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af extract-loading ZnO
nanoparticles for porcine epidemic diarrhea virus
(PEDV) treatment

Thi Thu Huong Le, a Thi Tam Than,b Thi Ngọc Ha Laic and Van Phan Le*c

Porcine epidemic diarrhea (PED) is one of the diseases that causes great losses for livestock farmers.

Because vaccines against the disease are not very effective, there is a great demand for biological

products with effective resistance to PED virus (PEDV). One of the most important trends today is the

use of active ingredients from nature in animal husbandry. This study aimed to create an effective agent

against PEDV from the extract of Stixis scandens, which has been shown to inhibit PEDV. The aqueous

(denoted as TCN) and ethanolic extracts (denoted as TCC) of Stixis scandens leaves were first prepared

and then qualitatively analyzed for their chemical compositions. The TCN was used to synthesize ZnO

nanoparticles (NPs) at various sizes from 20 to 120 nm. Subsequently, TCC was loaded on ZnO NPs to

form ZnO-extract nanoformulations with an extract loading content of 5.8–7.6%. Total polyphenols (TP)

and total alkaloids (TA) in TCC were 38.51 ± 0.25 mg GAE per mg and 22.37 ± 0.41 mg AtrE per mg,

respectively. TP was less loaded but more released from the nanoformulations than TA. The A1T

nanoformulation, containing only 7.6% extract, had a minimum PEDV inhibitory concentration of 3.9 mg

mL−1, which was comparable to that of TCC. The experiments confirmed that the nanoformulations are

promising for PEDV inhibition applications.
1. Introduction

Porcine epidemic diarrhea (PED), caused by a virus, is one of the
most important diseases in the swine industry. PEDV is a posi-
tive-sense single-stranded RNA virus, belonging to the Corona-
virinae family.1 This family of viruses causes a variety of
diseases in mammals and birds, from enteritis in cows and pigs
to upper respiratory disease in chickens and fatal human
respiratory infections, such as severe acute respiratory
syndrome (SARS), Middle East Respiratory Syndrome (MERS)
and Covid-19 (SARS-CoV-2).2 PEDV can cause severe watery
diarrhea and subsequent dehydration in pigs of all ages and
highmortality in 7–10 day-old piglets. Although several vaccines
have been used to prevent PEDV such as live attenuated
vaccines, recombinant vector vaccines, DNA vaccines, and
subunit vaccines. it is still not possible to prevent outbreaks of
PEDs, due to these types of vaccines which are generally not very
effective.3 Therefore, there is a great need for antiviral biological
products for disease prevention and treatment. Some previous
studies have discovered many compounds with anti-PEDV
properties such as 2-deoxy-D-glucose,4 glycyrrhizin,5 and
nment, Vietnam National University of

am. E-mail: lethithuhuong@vnua.edu.vn

ogy, Trau Quy, Gia Lam, Hanoi, Vietnam

ational University of Agriculture, Hanoi,

the Royal Society of Chemistry
surfactin.6 However, there is currently no effective commercial
drug to control PEDV infection.

Natural products have long been widely studied as antiviral
agents.7 Recently, research on substances with natural antiviral
activity against PEDV has received great attention. For example,
tomatidine, a steroid alkaloid extracted from tomato peels and
leaves, showed signicant inhibition of PEDV replication in Vero
and IPEC-J2 cells in vitro. It was found that the mechanism of
inhibition of PEDV by tomatidine is that tomatidine inhibits PEDV
replication mainly through the 3CL protease. In addition, toma-
tidine has in vitro antiviral activity against transmissible gastro-
enteritis virus (TGEV), porcine reproductive and respiratory
syndrome virus (PRRSV), encephalomyocarditis virus (EMCV), and
seneca virus A (SVA).2 In another study, an aqueous extract of
Moringa (M. oleifera) leaves was able to inhibit PEDV infection
during its replication phase in vitro. In addition,M. oleifera extract
inhibits PEDV infection by preventing oxidative stress and
apoptosis caused by PEDV infection.8 Aloe extract at a concentra-
tion of 16 mg mL−1 could inhibit the replication of PEDV in vitro
and cause inhibition at the late stage of the virus's life cycle. Aloe
vera extract at a concentration of 100mg per kg body weight, which
is relatively safe in mice, can reduce viral load and pathological
changes in the intestinal tract of pigs and protect piglets from
experimental toxicity with the PEDV GDS01 strain.9 In a previous
study, many Vietnamese medicinal plants were screened and the
ethanolic extract of Stixis scandens leaves was determined to be the
most effective anti-PEDV agent compared to other extracts.10
RSC Adv., 2024, 14, 8779–8789 | 8779
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Stixis scandens, also known as Stixis elongata Pierre, belongs
to the Capparidaceae family and is used by people to treat
tendon and bone pain, and rheumatism, and the leaves are
used to treat eye diseases.11 As far as we know, the chemical
composition of this plant has been studied quite limited. A 2023
publication showed two new N-containing glycoside
compounds in the composition of Stixis scandens leaves.12 A
similar plant, Stixis suaveolens Roxb, in the same family, has
been studied for some of its chemical components.13 From the
Stixis suaveolens Roxb plant, Vietnamese scientists have devel-
oped a method to extract the compound Cappariloside A.14 The
compound which belongs to the alkaloid group has been shown
to have the ability to ght many viruses, including inuenza
viruses H1N1 and H3N2, PIV3, and ADV.15

Although plant extracts can inhibit the growth of viruses,
their effectiveness depends on the concentration of the active
compounds. Since these compounds also have anti-nutritional
properties, the level of plant extracts included in the animal's
diet is limited because otherwise feed intake or nutrient
digestibility may be affected or decreased.16 In addition, in the
above in vivo test, although aloe vera extract showed resistance
to PEDV, at high concentrations, the extract could increase
blood viscosity and cause mild diarrhea in piglets.9 Therefore, it
is essential to improve the effectiveness and reduce the dosage
of plant extracts for PEDV treatment applications.

Developing nanoformulations of medicinal substances from
plants is a potential trend in the treatment of many virus
diseases.17 There are various nanoformulations used as antiviral
drug delivery vehicles such as lipid nanosystems, polymer
nanosystems, lipid–polymer nanosystems, carbon nano-
composites, metal nano/inorganic metal oxides.,18 among
which nano ZnO nanoformulations show much potential.

Zinc oxide ZnO has long been used as an agent to reduce
diarrhea in piglets. In a study on the effects of ZnO on PEDV-
infected piglets, the results showed that using ZnO at a dose
of 100 mg per kg body could improve growth performance,
intestinal redox status, and intestinal morphology state, func-
tion and reduce diarrhea in PEDV-infected piglets. ZnO can
exert antiviral and anti-inammatory effects on PEDV-infected
piglets by regulating neutrophil degranulation. However, this
study used non-nano-sized ZnO particles.19 Nutritionally, nano-
sized Zn supplements have higher bioavailability in animals
than micro-sized Zn, allowing more interactions to occur in the
intestine and better absorption.20Using nano Zn in pig diets can
reduce the amount of Zn needed by up to 60% without losing
the effect on the intestinal microbiota.21 ZnO nanoparticles are
able to inhibit many viruses such as H1N1,22,23 HSV-1 (ZnO-PEG
nanoparticles at a concentration of 200 mg mL−1 reduce the
virus titer by 2.5 log 10 TCID50, and reduce by 92% DNA copy of
this virus)24 or ZnO nanoparticles synthesized using Plumbago
indica L. plant extract with CC50 (50% cell cytotoxic concentra-
tion) and IC50 equal to 43.96 ± 1.39 and 23.17 ± 2.29 mg mL−1.25

In 2023, chiral ZnO nanoparticles were also investigated for
their antiviral activity.26 In the study, L-ZnO nanoparticles
showed higher antiviral activity against porcine reproductive
and respiratory syndrome virus (PRRSV) than D-ZnO and DL-
ZnO. Recently, many publications have shown the potential of
8780 | RSC Adv., 2024, 14, 8779–8789
nano ZnO in inhibiting SARS-CoV-2. For example, PEGylated
ZnO nanoparticles have IC50 = 526 ng mL−1; CC50/IC50 # 1.27

ZnO nanoparticles synthesized with different phenolics were
predicted in silico models to be able to inhibit SARS-CoV-2.28 In
a review study published in 2022, the authors presented the
antiviral mechanisms of ZnO nanoparticles and also conrmed
the supply of Zn, an essential trace element, especially in the
form of nano helps support the prevention and treatment of
Covid-19.29 ZnO nanoparticles (30–60 nm) inactivated the Delta
and Omicron SARS-CoV-2 with a stronger effect than larger ZnO
nanoparticles.30 For PEDV, we only found one summary report
showing that ZnO can inactivate PEDV, but does not destroy this
virus particle.31 In this study, ethanolic and aqueous extracts
were prepared from the leaves of Stixis scandens, and their
chemical compositions were determined. Moreover, it is the
rst time that both aqueous and ethanolic extracts of Stixis
scandens leaves were used for the synthesis of ZnO nano-
formulations for the treatment of PEDV.
2. Experimental
2.1. Materials

The leaves of Stixis scandens were collected in Vu Quang, Ha
Tinh, Vietnam and the scientic name of the plant was identi-
ed at the VietnamNational Museum of Nature. The leaves were
washed and dried at 40 °C for 24 h, then nely ground and
stored in an airtight container.

The chemicals used include: food alcohol (96°), distilled
water, atropine sulfate standard, bromocresol green, gallic acid
standard, Folin-Ciocâlteu reagent, Zn(CH3COO)2$2H2O, and
other commonly used chemicals were of analytical grade, and
were used directly without rening.
2.2. Research methods

2.2.1. Preparation of extract of leaves of Stixis scandens.
100 g of Stixis scandens leaf powder was soaked in 2 L of distilled
water or 2 L of 96° ethanol for 48 h combined with 3 times of
ultrasonic vibration every 24 h at room temperature, 30 min apart,
15 min each time. The extract was then ltered through a cotton
stopper followed by Whatman® lter paper (no. 1) before use in
qualitative determination. To determine the total polyphenols,
total alkaloids, and antiviral activities of the extracts, they were
concentrated using a rotary evaporator at low temperature (40 °C)
and reduced pressure, and then lyophilized to constant mass and
stored in an airtight container at 4 °C. The aqueous and alcohol
extracts of the leaves are designated as TCN and TCC, respectively.

2.2.2. Qualitative determination of the chemical composi-
tion of Stixis scandens. The phytochemical composition of the
extracts was determined by common methods with some
modications.32,33

Phenolic compounds were determined by the FeCl3 test. Mix
1.0 mL of TCN or TCC and 1.0 mL of 0.1 M FeCl3 solution. The
change in color of the solution indicates the presence of poly-
phenol compounds.

Saponins were tested by foaming test and Fehling test.
0.5 mL of TCC or TCN was diluted with 2.0 mL distilled water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Sample code

Volume of
TCN

Calcination temp

600 °C 500 °C 400 °C

10 mL A1 B1 C1
20 mL A2 B2 C2
30 mL A3 B3 C3
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and stirred vigorously in a test tube. The presence of saponins is
recognized by the stable foams that are formed. Fehling reagent
was prepared by mixing 1.0 mL of 1 M CuSO4; 1.0 mL 2 M NaOH
and 1.0 mL 10% sodium-potassium tartrate solution. Fehling
reagent was added to 1.0 mL of TCC or TCN and themixture was
then heated. The presence of saponins was further conrmed by
a red precipitate.

Alkaloids were detected using the Dragendorff reagent.
Dragendorff reagent was synthesized by reacting 5% excess KI
solution and Bi(NO3)3 solution in an acidic medium. TCN and
TCC were dotted on silica gel plates, which were dipped in
Dragendorff reagent solution, and alkaloids were identied by
the orange color appearing at the extraction site.

For the determination of glycosides, 1.0 mL of acetic acid
and 1.0 mL of chloroform were mixed with 1.0 mL of TCN or
TCC. The mixture was placed in a beaker of ice before adding
concentrated H2SO4. The appearance of the green color of the
solution indicates the presence of glycosides in the extract.

Trim–Hill reagent (acetic acid – 0.2% CuSO4 – concentrated
HCl, 10 : 1 : 0.5) was used for the determination of iridoids.
0.5 mL of TCC or TCN was added to 4mL of Trim–Hill agent and
mixed well. The blue color shows the presence of iridoids.

The presence of avonoids in the extract was used by the
reaction of TCC or TCN with a mixture of 1 mL of 5% NaNO2,
1 mL of 10% Al(NO3)3, and 10 mL of 4% NaOH solution. The
yellow color conrms the presence of avonoids.

2.2.3. Quantication of total polyphenols (TP) and total
alkaloids (TA) in extracts. The TP and TA in the extracts were
analyzed following a published report.34

2.2.3.1. Determination of TP based on gallic acid standard
substance. Gallic acid was diluted in water to a stock solution of
200 mg mL−1 and prepared into a standard series of concentra-
tions of 20, 40, 60, 80, and 100 mg mL−1. Folin-Ciocâlteu reagent
was diluted 10 times. Take 0.5 mL of gallic acid standard solu-
tion, add 2.5 mL of diluted Folin-Ciocâlteu reagent, and add
2mL of 7.5%Na2CO3 solution. The solution was allowed to stand
for 2 h, and then the UV-Vis spectra of the standard series were
recorded to determine the maximum absorption wavelength and
to establish the gallic acid standard curve.

The TP content in TCC and TCN was determined in a similar
way to the standard series measurement, where 0.5 mL of the
standard solution was replaced by 0.5 mL of TCC or TCN
solution (TCC: 1.2 mg mL−1 ethanol, TCN: 1 mg mL−1 water).
The TP content in the extract was then calculated from the
calibration curve and expressed as gallic acid equivalent (GAE).

2.2.3.2. Determination of TA based on atropine standard.
Accurately weigh 10.8 mg of atropine sulfate ((C17H24NO3)2-
SO4$H2O M = 694.8 g mol−1), dissolve in 50 mL distilled water
to obtain atropine stock standard solution (C17H23NO3 M =

289 g mol−1) 180 mg mL−1. Atropine standard series with
concentrations of 5, 9, 18, 27, 36 mg mL−1 were prepared from
the atropine standard solution.

Prepare a solution of bromocresol green with a concentra-
tion of 1 mmol l−1 in an alkaline environment (NaOH). Prepare
0.1 M NaH2PO4 buffer (pH = 4.7). Take 3 mL of atropine stan-
dard solution, add 5 mL of bromocresol green solution, 5 mL of
phosphate buffer, and 5 mL of chloroform to the separatory
© 2024 The Author(s). Published by the Royal Society of Chemistry
funnel, shake vigorously for 2 min, and take the soluble yellow
atropine-bromocresol green complex solution in chloroform.
This solution was subjected to UV-Vis spectroscopy to construct
the atropine calibration curve.

The TA content in TCC was determined as follows: 3 mL TCC
solution (6 mg mL−1) was completely evaporated to remove the
ethanol, the remaining extract was dissolved in 2 M HCl, and
the precipitate was ltered off. The solution was neutralized
with NaOH and transferred to a separatory funnel. 5 mL of
bromocresol green, 5 mL of phosphate buffer, and 5 mL of
chloroform were added, shaken vigorously for 2 min, and the
yellow complex solution dissolved in chloroform was collected.
This solution was subjected to UV-Vis spectroscopy to deter-
mine TA using the calibration curve. The TA content or
concentration is expressed as atropine equivalent (AtrE).

2.2.4. Synthesis of ZnO nanoparticles using aqueous
extract.Nine types of ZnO nanoparticles were synthesized by the
reaction between the aqueous extract of the wormwood and zinc
acetate. 10 mL, 20 mL, or 30 mL of 5 mg mL−1 TCN solution
were reacted with 10 mL of 0.1 M Zn(CH3COO)2 solution at
room temperature for 24 h. Aer the reaction, the precipitate
was separated by centrifugation, washed with distilled water,
and dried at 60 °C for 24 h before heating at 600, 500, or 400 °C.
The ZnO samples are designated according to the synthesis
conditions as shown in Table 1.

2.2.5. Synthesis of ZnO-extract nanoformulations. To
synthesize ZnO-extract nanoformulations, the ethanol extract
TCC of the Stixis scandens leaves was carried onto the ZnO
nanoparticles by adsorption method.5 In a common procedure,
100 mg of ZnO nanoparticles (3 samples selected as A1, B3, and
C3) were dispersed in water by ultrasonic vibration. 10mL of the
1 mg mL−1 TCC solution was then slowly added. The mixture
was maintained for 24 h with continuous magnetic stirring.
ZnO nanosystems loading Stixis scandens extracts, denoted A1T,
B3T, and C3T respectively, were collected by centrifugation,
washed with distilled water, and dried at 60 °C for 24 h before
further characterization.

2.2.6. Characterization of the synthesized nano-
formulations. The size and morphology of the samples were
analyzed by eld emission scanning electron microscopy
(FESEM) and dynamic light scattering (DLS) methods. X-ray
diffraction (XRD) was used to determine the crystal structure
of the nanoformulations. The presence and composition of
organic compounds in the nanoformulations were evaluated by
UV-Vis absorption spectroscopy, Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy, and thermal analysis
method (TGA).
RSC Adv., 2024, 14, 8779–8789 | 8781
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The extract content in the nanoformulation (% loading
content – % LC) and the encapsulation efficiency of the nano-
formulation (% encapsulation efficiency – % EE) were deter-
mined based on the TP and TA content in the sample. A
weighted sample (about 10 mg) of the lyophilized ZnO-extract
nanoformulation was immersed in 5 mL of food-grade
ethanol for 30 min to release all the extract from the nano-
formulation. The solution was centrifuged at 4500 rpm for
10 min. The supernatant was aspirated with a pipette and
analyzed for TP and TA according to the method in Section
2.2.3. % EL and% EE are calculated according to eqn (1) and (2),
respectively.

% LC = (mass of extract contained in the nanoformulation)/

(the nanoformulation) × 100% (1)

% EE = (mass of extract contained in the nanoformulation)/

(mass of the initial extract) × 100% (2)

The release of the active substance from the nanoparticles was
determined in isotonic phosphate buffer (PBS) pH 7.4. The
nanoformulation solution (5mL) was transferred to a dialysis bag
(MWCO 6–8 kDa). The sealed dialysate bag is dipped in 20 mL of
PBS buffer pH 7.4. The release experiment was performed at
38.5 °C (normal body temperature of pigs) and shaken at
100 rpm. At the specied times, 2 mL of release medium was
withdrawn and immediately replaced with 2mL of fresh PBS. The
collected samples were analyzed for TP and TA content.

2.2.7. In vitro PED virus treatment. The in vitro PEDV
treatment experiments were carried out according to previous
work with minor modications.10 Initially, the nanoformulations
and dried Stixis scandens ethanolic extract (TCC) were examined
for their toxicity on Vero cells (African greenmonkey kidney cells).
TCC was diluted in DMSO to form a 1000 mg mL−1 solution while
the 3 nanoformulations of A1T, B3T, and C3T were dispersed in
water to form 500 mg mL−1. Serial two-fold dilutions of the
samples were prepared in DMEM and then added to the Vero cell
previously cultured in a 96-well plate (100 ml per well). Each
sample dilution was tested in three wells and the experiments
were performed in duplicate. The plate was then incubated at 37 °
C in 5% CO2. The Vero cells in the plate were observed for their
morphology by an inverted microscope and daily tested for cyto-
toxic effects in 5 days. The maximum nontoxic concentration
(MNTC) of each sample was determined as the maximum
concentration of the sample at which the cells grew normally.

In the next steps, the MNTC of samples was used as the
starting concentration for the PEDV treatment test. Serial two-
fold dilutions of the samples were prepared in DMEM and
then mixed with an equal volume of PED virus solution (400
TCID50/100 ml). The virus-sample mixture was incubated at 37 °
C for 30 min and then added to Vero cells previously cultured in
a 96-well plate (200 ml per well) (or 100 ml virus solution per
well). Each sample dilution was tested in three wells and the
experiments were performed in duplicate. The plate was then
incubated at 37 °C in 5% CO2 for 5 days. Untreated Vero cells
infected and uninfected with PEDV, respectively, were used as
controls. The cytopathic effect was monitored daily. The
8782 | RSC Adv., 2024, 14, 8779–8789
antiviral activity of the samples was evaluated based on the
inhibition of the cytopathic effect of the virus. The minimum
inhibitory concentration (MIC) was determined as the
minimum concentration of the sample at which the cells grew
normally in the presence of the virus.

2.2.8. Data analysis. The quantications were carried out
in 3 replicates, the results were expressed as an average ±

standard deviation. The data were processed using Excel 2019
and Origin 8.0 soware.

3. Results and discussion
3.1. The qualitative and quantitative composition of the
extract

Fig. 1 shows the fresh and dried parts of the plant Stixis
scandens L. From 100 g of powdered leaves of S. scandens, 12.0 g
of TCC dry extract or 15.3 g of TCN dry extract was obtained. The
results of the qualitative component analysis of TCC and TCN
are presented in Fig. 2.

As shown in Fig. 2, the ethanol extract (TCC) of S. scandens
contained alkaloids, polyphenols, avonoids, and glycosides
while saponin, polyphenols, and avonoids were found in the
aqueous extract (TCN). Iridoids were not found in either extract.

Total polyphenols (TP) was determined in TCC and TCN and
total alkaloids (TA) was estimated in TCC by UV-Vis methods.
The calibration curves for the polyphenol standard (gallic acid)
and the alkaloid standard (atropine) are shown in Fig. 3.

The TP content was determined to be 56.94 ± 0.46 mg GAE
per mg dried TCN and 38.51 ± 0.25 mg GAE per mg dried TCC.
The TA content was 22.37 ± 0.41 mg AtrE per mg in dried TCC.

3.2. ZnO nanoparticles

FESEM images, UV-Vis spectra, and XRD patterns of ZnO
nanoparticles are shown in Fig. 4. As summarized in Table 2,
Fig. 1 Stixis scandens L. plant collected at Vu Quang, Ha Tinh, Vietnam.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Qualitative analysis of chemical compositions of aqueous and
ethanolic extracts.

Fig. 3 UV-Vis spectra and calibration curves of TP as gallic acid (a) and
TA as atropine (b).
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the differences in synthesis conditions lead to different sizes of
the obtained ZnO nanoparticles determined by the FESEM
method. In general, the higher calcination temperature resulted
in larger particles. This result is consistent with other previous
observations.35

All the samples absorb at themaximumwavelength from 375
to 384 nm conrming the formation of hexagonal wurtzite ZnO
NPs in the samples. The absorptions are assigned to the tran-
sition of the electrons in the ZnO structures.36 The band gap
energy of the ZnO NPs was determined by taking the linear part
of (ahn)2 versus hn plot. While the amount of TCN solution used
in the ZnO synthesis process shows no clear effect on the
change in the size and shape of the ZnO-NPs (in the FESEM
images), increasing the amount of TCN seems to decrease the
band gap of the samples at the same temperature (A, B or C
series). In a recent report, the author used Citrus microcarpa
extract at different concentrations of 1%, 2%, and 4% (w/v) to
synthesize ZnO NPs. The results showed that the band gap
values of the synthesized ZnO NPs decreased with increasing
extract concentration.37

In the XRD patterns of all samples, the typical peaks appear
at 2q of 31.75°, 34.41°, 36.23°, 47.53°, 56.58°, 62.84°, 66.61°,
68.32° and 69.12° corresponding to the (100), (002), (011), (102),
(110), (103), (200), (112) and (201) of the hexagonal wurtzite
crystal structure of ZnO NPs.36,38 Furthermore, no strange peaks
are present in the patterns. This conrms that the ZnONPs were
successfully synthesized in crystalline form. The average
particle size of the ZnO crystals was calculated by the Scherrer
method using eqn (3) and the Williamson–Hall (W–H) plot
method using eqn (4) (ref. 39) and presented in Table 2.

D ¼ Kl

b cos q
(3)

bhkl cos qhkl ¼
Kl

D
þ 43 sin qhkl (4)

where D is the crystallite size of the particle, K is the Scherrer
constant (K= 0.9), l is the wavelength of the incident X-rays (l=
0.1540 nm), b is the full width at half maximum of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
diffraction peak and q is the reection angle, 3 is the strain-
induced broadening due to crystal imperfection and
distortion.
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Fig. 4 FESEM images (a), UV-Vis spectra (b), Tauc's plots (c), XRD
patterns (d), and Williamson–Hall plots (e) of ZnO nanoparticles.
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The XRD data are rather well-tted to the linear model
between b cos q and 4 sin q in the W–H equation (R2 > 0.90). The
crystallite sizes of the samples calculated by the W–H method
8784 | RSC Adv., 2024, 14, 8779–8789
 © 2024 The Author(s). Published by the Royal Society of Chemistry
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are in good agreement with those calculated by the Scherrer
method. The slight difference in the average crystallite size
calculated with the two equations is due to the different aver-
aging of the particle size distribution.39

The Raman spectra of the samples were also recorded
(Fig. 5a). In the Raman spectra, the E2 phonon mode appears
sharply at about 435 cm−1. This mode is typical for the hexag-
onal wurtzite structure of ZnO NPs. The higher intensity of the
E2 mode of the A and B series compared to that of the C series is
related to the larger particle size of these samples.40,41 Another
strong peak appears at about 520 cm−1, which is assigned to the
A1 (LA) mode while the peak at 660 cm−1 is assigned to the two
phonon vibrational modes of A (LO) and E (low).42
Fig. 5 Raman (a) and photoluminescence spectra (b) of ZnO
nanoparticles.

Table 3 Extract loading and releasing parameters

Sample
LC (%)
(calculated from TP)

LC (%)
(calculated from TA)

EE (%)
(calculated from TP)

EE
(ca

A1T 5.1 � 0.3 6.3 � 0.4 53.7 � 3.0 67.
B3T 4.5 � 0.3 5.4 � 0.2 47.1 � 3.0 57.
C3T 4.7 � 0.2 5.7 � 0.3 49.3 � 2.0 60.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3. ZnO-extract nanoformulation

The TCC extract was incorporated into A1, B3, C3 to form 3
nanoformulations of A1T, B3T, and C3T, respectively. The TA
and TP contents in the nanoformulations were determined.
Based on the TA and TP contents, the LC and EE values of the
ethanolic extract in the nanoformulations were also calculated
and the results are shown in Table 3. It can be seen that the TP is
less loaded to the ZnO NPs than the TA (lower LC and EE). This
could be due to the higher solubility of the polyphenols in
aqueous environment than that of the alkaloids. The difference
in the loading contents of TA and TP may lead to different
biological effects. Recently, Kim et al. reported that ZnO NPs in
combination with one of two polyphenols (rutin and quercetin)
can cause higher cytotoxicity, but in different levels.43 Poly-
phenols are powerful antioxidants and can inhibit the growth of
viruses both in vitro and in vivo, acting on different stages of
viral infection. In addition, polyphenols are non-toxic to human
and animal cells.44–46 Many alkaloids also exhibit highly specic
antiviral activity.47 For example, lycorine, an alkaloid isolated
from Narcissus pseudonarcissus, has been shown to have anti-
viral properties in vitro and can protect AG6 mice from Zika
virus-induced death by reducing the viral load in the mice's
blood.48 Homoharringtonine, another alkaloid, was found to be
resistant to PEDV and reduced viral load and severe symptoms
at a dose of 0.5 mg kg−1.49 Therefore, the TA and TP content
could confer an antiviral effect on the nanoformulations.

Fig. 6 shows the properties of the ZnO-extract nano-
formulations. In the FESEM images, the surface of the nano-
formulations becomes blurrier than that of the ZnO NPs
(Fig. 6a), which is due to the coverage by organic compounds in
the TCC. We also observed a similar phenomenon in the ZnO
nanoformulation with Paederia lanuginosa leaf extract.50 Fig. 6b
shows some slight blue shis appearing in the UV-Vis spectra of
A1T, B3T, and C3T compared to TCC at around 665, 620, 545,
and 455 nm. This indicates that there is an interaction between
the ZnO NPs and the compounds in TCC.

In Fig. 6c, the O–H stretching appears at 3450 cm−1 while the
–C–H stretching can be observed at 2919 cm−1 and 2852 cm−1.
The peak at 1429 cm−1 is due to the C–H bending. The peaks at
837 and 872 cm−1 belong to the C]C bending. These peaks in
the FTIR spectra conrm the presence of the functional groups
of the organic compounds in the nanoformulations. Moreover,
the peak at 567 cm−1 is due to the presence of the Zn–O bond.
These evidences reveal that the nanoformulations were
successfully prepared.25

Fig. 6d and Table 4 show the results of the TGA analysis. The
ZnO nanoformulations underwent weight loss in 2 or 3 steps
(%)
lculated from TA)

% TP release
(pH 7.4 72 h)

% TP release
(pH 5 72 h)

% TA release
(pH 7.4 72 h)

% TA release
(pH 5 72 h)

2 � 4.0 85.9 � 0.6 96.0 � 0.8 46.2 � 0.7 76.3 � 0.5
1 � 2.0 80.7 � 0.4 91.2 � 0.6 42.9 � 0.7 70.2 � 0.3
4 � 3.0 78.3 � 0.4 92.1 � 0.7 44.3 � 0.7 67.4 � 0.2
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Fig. 6 FESEM images (a), UV-Vis spectra (b), FTIR spectra (c), and TGA and dTG diagram (d) of ZnO-extract nanoformulations.

Table 4 Weight loss steps of ZnO-extract nanoformulations

Sample

Step 1 Step 2 Step 3

% organic matteraTemp. range (°C) % weight loss (a) Temp. range (°C) % weight loss (b) Temp. range (°C) % weight loss (c)

A1T 20–200 2 200–500 6.69 500–900 0.79 7.6%
B3T 0.49 200–500 2.96 500–900 2.81 5.8%
C3T 1.24 200–900 6.57 — — 6.7%

a % organic matter ¼ ðbÞ þ ðcÞ
100� ðaÞ � 100%:

8786 | RSC Adv., 2024, 14, 8779–8789 © 2024 The Author(s). Published by the Royal Society of Chemistry
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during the heating process from room temperature to 900 °C.
The rst step takes place at around 100 °C, which corresponds to
weight loss through water evaporation. The second step of the
three nanoformulations takes place at 200 to 500 °C and the third
step for A1T and B3T at 500 to 900 °C, while no weight loss was
observed for C3T from 500 to 900 °C. These steps are the result of
the decomposition of the organic matter in the samples.23 In
addition, the dTG peaks in the 200–500 °C region of the 3
samples are in different positions in the 3 samples. The differ-
ences in the thermal activity of the samples indicate that the
nanoformulations were loaded with different compositions of
Stixis scandens extract. From the TGA results, it can be calculated
that the content of organic compounds in A1T, B3T and C3T is
7.6%, 5.8%, and 6.7%, respectively. This result agrees well with
the content calculated using the UV-Vis method (Table 3).

Fig. 7 shows the release prole of A1T in the form of TP and
TA at pH 5 and pH 7.4. The percentage release aer 72 h for the
3 nanoformulations is shown in Table 3. TP is released faster
than TA at both pH values, and the acidic environment (pH 5)
favors the release of both TA and TP from the nano-
formulations. Similar observations were made when comparing
the release of allicin and phyllanthin from their Ag nano-
particles.51 TA is more loaded and less released in the nano-
formulations than TP (Table 3), suggesting that TA may
contribute more to the biological activities of the nano-
formulations than TP. As pointed out in a review article, some
alkaloids have EC50 inhibitory concentrations against PEDV of
13.41 ± 1.13 mM, 4.49 ± 0.67 mM, and 6.17 ± 0.50 mM, respec-
tively. Homoharringtonine, another alkaloid—even completely
suppressed PEDV infection at a concentration of 500 nM.52

Polyphenols such as EGCG require higher concentrations to
inhibit PEDV (EC50 = 83.18 mM).53
Fig. 7 A1T release profile.

Table 5 MNTC and MIC of the samples

TCC A1T B3T C3T

MNTC (mg mL−1) 31.2 15.6 15.6 7.8
MIC (mg mL−1) 3.9 3.9 — —

Fig. 8 Cytotoxicity results (a), uninfected Vero cells (mocks) (b), Vero
cells infected with non-treated PEDV (c), Vero cells infected with 3.9
mg mL−1-A1T-treated PEDV (d), Vero cells infected with 7.8 mg mL−1-
C3T-treated PEDV (e).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 8779–8789 | 8787
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Table 5 and Fig. 8 show the results of the cytotoxicity and
PEDV treatment experiments. The C3T has higher cytotoxicity
on Vero cells (lower MNTC) than B3T and A1T. This could be
related to the smaller size of the ZnO NPs in the C3T nano-
formulation.54,55 While B3T and C3T show no PEDV inhibitory
activity at MNTC, the A1T nanoformulation and the extract
alone (TCC) have the same value of MIC of 3.9 (mg mL−1). The
extract content in B3T and C3T may not be high enough to
inhibit PEDV. However, in the A1T, the extract accounted for
only 7.6% of the nanoformulation and has equivalent antiviral
activity to 100% extract. This conrms that the nano-
formulation improved the antiviral activity of the plant extract.
In another study, it was reported that the chitosan–silica
nanoformulation of Echinacea purpurea ethanol extract showed
better biological effects than the extract alone.47

4. Conclusions

In summary, the preparation and characterization of ZnO NPs
with an aqueous extract from the leaves of Stixis scandens was
successful. Changing the calcination temperature and the
volume ratio between the extract and the Zn precursor resulted in
different sizes of ZnO-NP obtained. TCC, the ethanolic extract of
Stixis scandens with a TP content of 38.51 ± 0.25 mg GAE per mg
and TA content of 22.37 ± 0.41 mg AtrE per mg, was incorporated
into the ZnO-NPs to form three nanoformulations of A1T, B3T,
and C3T. These nanoformulations contained 5.8–7.6% extract,
with TP being less loaded but more released than TP. A1T with
the highest extract content showed equivalent PEDV inhibitory
activity as the extract alone. Although these results are promising
for the development of nanoformulations for the treatment of
PEDV, further studies should be conducted to clarify how the
nanoformulations inhibit the development of PEDV and which
compounds in the extract play a crucial role in the inhibition.
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