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Abstract: Nanoparticles of zinc oxide (ZnO NPs), propolis, and the ZnO-propolis composite (ZnO-P
NCs) have been synthesized using a biomimetic approach. Zeta potential analysis and Fourier-
transform infrared spectroscopy (FT-IR) proved the formation and stability of nanomaterials. Find-
ings using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), EDX-imaging, and transmission electron microscopy (TEM) demonstrated that
the particle size of ZnO-P NCs was 9.70 nm. The antioxidant (DPPH radical scavenging) activity
of synthesized nanomaterials was investigated. ICsy values of zinc oxide, propolis, and ZnO-P
NCs nanoparticles were 2.75, 1.7, and 1.45 mg mL !, respectively. In addition, their selectivity and
anticancer activity for cancer cell lines (Hela and MCF-7) and human normal (W138) cell lines were
investigated. ZnO-P NCs were highly effective against the cell line for breast cancer with an ICsg
value of 18 pug/mL, indicating its anticancer-promising potent cytotoxicity in breast cancer treatment,
and 23 pg/mL against cervical cancer. In addition, the higher observed safety, antioxidant, and
anticancer activities for synthesized ZnO-P NCs confirmed the synergistic effect of this combination.
It was obtained that the specific mechanisms underlying the synergy effect between zinc oxide
nanoparticles and nanopropolis in their composite formulation varied depending on the preparation
method, ratio, and concentration of the components.

Keywords: propolis; green synthesis; ZnO nanoparticles; anticancer; antioxidant; DPPH; composite;
synergistic effect

1. Introduction

The development of sustainable technology is highly dependent on nanoparticles
(NPs). There are several chemical and physical methods for synthesizing NPs [1,2]. These
methods can be rather pricey and often include using organic solvents and hazardous
substances that pose a risk to both the environment and living things [3]. Therefore,
biologically generated nanoparticles are a viable option because they are cheap, environ-
mentally friendly, and safe [4]. Thus, a non-toxic method of producing and stabilizing
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nanoparticles has been to use plants, bacteria, fungi, and natural extracts [5]. Using nat-
ural and plant extracts [6] offers several advantages compared to alternative methods of
ecologically friendly synthesis [7]. Propolis (P) is a naturally occurring viscose complex
mixture with diverse and complex chemical compositions [8] created by honeybees and
obtained from the components of various plants. Propolis is a resinous complex mixture
that honeybees collect primarily from tree buds, sap flows, and various botanical sources.
Bees combine this resin with beeswax, pollen, and their enzymes to create propolis. Its
chemical composition is highly complex and can vary depending on the botanical sources
available to bees. It typically contains a mix of polyphenols, flavonoids, terpenes, steroids,
amino acids, vitamins, and other bioactive compounds. Propolis serves essential functions
within the hive and has garnered attention for its potential health benefits in human use.
Its rich and varied chemical composition makes it a subject of ongoing scientific inquiry
and a valuable resource in traditional and modern medicine [9-12]. Due to its possible
therapeutic characteristics, propolis has been exploited for various objectives, including
immunity-enhancing, anti-inflammatory, antihypertensive, antimicrobial, antioxidant, anti-
ulcer, and antitumor activities [13-15]. Published work on propolis’s composition and
biological features revealed researchers’ interest in propolis and its potential for creating
new medications [16-18]. Propolis is a natural antioxidant that does not cause toxicity,
unlike synthetic antioxidants such as propyl gallate, butylated hydroxytoluene (BHT),
and butylated hydroxyanisole (BHA) [19,20], which have been avoided because of health
concerns. However, its antioxidant mechanism is similar to vitamin C and BHT [21]. Its
antioxidant activity is mainly attributed to its polyphenolic content [22]. On the other hand,
propolis exhibits specific toxic actions on cancer cells, inhibiting tumor cells while having
little or no effect on normal cells [23]. Moreover, It was reported that propolis reduces
the toxic effects of anticancer drugs and potentiates their activity [24,25]. These cytotoxic
mechanisms primarily include ANXA7Z, NF-B inhibition, the control of the p53 protein,
the membrane of mitochondria regulation, and ROS [23]. Galangin, the most important
flavonoid in propolis, triggers apoptosis and suppress melanoma cell proliferation in
in vitro research [26]. Propolis inhibits the proliferation of cells by endoplasmic reticulum
stress caspase activation, reducing mitochondrial membrane potential and apoptosis [27].
In addition, the excellent cytotoxic activity of propolis was observed against the cervical
(HeLa cells) and breast cancer (MCF-7) [28-31].

Despite its multiple benefits, its benefit in the body is limited due to its insufficient
water-soluble ability, further limiting its clinical applications [15]. Developing a stable
formulation with the required characteristics has been challenging for propolis and has
been solved using nanotechnology. It entails either nanosizing the propolis to decrease
the size of its particles or combining it into different nanocarriers that serve as propolis
delivery systems, enabling propolis to be delivered to the targets much more successfully,
while zinc oxide nanoparticles are a unique example of nano minerals. They have garnered
a lot of interest in biomedical applications because of their special plasmonic effects, ease
of fabrication, inert nature, high biocompatibility, and potential functionality for various
purposes [32]. They have excellent antioxidant properties in normal mammalian cells
through the up-regulation of antioxidant enzyme activities and scavenging of reactive
free radicals [33]. They also exhibit significant anticancer activity at low concentrations
due to their high surface area and unique chemical and physical properties that greatly
enhance their bioavailability. As a result, ZnO NPs have created a new pathway for
the advancement of novel approaches for rapid cancer diagnosis and treatment [34-36]
effectively [37]. Nano minerals, on the other hand, have recently emerged as a promising
alternative to inorganic minerals in the medical field for both diagnosis and therapy [38,39].

Owing to propolis containing reducing agents and stabilizing biocompounds, it has
a potential application in the green synthesis of metal NPs as selenium, iron, copper, and
silver nanoparticles [40-45]. However, there is a lack of studies on producing ZnO NPs
using propolis. The only available method used was the non-aqueous extract, chemicals,
multiple procedures, and required instrumentation [45].
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Hybrid materials with excellent biological activity [46—48] are now relevant and ap-
pealing to readers [46,49,50]. Combining nano minerals and natural compounds enhances
their physical and functional properties and, thus, their activities. A synergistic effect was
observed from the use of ZnO NPs and the propolis composite on the UV-blocking property
and antioxidant and antibacterial activities [51] in meat-packing applications. Other syner-
gistic effects were reported in their combinations of antibacterial [52] and antifungal [53]
activities. However, surveying the literature revealed a lack of studies on the synergism
between ZnO NPs and propolis concerning antioxidant and anticancer activities. Conse-
quently, this study’s primary objective was to develop an environmentally friendly method
for synthesizing ZnO NPs and nano propolis in a solvent (water). In addition, a novel
composite of these two nanomaterials was desired to be synthesized and characterized
to assess the possible synergistic effect of this combination. The procedures used were
compared to traditional physicochemical and green synthesis techniques (Scheme 1).
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Scheme 1. Preparation of zinc oxide nanoparticles and their composites: their characterization and
synergistic antioxidant and anticancer investigation.

2. Materials and Methods

All solutions were formulated using milli-Q water. Zinc nitrate (Zn(NOs),-6H,O) was
acquired from the Oxford Laboratory Reagent. Sodium hydroxide (NaOH), aluminum
chloride (AICl3), and sodium nitrite (NaNO,) were given by piochem to laboratory chem-
icals in Egypt and were used without additional purification. Folin—Ciocalteau reagent,
gallic acid, 1,1-diphenyl-2-picrylhydrazyl (DPPH), the antioxidant ascorbic acid, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, RPMI-1640 medium, dimethyl sul-
foxide, catechin, and fetal bovine serum were all purchased from Sigma Aldrich (St. Louis,
MO, USA). Sodium carbonate (Na,CO3) was available from el-nasr pharmaceutical chemi-
cals in Cairo, Egypt. Carlo Erba reagent provided doxorubicin and hydrochloric acid (HCI).
After ripening in August and October (seasons 2021), propolis was collected from honeybee
(Apis mellifera) colonies reared in modern hives in tanta, el-gharbya governorate, Egypt.
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2.1. Cell Lines

Epitheliod carcinoma cervix cancer (Hela), human lung fibroblast (WI38), and mam-
mary gland breast cancer (MCF-7) were used. Through the holding company for biological
products and vaccines (VACSERA), Cairo, Egypt, the cell line was obtained from ATCC
(American Type Culture Collection).

2.2. Preparation of Nanoparticles
2.2.1. Propolis Nanoparticles Preparation

The propolis was subjected to a size reduction process to obtain nanoparticles using a
top-down ball mill methodology as follows: The propolis was introduced into a stainless
steel container containing a ceramic ball mill ranging in diameter from 1.11 to 1.75 cm at a
propolis-to-ball mass ratio of 10:1. The entire setup was subjected to rotation utilizing ball
mill equipment (Photon, Egypt) for 24 h, operating at 900 revolutions per minute (rpm).
The resulting propolis was collected and investigated with different methods (Scheme 2).
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Scheme 2. Preparation and characterization of nano propolis.

The XRD analysis (Figure 1a,b) of propolis and nano propolis obtained only amor-
phous peaks. Nevertheless, the observed behaviors were different. The typical 2nd ETA
angle at 22.35° of propolis appeared, but its intensity decreased in nano propolis and
shifted to 21.23° [42]. This was probably due to the effect of the milling process. The
surface morphology of the nano propolis was assessed using SEM imaging. As shown
in Figure 1c, SEM images indicate that nano propolis has rough surface morphologies,
suggesting an agglomeration of irregularly shaped particles. The particle size of nano
propolis determined from SEM images of the particles ranged from 20 to 60 nm (Figure 1d).
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Figure 1. XRD pattern of propolis (a); nano propolis (b); SEM image of nano propolis (c); and partial
size distribution of nano propolis (d).
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2.2.2. Green Synthesis of Zn Oxide Nanoparticles Using Propolis

Zn oxide nanoparticles were prepared using a modified version of the coprecipitation
approach described by Singh et al. [54]. In total, 20.0 g of propolis was added to 200 mL
of milli-Q water at 100 °C for 10 min on a digital hot plate with a magnetic stirrer device.
After cooling, the extract was centrifuged twice for 10 min at 4500 rpm, and the supernatant
was filtered using Watman filter paper and stored at 4 °C for the green synthesis of Zn
oxide nanoparticles.

A total of 0.10 M of the aqueous solution of zinc nitrate was used as the precursor.
The composition of nitrate (Zn?* solution) and the propolis extract in a 1:1 volume ratio
was prepared by adding the propolis extract drop by drop to the zinc nitrate solution with
constant stirring at 25 °C. The resulting particles were centrifuged twice for 20 min at
8000 rpm, then washed with bi-distilled water several times before the particles were dried
at 100 °C. Zinc oxide nanoparticles were obtained in powder form (Scheme 3).

VA,
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Nano propolis

(=)

. \
boiling ' !
¢~ | 5 1 ~g

. filtration

propolis aqueous
extract

Zn(NO3)2-6H20 Zn(NOy),

Scheme 3. Preparation of ZnO NPs using propolis extract.

2.2.3. Zinc Oxide-Propolis Nanocomposite (ZnO-P NCs) Preparation

ZnO-P NCs were prepared using a green synthesis approach with the propolis extract
as follows: ZnO NPs were transferred to a beaker containing 5 g of nano propolis before
the resultant mixture (suspension) was shaken for 24 h at 25°. After that, the mixture
was centrifuged, and the residual supernatant was discarded. This step was repeated 4
additional times. The product obtained was then washed with 50 mL of ethanol (5 times).
The obtained pure ZnO-P NCs were dried entirely at 100 °C and stored in an amber sample
glass bottle at RT.
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EDX analysis was conducted to confirm the presence of Zn, C, and Ca (Figure 2). EDX-
mapping analysis (Figure 2) was also utilized to confirm the chemical composition and
elemental distribution in our prepared material. Figure 2 presents homogeneous oxygen,
carbon, and zinc distribution throughout the prepared ZnO-P NCs.
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Figure 2. Cont.
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Figure 2. Energy-dispersive X-ray spectroscopy of synthesized ZnO-P NCs and EDX-mapping analysis.

2.3. Characterization

The PANalytical X-ray diffractometer (Empyrean) was utilized to conduct XRD analy-
sis using Cu K radiation with a wavelength of 40 KV, a scanning rate of 0.02° min~—! from
0° to 80° (20), and operating the device at a current of 35 mA and an acceleration voltage of
40 kV. To conduct FTIR spectra, Bruker Vertex 70 was used. Field emission scanning elec-
tron microscopy (FESEM) and a scanning transmission electron microscope (STEM) were
used to analyze the morphology of the synthesized nanoparticles. The microstructure and
surface morphology of green ZnO NPs and ZnO-P NCs were studied using HRTEM (JEOL,
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Tokyo, Japan, JEM-2100) at an accelerating voltage (200 KV). Zetasizer Nano (Malvern
Instruments Ltd., Malvern, UK) assessed zeta potential and the hydrodynamic particle
size. The method for preparing samples for zeta potential measurement was described
in our earlier work [55]. The bandgap of the samples was calculated from the respective
absorption edge using an Ultraviolet-visible spectrophotometer.

2.4. Total Phenolic and Flavonoid Contents Determination

The Folin—-Ciocalteu technique measured the total phenolic contents of nano propolis
and the synthetic nanoparticles (Meda, Lamien, Romito, Millogo, & Nacoulma, 2005) [56].
Aliquots of 0.1 g of lyophilized propolis powder and the synthesized nanoparticles were
dissolved in 1 mL of distilled water. In total, 0.1 mL of this solution was mixed with 0.1 mL
of the 50% Folin—Ciocalteau reagent, 2 mL of sodium carbonate (Na,COs3), and 2.8 mL of
distilled water. After thirty minutes of incubation, the reaction mixture’s absorbance at
750 nm was determined using a spectrophotometer (Hitachi, Tokyo, Japan; Model 100-20)
against the distilled water blank. As a standard, gallic acid was used. Using the five-point
standard curve (0-250 mg/L), the total phenolic contents in propolis and the synthesized
nanoparticles were measured in triple. The calculation was expressed in milligrams of
gallic acid equivalents ((GAE)/g). According to Chang, Yang, Wen, and Chern [57], the
total flavonoid content was measured using the aluminum chloride colorimetric method.
In 1 mL of distilled water, aliquots 0.1 g of the synthesized nanoparticles and propolis were
separately dissolved. A total of 5 mL of the resultant solution was combined with 2.8 mL
of distilled water, 1.5 mL of alcohol (95%), 0.1 mL of aluminum chloride (AlCI3) (10%), and
0.1 mL of potassium acetate (CH3COOK) (1 M). The reaction mixture’s absorbance was
measured at 415 nm against a distilled water blank using a spectrophotometer (Hitachi,
Model 100-20) after a 40 min incubation period at room temperature. The standard was
selected to be quercetin. Using the five-point standard curve (0-75 mg/L), the amounts of
the total flavonoid content in the samples were measured in triplicate. It was presented in
milligrams of quercetin equivalents (QE) per gram of lyophilized powder.

2.5. Antioxidant Activity (DPPH Assay)

The samples’ antioxidant activity was examined using the DPPHe Colorimetric tech-
nique with the antioxidant agent ascorbic acid for comparison [58]. To prepare for the
DPPHe solution, 25 mg of DPPHe was dissolved in 1000 mL of methanol. The DPPHe solu-
tion was mixed to the required final volume of 4 mL with samples at various concentrations.
Every sample was diluted serially by mixing with methanol (0.5, 1, 1.5, 2, 2.5 mg/mL). In
a test tube, 100 uL of each prepared sample was added to 3.9 mL of the DPPHe working
solution. The samples with DPPHe solution were kept at room temperature for 30 min in
the dark. Each sample’s absorbance was determined at 515 nm using the following step.

The following equation was used to calculate the percentage of DPPH remaining:

% DPPHe remaining = [DPPHe] T/[DPPHe]T =0 x 100

The % DPPHe of the remaining values was graphed against mg nanomaterials/mL
using an exponential curve to determine the inhibitory concentration “ICsy”. The number
of antioxidants needed to lower the initial concentration of the DPPHe solution by 50%
is indicated by the ICs5 value. The ICsy values correlate inversely with the investigated
sample’s antioxidant capability [59].

2.6. Anticancer Assay (MTT Assay)

The aforementioned cell lines were employed to evaluate the inhibitory effects of
nano propolis, zinc oxide nanoparticles ZnO NPs, and their nanocomposites utilizing
the MTT test to measure cell growth. In this colorimetric method, yellow tetrazolium
bromide (MTT) was converted to a purple formazan derivative using the mitochondrial
succinate dehydrogenase of live cells. Cell lines were cultured in an RPMI-1640 medium
supplemented with 10% of fetal bovine serum. At 37 °C in an incubator with 5% CO,,
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antibiotics of 100 units/mL of penicillin and 100 pg/mL of streptomycin were introduced.
The cell lines were seeded in a 96-well plate at 1.0 x 104 cells/well density and incubated
with 5% CO, at 37 °C for 48 h. After incubation, the cells were exposed to various compound
concentrations and incubated for 24 h. Following a 24 h drug treatment period, 20 pL of a
5 mg/mL MTT solution was applied and incubated for 4 h. Each well received 100 pL of
dimethyl sulfoxide to dissolve the produced purple formazan. The colorimetric test was
monitored and recorded at an absorbance of 570 nm via a plate reader (EXL 800, New York,
NY, USA). The relative cell viability was calculated as (A570 of treated samples/A570 of
untreated samples) x 100 and represented as a percentage.

3. Results
3.1. Characterization

X-ray Diffraction characteristics

The XRD analysis of the generated pure nano propolis, ZnO NPs, and ZnO-P NCs
is shown in Figure 3. The pure nano propolis structure pattern can be seen in the region
26 = 21.35°, according to the literature [60]. The XRD spectrum of ZnO NPs indicates the
clear presence of synthesized ZnO NPs at 26 = 33.4° and 37.1°, which coincides with the
indexes of (002) and (101), respectively, depending on the JCPDS card No. (76-0704). The
XRD spectrum of the nanocomposite ZnO-P NCs obtained distinctive patterns at 20 = 21.9°
and 34.4° that belonged to the nano propolis and zinc oxide, respectively. These patterns
are a high signature for blending zinc oxide nanoparticles into the propolis structure.

ZnO-P NCs
Zn
(101)
ZnO ZnO NPS
(002)
ZnOo
(101)

nano-propolis

10 15 20 25 30 35 40 45 50 55 60 65 70
2 Theta (degree)

Figure 3. X-ray diffraction pattern of nano propolis, ZnO NPs, and ZnO-P NCs.

Using the Debye-Scherrer equation, the Zn-P NCs crystallite size (D) was calculated
and is provided by the following equation [61].

D =KA/ cosb

wherein D is the size of the crystallite, K denotes the lattice constant, which was reported
to be (0.94) in a homogeneous lattice and (0.89) in a heterogeneous one, A indicates the
X-ray’s wavelength, CuK« indicates radiation (1.5406 A), B denotes the full width at half
maximum, and 6 represents the incident angle. The nanocomposite’s crystallite size was
determined to be 9.70 nm at the peak’s high intensity (20 = 21.99°).
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Fourier transforms infrared spectroscopy

Using an FTIR spectrophotometer, as shown in Figure 4, the functional groups within
nano propolis and ZnO nanoparticles involved in synthesizing ZnO-P NCs were discovered.
A shift was visible in the FTIR spectrum at a wavelength of 3371 cm~!. The phenol
functional group O-H and the stretching vibration of N-H in amides, both of which are
often found in proteins, are supported by this result [62]. Additionally, the extract’s
inclusion of these functional groups aids in reducing zinc ions into zinc nanoparticles.
Another study discovered that protein plays a role in reducing Zn?* to ZnO [63]. Stretching
vibrations of the C=C and C=0 groups are shown by bands in the FTIR spectra of the
propolis extract at 1631 cm ! and = 1247.8 cm ™! [64]. Weak peaks in the 2925.4 cm ™! and
2854.18 cm~! range indicate the presence of carbon in saturated hydrocarbons that are
long-chain alkyl compounds. The absorptions in this region are typical aliphatic group
(CH,, CH3) C-H bond vibrations [65]. Similar bands were also visible in the ZnO-P NCs
FTIR spectra. In ZnO nanoparticle patterns, the stretching vibration of the hydroxyl (OH)
groups causes prominent wide peaks in the upper area at 3140 cm ! [66]. The C=O group
is responsible for the peaks at 1558 cm ! and at 1440 cm~!. The ~-C-H bending vibration
band appears [66]. The Zn-O bonds’ stretching vibration, which is responsible for 688
and 454 cm~!, validates this product’s creation. As evidence that the synthesis process
was successful in creating ZnO particles, the FTIR spectrum of ZnO-P NCs also exhibited
bands between the wavelengths of 800 cm ! and 450 cm ™!, denoting the vibrational strain
absorption of the Zn-O bond (Table 1).

ZnO-P NCs

Trancemittance (%)

3140 440

nano-propolis

33759
29254
2854.18
163

1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cmﬂ)

Figure 4. Characteristic FTIR spectrum of nano propolis, ZnO NPs, and ZnO-P NCs with assigned
underlying molecular vibrations.

Table 1. Summary of the functional group’s band position for the prepared materials.

Materials/Band Position (cm—1)

Propolis ZnO ZnO-P NCs Characteristic Group
3371 3140 3371 O-H and NH

2925.4 2925.4 CH,
2854.18 2854.18 CH3;
1631 1644 Cc=C
1247.8 1558 1370.2 Cc=0
1440 C-H
688 667.8 Zn-O

454 458.19 Zn-O
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Scanning electron microscopy and transmission electron microscopy

The morphologies of as-prepared nano propolis, ZnO NPs, and ZnO-P NCs were
characterized through SEM and TEM (Figure 5). Figure 5a shows the SEM images of
propolis particles at 1 um of magnification, displaying irregularly agglomerated particles,
which are a few hundred nanometers in size. By contrast, SEM images of ZnO NPs
(Figure 5b) at 200 nm magnification have spherical and smooth surface structures. Under
the scale of 100 nm, ZnO-P NCs showed tiny spherical shapes with an approximately fair
and uniform distribution without empty or cracked space on a large scale, as illustrated
in Figure 5c. Furthermore, high-resolution TEM images of those three different samples
demonstrate the ultrathin thickness structure of the nanosheets (Figure 5d). The spherical
shape of ZnO NPs is clearly shown in Figure 5e, and they are distributed on the propolis
sheet while tightly bonded together in ZnO-P NCs. The SEM observation (Figure 5f) is in
accord with Figure 3, which indicates the crystallinity of the particles. Figure 5g indicates
the particle distribution of ZnO-P NCs that range from 12 to 22 nm.

EHMT = 1800&V

WO 43mm Mog= 5815KX

Figure 5. Cont.
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Figure 5. SEM of propolis (a), ZnO NPs (b), and ZnO-P NCs (c), TEM image of propolis (d), ZnO
NPs (e), ZnO-P NCs (f) and particle size distribution of ZnO-P NCs (g).

Zeta potential

Zeta potential (ZP) values indicate the stability of the nanoparticles that have been
synthesized. Thus, values of ZP between £30 mV are considered optimal for good disper-
sion stabilization. According to Figure 6a—c, the nano propolis, ZnO NPs, and ZnO-P NCs
had Zeta potential values of —34 mV, —11 mV, and —27 mV, respectively.
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Figure 6. Zeta potential of nano propolis (a), ZnO NPs (b), and ZnO-P NCs(c), and DLS of ZnO NPs

(d) and ZnO-P NCs (e).
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DLS only offers information on the particles” average hydrodynamic diameter; TEM
was used to decipher information on the interior characteristics of particles. Particle
sizes smaller than that of 1601 and 1751 nm for ZnO NPs and ZnO-P NCs (Figure 6¢,d),
respectively, were visible in SEM and TEM pictures (Figure 5). This is because the largest
particles produce the strongest scatters. DLS overestimates the relative contribution of these
particles by measuring the intensity-weighted average particle size. Additionally, DLS
measures colloids’ equivalent hydrodynamic diameter, which is greater than the diameter
seen in SEM and TEM. The value of the hydrodynamic size of the nanocomposite, more
than that of Zn NPs, confirms the formation of the nanocomposite [67].

Optical properties

UV-vis absorption patterns were examined to learn more about the optical properties
and energy structures of pure nano propolis, ZnO NPs, and the ZnO-P NCs, as shown
in Figure 7. In Figure 7a, the UV-Vis spectrum includes distinctive absorbance peaks
of pure nano propolis, ZnO NPs, and the ZnO-P NCs at roughly 273, 279, and 280 nm,
respectively. For the ZnO-P NCs (blue), the absorption tended to produce an increase
in higher wavelengths (280 nm), displaying the red shift [68]. Studies show that the
wavelength increases as particle size increases, proving the formation of ZnO-P NCs. At
high absorption regions, the optical bandgap of nano propolis, ZnO NPs, and the ZnO-P
NCs has been demonstrated by employing the Tauc equation:

Ahv =B (hv — Eg)"

The incident light energy is denoted by hv and given by the formula hv = 1240/L. B
denotes the absorbance, Eg denotes the bandgap energy indicated by extrapolating the
straight area of the curves between ochv and («¢hv),, and the n constant demonstrates the
transition mode [69-71]. The results demonstrate that the bandgap energy of nano propolis,
ZnO NPs, and ZnO-P NCs are 2.39 eV, 2.72 eV, and 3 eV, respectively.

20
Zn-P(NCs) —e— nano-propolis
5 (a) =——2Zn-NPs ) —8— 7Zn-NPs (b)
s NAN0O-propolis —e— Zn-P(NCs)
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3(')0 4CIID 560 600 1.5 2.0 3.0 35

25
Wavelength (nm) Energy (eV)
Figure 7. (a) UV-vis absorption spectra and (b) Bandgap of the nano propolis, ZnO NPs, and the
ZnO-P NCs nanocomposite.

3.2. Biological Activities

Antioxidant activity

The antioxidant capabilities of propolis have been proven previously [72-76]. How-
ever, this work attempted to effectively enhance propolis” antioxidant activity by combining
it with ZnO NPs in a final nanomaterial (nanocomposite). The DPPH assay was used to
measure the free radicals scavenging activity of nano propolis, ZnO NPs, and the ZnO-P
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NCs. Various concentrations were used, as shown in Figure 8, with an ICsy value of 2.75,
1.7, and 1.45 mg mL~! for ZnO NPs, nano propolis, and ZnO-P NCs, respectively, and
the evaluated nanomaterials demonstrated a high antioxidant DPPH radical scavenging
activity in a dose-dependent manner.

704 —=—ZnO0 (NPs)
| —e— Nanopropolis
ZnO-P (NCs) pul——

60- /
50 4 /

40 /
—

T "
30 / _—
] /.
05 10 15 20 25 3.0

Conc., (mg/ml)

DPPH Scavening activity, (%)

Figure 8. DPPH free radical scavenging activity of nano propolis, ZnO NPs and their composite.

Nano propolis and ZnO NPs both exhibited antioxidant capabilities that were effective
in scavenging damaging free radicals and reducing oxidative stress. In green-synthesized
ZnO-P NCs, antioxidant capacity was further enhanced through synergistic interactions.
The bioactive compounds in propolis, such as flavonoids and phenolic acids, work with
zinc oxide nanoparticles to scavenge free radicals more effectively, which could protect
cells from oxidative damage and potentially alleviate oxidative stress-related conditions
(Table 2).

Table 2. DPPH free radical scavenging activity of nano propolis, ZnO NPs, ZnO-P NCs, and their
ICsp (mg mL~1).

Sample DPPH % Scavenging Activity ICs9 (mg mL—1)
Nano propolis 51.85 1.7

ZnO NPs 62.56 2.75

ZnO-P NCs 71.02 1.45

This study compares the antioxidant activity of propolis, ZnO nanoparticles, and
their composites, highlighting several key aspects. Diverse composition: propolis contains
various compounds contributing to its antioxidant potential, while ZnO nanoparticles
offer unique antioxidant mechanisms. Emerging nanotechnology: this research explores
the novel use of ZnO nanoparticles, offering insights into nanomaterials’ advantages in
combating oxidative stress. Synergistic effects: the synergistic effects are assessed when
combining natural compounds with nanomaterials. These mechanisms complement each
other, covering a broader spectrum of oxidative stressors. Nano propolis can directly
scavenge free radicals, while ZnO NPs participate in redox reactions and neutralize ROS
by donating or accepting electrons. They can enhance their overall capacity to neutralize
various types of free radicals and oxidative species when used together. ZnO NPs improve
the stability and bioavailability of active compounds in nano propolis. They act as carriers
or delivery vehicles for nano propolis antioxidants, protecting them from degradation and
ensuring a more sustained release of antioxidants. Some ZnO NPs exhibit catalytic activity,
accelerating the breakdown of harmful oxidative species like hydrogen peroxide. This
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amplifies propolis’s antioxidant effect by increasing the rate at which ROS are eliminated.
Safety and applications: evaluating safety profiles is crucial for various applications, from
cosmetics to biomedical uses. Environmental considerations: this study assesses the
environmental impact of these materials.

Cytotoxic activity

Propolis was reported to have potential antitumor properties using various mecha-
nisms. In addition, ZnO NPs are considered a promising anticancer agent due to their
unique biocompatibility properties, high selectivity, enhanced cytotoxicity, and ease of
synthesis [77]. ZnO-P NCs have a higher activity than other samples. Hence, the in vitro
cytotoxicity of synthesized nanomaterials was determined against breast cancer and cervi-
cal carcinoma (MCF-7 and Hela) via the MTT assay. In addition, a normal human cell line
(WI-38) was utilized to assess the selectivity, and doxorubicin was chosen as a standard
anticancer treatment for comparison (Table 3). A parallel line assay (PLA version 1.2.06)
was used for statistical analysis, and both were discovered to be similarly cytotoxic and
effective. The concentration that led to a 50% loss of the cell monolayer (ICsy) was used to
measure cytotoxicity. The obtained results revealed that nano propolis, ZnO NPs, and their
nanocomposite ZnO-P NCs could, in a dose-dependent manner, inhibit the proliferation of
the selected cell lines (Figure 9).

Table 3. In vitro cytotoxic activities of nano propolis, ZnO NPs and ZnO-P NCs against human

cell lines.
Compound In Vitro Cytotoxicity ICsp (ug/mL)
WI38 Hela MCF7
DOX 6.72 + 0.5 557+ 04 417 +0.2
Nano propolis 7548 + 3.9 49.01 £2.8 38.96 +£ 2.3
ZnO NPs 43.10 £ 2.6 52.36 + 3.0 68.80 £+ 3.5
ZnO-P NCs 57.09 £3.3 23.77 £ 1.9 18.17+ 14

Additionally, a more potent cytotoxic activity was observed for ZnO-P NCs (ICs =
18.17 £+ 1.4 pg/mL and 23.77 + 1.9 ug/mL against MCF-7 and Hela cell lines, respectively.
The significant difference in ICsy values confirmed its more effective ability to penetrate
cells. Moreover, ZnO-P NCs showed higher selectivity toward tumor cells than the normal
cell line (WI-38). They showed higher selectivity than the standard used (DOX). The results
displayed in Figure 9 and Table 3 further support the selectivity of these novel compounds
and indicate how their lower toxicity toward normal cells was also observed. The propolis
nanocomposite is a perfect adjuvant agent for upcoming anticancer regimens due to its
excellent outcomes, good oral bioavailability, and favorable historical safety profile [78,79].

It is important to note that the specific mechanisms underlying the synergy effect
between zinc oxide nanoparticles and nano propolis in their composite formulation may
vary depending on the preparation method, ratio, and concentration of the components.
Furthermore, the observed synergy needs to be supported by rigorous scientific research
and evaluation in preclinical and clinical studies to understand its extent and potential
therapeutic applications fully.
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Figure 9. Average relative viability (%) of the lung fibroblast cell line (WI 38), human cervical cancer
cell line (Hela), and breast carcinoma cell line (MCF?7) at various concentrations of (a) doxorubicin,
(b) nano propolis, (c¢) ZnO NPs and (d) ZnO-P NCs.

Comparison of the DPPH free radical scavenging activity

Our findings have been further evaluated in comparison to the values obtained with
other metals and metal oxide nanoparticles (Table 4).

The data in Table 4 show that the DPPH scavenging activity of zinc oxide, propolis,
and ZnO-P NCs has a significant value compared with other materials. However, these
data confirm the dependency of antioxidant activity on concentration.
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Table 4. Comparison of the DPPH free radical scavenging activity.

Sample DPPH % Scavenging Activity Ref.
Nano propolis 51.85 This work
ZnO NPs 62.56 This work
ZnO-P NCs 71.02 This work
Cellulose 4.29 [80]
ZnO NPs 6.75 [80]
ZnO-Cel 14.85 [80]
Rut-Zn 41.92 [81]
Cit-Zn 31.33 [81]
MgO NPs 43.16 [82]
Gold 50 [83]
Silver 55 [83]
Copper oxide 85 (Conc. =37.5mg/mL) [84]
Nickel oxide 90 (Conc. =33.3 mg/mL) [85]

4. Conclusions

Propolis NPs were prepared, and their extract was used to obtain ZnO NPs and ZnO-P
NCs using a biomimetic, environmentally friendly, simple, and cost-effective approach
compared to other reported methods. The nanomaterials were characterized using Zeta
potential analysis, FT-IR, XRD, SEM, and TEM. The results confirm the formation and
stability of nanomaterials, and the particle size of ZnO-P NC was 9.70 £ 0.03 nm.

Propolis contains bioactive compounds such as flavonoids, phenolic acids, and ter-
penoids, contributing to its potent antioxidant and anticancer effects. Its ability to inhibit
cancer cell proliferation, induce cell cycle arrest, and promote cancer cell death is attributed
to its antioxidant properties, protecting cells from oxidative damage and reducing cancer
risk. The synthesized nanomaterials were evaluated for their antioxidant activity, showing
promising DPPH radical scavenging effects with IC50 values of 2.75, 1.7, and 1.45 mg mL~!
for ZnO NPs, propolis NPs, and ZnO PNCs, respectively. Furthermore, the anticancer activ-
ity of ZnO PNCs was investigated on breast cancer (Hela and MCF-7) and human normal
(W138) cell lines. The ZnO PNCs exhibited potent cytotoxicity against breast cancer cells,
with an ICsg value of 18 pg/mL, suggesting its potential for breast cancer treatment. It also
displayed anticancer effects against cervical cancer with an IC50 value of 23 ug/mL. The
synergy between zinc oxide nanoparticles and nano propolis in their composite formulation
contributed to its observed safety, antioxidant, and anticancer activities.

This study shows promising results, including in vivo experiments and clinical trials,
while highlighting the potential of natural compounds and nanotechnology in developing
novel therapeutic strategies to combat oxidative stress-related disorders and cancer. How-
ever, further research is needed for comprehensive evaluation and potential applications.
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