be a promising candidate
for light-based wastewater treatment. The above results confirm that VPPE-AuNPs have
multi-potential with versatile applications. The present study represents a recent unique
trend in the exclusive utilization of the vegetable waste peels of Carica papaya as an absolute
and rich resource for biological application.
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