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ZnO-NPs mediated by Hibiscus
tiliaceus leaf extract and its potential as a diosgenin
delivery vehicle†

Oktavina Kartika Putri, ab Lina Oktavia Rahayu,b Yuly Kusumawati, *a

Arif Fadlan, a Riki Subagyo a and Mardi Santoso a

Zinc oxide nanoparticles (ZnO-NPs) have provided promising potential in the biomedical field, including the

ability to overcome various health problems. Diosgenin is used to treat multiple health disorders but has

very low solubility in water. Using ZnO-NPs as a diosgenin delivery vehicle was expected to increase the

solubility of diosgenin, which would affect its bioavailability. This study demonstrates phytofabrication

and characterization of ZnO-NPs, loading of diosgenin onto the ZnO-NPs, characterization of the

product (ZnO-NPs/diosgenin), and evaluations of diosgenin release. Phytofabrication of the ZnO-NPs

was carried out with zinc precursors and Hibiscus tiliaceus leaf extract (HLE) obtained with various

extraction solvents. To explore the potential of using the ZnO-NPs as a diosgenin delivery vehicle,

diosgenin release from the ZnO-NPs/diosgenin was studied. Based on the X-ray fluorescence (XRF) and

X-ray diffraction (XRD) results, ZnO-NPs with high purity have been successfully fabricated. Nano-sized

particles were detected using scanning electron microscopy (SEM) and confirmed by transmission

electron microscopy (TEM), revealing the smallest particle size of 45.924 ± 27.910 nm obtained from the

methanol extract with the zinc acetate precursor. The ZnO-NPs had hexagonal wurtzite and rod-like

structures. Diosgenin was successfully added to the ZnO-NPs with loadings of 79.972% for ZnO-HLMEA-

D500 (ZnO-NPs/diosgenin produced by doping with a 500 mg mL−1 of diosgenin solution) and 39.775%

for ZnO-HLMEA-D1000 (ZnO-NPs/diosgenin produced by doping with a 1000 mg mL−1 of diosgenin

solution). The solubilities of diosgenin from ZnO-HLMEA-D500 and ZnO-HLMEA-D1000 were higher than

that of free diosgenin, confirming that ZnO-NPs have potential as delivery vehicles for diosgenin and

conceivably other water-insoluble drugs.
Introduction

ZnO nanoparticles (ZnO-NPs) have gained widespread favor in
biological applications due to their cost-effectiveness, excellent
biocompatibility, andminimal toxicity.1 ZnO-NPs have provided
promising potential in the biomedical eld. The diseases that
can be overcome by ZnO-NPs include microbial infection,2–4

diabetes,5–7 inammation,6,8 cancer,5,6,9,10 thyroid disease,11

anxiety disorders, hepatopulmonary syndrome,6 etc.
Several studies have shown that the smaller the ZnO particle

size, the better the performance. The antibacterial activity of
ZnO-NPs against Staphylococcus epidermidis and Salmonella
typhi was better than pharmaceutical-grade ZnO microparticles
(ZnO-MPs).3 The regenerative effect of ZnO-NPs on burn
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the Royal Society of Chemistry
wounds was higher than that of ZnO-MPs.12 The antifungal
activity of 27 nm sized ZnO-NPs against Aspergillus niger was
more potent than that of 84 nm sized ZnO-NPs.13 The cytotox-
icity of 26 nm-sized ZnO-NPs was higher than 62 nm and 90 nm
against Caco-2 cells.14 Therefore, the synthesis method to
produce ZnO-NPs of a small size needs to be carefully carried
out.

A phytofabrication process was used to produce the ZnO-NPs
with the help of Hibiscus tiliaceus leaf extract (HLE). Phytofab-
rication is a plant-mediated metal oxide preparation technique.
Compared to other organs of H. tiliaceus, the leaf contains high
levels of avonoid and phenolic compounds,15 which signi-
cantly contribute to the formation of metal oxides. Previous
studies showed that the bioactivities of metal oxides were
increased with the presence of avonoids in the leaf extract.3,16

Many factors inuence the type of compound extracted from
plant parts, one of which is its use as an extraction solvent.17,18

The ZnO-NPs synthesized via the reduction with Salvadora
persica L. root extract proved that the extraction solvent could
affect the morphology of the ZnO-NPs formed.19 Studies showed
that the shapes of ZnO particles inuence their
RSC Adv., 2024, 14, 23139–23146 | 23139
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Fig. 1 XRD diffractogram (a) and FTIR spectra (b) for the nine phyto-

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
:2

0:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
pharmacological activities.20 This fact prompted the use of three
different solvents, including ethanol, methanol, and distilled
water, to extract H. tiliaceus leaves in this research.

The shapes and sizes of ZnO-NPs are also inuenced by the
zinc precursors obtained from the zinc salts. The scanning
electron microscopy (SEM) images of ZnO-NPs obtained from
Laurus nobilis L. leaf aqueous extract and two zinc precursors,
including zinc nitrate and zinc acetate, illustrated that different
precursors affected the sizes and shapes of the nanoparticles.21

Differences in sizes and shapes of ZnO-NPs mediated by Justicia
adhatoda leaf extract also arose due to using different precur-
sors.22 Studies showed that the sizes of ZnO particles also affect
their pharmacological activities.23 Based on these facts, three
zinc salts, including zinc chloride, zinc acetate, and zinc nitrate,
were compared for use as precursors. Nine variations of ZnO-
NPs, generated from three different solvents and precursors,
have emerged as intriguing subjects warranting further
investigation.

Arthritis, asthma, cancer, cardiovascular disease, and dia-
betes are health disorders that can be treated with diosgenin,24

which has the International Union of Pure and Applied
Chemistry (IUPAC) name (3b,25R)-spirost-5-en-3-ol.25 Dio-
sgenin is also known in the pharmaceutical industry as
a starting material for several steroidal drugs, such as corti-
sone, oral contraceptives, and sex hormones. However, behind
those positive features, its low solubility in water is a negative
feature of diosgenin. Moreover, diosgenin is reported to have
low bioavailability, approximately 6%.26 Studies showed that
using nano-sized delivery vehicles changed the drug's bio-
distribution and pharmacokinetic proles, boosting the
bioavailability and efficacy of hydrophobic active compounds.27

In addition, the use of nano-sized delivery vehicles in drug
delivery systems has increased the drug's chemotherapeutic
effects, solubilities, and stabilities.28,29 ZnO-NPs are among the
candidates used to mitigate the negative features of diosgenin.
ZnO-NPs and their combinations have been successfully used
as delivery vehicles for several water-insoluble active
compounds, such as paclitaxel,29 quercetin,30 and mangiferin.31

This occurs because organic compounds in the phytofabricated
ZnO-NPs originate from plant extracts. These organic
compounds can bind water-insoluble active compounds and
release them in suitable solvents, thereby helping to increase
their solubility.

This study was selected because there is a limited article on
phytofabricated ZnO-NPs as a delivery vehicle for diosgenin.
The best characteristics of ZnO-NPs and diosgenin that have
been mentioned are expected to improve the quality of the
combination of the two (ZnO-NPs/diosgenin). In ZnO-NPs/
diosgenin, ZnO-NPs act as a delivery vehicle for diosgenin.
The primary focus of this research was to prepare ZnO-NPs via
a phytofabrication technique mediated by HLE from various
solvents, including ethanol, methanol, and distilled water with
several zinc precursors including zinc chloride, zinc acetate,
and zinc nitrate, characterize the phytofabricated ZnO-NPs,
produce, and then characterize ZnO-NPs/diosgenin, and eval-
uate diosgenin release from ZnO-NPs/diosgenin.
23140 | RSC Adv., 2024, 14, 23139–23146
Result and discussion
Characterization of the ZnO-NPs

The white to cream-colored powders resulting from the phyto-
fabrication process were examined to ascertain the character-
istics of the ZnO produced. The morphology of nine ZnO-NPs
powders is presented in the ESI le.† The rst study, X-ray
uorescence (XRF), was used to determine the chemical
compositions of the synthesized compounds. The results
showed that the nine ZnO-NPs produced contained more than
97% ZnO, indicating high purity. This value is similar to that of
ZnO purchased from US Research Nanomaterials.32 XRF results
of 9 types of ZnO-NPs are presented in the ESI le.†

The second analysis, X-ray diffraction (XRD), was used to
check the shapes and crystallinities of the phytofabricated ZnO-
NPs. Fig. 1(a) shows the XRD pattern for the phytofabricated
ZnO-NPs. The diffractogram peaks at 2q = 31.8025°, 34.4457°,
36.3028°, 47.5873°, 56.6412°, 62.9096°, 66.4176°, 67.9934°,
69.0975°, 72.5834°, 76.9642°, 81.3736°, and 89.5855° corre-
sponded to the (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004), (202), (104), and (203) lattice planes of the hexag-
onal wurtzite ZnO-NPs (JCPDS number 36-1451). The exact form
was also reported for ZnO-NPs prepared via phytofabrication
mediated by Alstonia macrophylla,33 Ficus carica,34 and Tecoma
castanifolia leaf extracts.35 The high intensities and sharp peaks
of the nine XRD diffraction patterns of phytofabricated ZnO-
NPs illustrate the high crystallinity. No peaks representing
impurities were found.

Fig. 1(b) presents the wavenumber versus transmittance
patterns for the nine phytofabricated ZnO-NPs and H. tiliaceus
leaf. Those spectra showed identical peaks at the same wave-
lengths. The peaks found at 400–500 cm−1 were correlated with
the stretching vibrations of the Zn–O–Zn bonds. A broad peak
indicated –OH at 3400–3500 cm−1 due to O–H stretching
vibrations. This was reinforced by the presence of O–H in-plane
bending vibrations, which generated peaks at 1300–
1400 cm−1.36 The hydroxyl functional groups on the surfaces of
the ZnO-NPs originated from aquo, hydroxy, and oxo species.37

The peak at approximately 890 cm−1 represented C–H bending
vibrations. The peak conrmed this at approximately 2800 cm−1

for C–H bending vibrations. The peak at approximately
1500 cm−1 represented C]C stretching vibrations in the
fabricated ZnO-NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images with hexagonal and rod-like shapes (a) and the
particle size distribution visualized in the histogram (b) of ZnO-HLMEA.
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aromatic ring and polyphenol (C]O). The peak at approxi-
mately 1600 cm−1 represented C]C stretching vibrations of the
alkyl groups.38 Functional groups identical to those of the
organic compounds indicated that the organic compounds in
the HLE were attached to ZnO-NPs because the phytofabrication
process did not include calcination. Calcination at 350 °C
produces ZnO-NPs that still bind several biomolecules, as in the
biosynthesis of ZnO-NPs mediated by the Pongamia pinnata
extract,39 however, biosynthesis without calcination is more
likely to produce the same results. HLE contained the active
compounds rutin hydrate, quercetin, ellagic acid, and
catechins.15

The SEM micrograph of the phytofabricated ZnO-NPs shows
that nanosized ZnO was successfully synthesized. The particle
sizes were between 57 and 96 nm, with an average particle size
of 72.481 ± 10.806 nm. The particle sizes for the nine ZnO-NPs
are presented in Fig. 2. ZnO-NPs phytofabricated from Aloe vera
leaf extract and Eucalyptus lanceolata leaf litter also showed the
same particle size ranges.40,41 The hexagonal particles in the
image conrmed the results obtained from the XRD analyses.
Rod-like ZnO-NPs were also seen in the SEM image.

Of the nine ZnO-NPs produced, the smallest particle size was
obtained from the zinc acetate precursor mediated by HLME
(ZnO-HLMEA). Several studies indicate that the smaller the ZnO
particle size, the better the antimicrobial, cytotoxicity, and other
activities.3,12–14 Therefore, ZnO-HLMEA was chosen for further
analysis, starting with TEM analysis. The TEM image corrobo-
rated the SEM image, affirming the nanoscale dimensions of
the resultant particles. In particular, the average size of the ZnO-
NPs recorded with TEM and analyzed with ImageJ soware was
45.924 ± 27.910 nm. The ZnO-NPs shown in the TEM image, as
presented in Fig. 3(a), had hexagonal and rod-like shapes
Fig. 2 SEM images and average particle sizes for the nine phytofab-
ricated ZnO-NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
consistent with the SEM analysis. The particle size distribution
can be discerned from the TEM data obtained from ZnO-
HLMEA. Fig. 3(b) depicts the histogram of the particle size
distribution of these compounds. The data show that most
particles have sizes between 20 and 35 nm. Only a tiny portion
of particles was found to be more than 100 nm in size.

Previous studies have shown that using zinc acetate as the
precursor gives ZnO-NPs rod-like structures. Moreover, the
morphology of the ZnO nanopowder produced from zinc
acetate is smoother than that of zinc nitrate.42 It can be
concluded that the precursor used can inuence the structure
and size of the ZnO-NPs that are formed.

Preparation and characterization of ZnO-HLMEA-D500 and
ZnO-HLMEA-D1000

Two samples of ZnO-NPs/diosgenin were produced by doping
with 500 mg mL−1 diosgenin, called ZnO-HLMEA-D500, and 1000
mg mL−1, called ZnO-HLMEA-D1000. ZnO-HLMEA-D500 and ZnO-
HLMEA-D1000 were prepared as grayish-white powders. The
amounts of diosgenin contained in the ZnO-HLMEA were
determined with eqn (1).

DL ¼ Di �Df

Di

� 100 (1)

where DL is the diosgenin loaded on ZnO-HLMEA (%), and Di

and Df are the initial and nal concentrations of diosgenin in
the doping process (mg mg−1). The calculations with eqn (1)
showed that the amount of diosgenin contained in ZnO-
HLMEA-D500 was 79.972% and that in ZnO-HLMEA-D1000 was
39.775%. This indicated that high diosgenin concentrations
inhibited diosgenin binding to the ZnO-NPs.

Based on UV-vis spectrophotometry absorbance measure-
ments, the Di value of ZnO-HLMEA-D500 was 0.735 mg mg−1, and
the Df value was 0.147 mg mg−1. Aer calculation using eqn (1),
the DL value was 79.972%. So, 0.0500 grams of ZnO-HLMEA-
D500 contains 39 986.105 mg of diosgenin. Other data obtained
include the Di value of ZnO-HLMEA-D1000 was 1.407 mg mg−1,
and the Df value was 0.847 mg mg−1. Aer calculation using eqn
RSC Adv., 2024, 14, 23139–23146 | 23141
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(1), the DL value was 39.775%. So, 0.0500 grams of ZnO-HLMEA-
D1000 contains 19 887 285 mg of diosgenin.

The FTIR spectra obtained for diosgenin, ZnO-HLMEA-D500,
ZnO-HLMEA-D1000, ZnO-HLMEA-D500, and ZnO-HLMEA-D1000

aer the release of diosgenin at pH 5.5, ZnO-HLMEA-D500, and
ZnO-HLMEA-D1000 aer release of diosgenin at pH 7.4 and ZnO-
HLMEA are shown in Fig. 4. The presence of peaks at
3454 cm−1, 2951 cm−1, 1456 cm−1, 1172 cm−1, and 1053 cm−1

strengthens the uniqueness of the diosgenin spectrum. The
bands at 2951 cm−1 and 1456 cm−1 correlate to CH2 stretching
and scissoring vibrations, and a band at 3454 cm−1 indicates –
OH stretching vibrations. The band at 897 cm−1 is associated
with CH2 twist vibrations, and strong characteristic peaks at
1172 cm−1 and 1053 cm−1 can be connected to –C–O stretching
vibrations. The vibrational peaks observed for diosgenin were in
perfect agreement with previous reports.43,44

ZnO-HLMEA-D500 and ZnO-HLMEA-D1000 showed identical
peaks, indicating that the concentration of diosgenin used in
the doping process did not change the way diosgenin interacted
with the ZnO-NPs, as shown in Fig. 4(c) and (d). The appearance
of a peak around 1630 cm−1 in both spectra indicates the
presence of the C]C group. This functional group is identical
to diosgenin (double bond in the cyclic ring).45 However, when
compared with the spectrum of pure diosgenin, there is
a wavenumber shi, indicating a bond's formation. These
peaks still appeared aer the release of diosgenin at pH 5.5 and
7.4, indicating the presence of organic compounds with double
bonds that remained bound to the ZnO-NPs due to the extract-
mediated phytofabrication process. The hydrogen bonds were
stronger in ZnO-HLMEA-D500 than in ZnO-HLMEA-D1000, (e) to
(f) and (g) to (h), as indicated by the intensities of the broad
Fig. 4 FTIR spectra of (a) ZnO-HLMEA, (b) diosgenin, (c) ZnO-HLMEA-
D500, (d) ZnO-HLMEA-D1000, (e) ZnO-HLMEA-D500 and (f) ZnO-
HLMEA-D1000 after releasing diosgenin at pH 5.5 (g) ZnO-HLMEA-D500

and (h) ZnO-HLMEA-D1000 after releasing diosgenin at pH 7.4.

23142 | RSC Adv., 2024, 14, 23139–23146
absorption peaks (approximately 3400–3500 cm−1) caused by
O–H stretching vibrations of the hydroxyl groups.46 It was
concluded that the intermolecular O–H/O–H interactions
between the hydroxyl groups and the solvent increased with
increasing diosgenin concentration in the doping process.47

Identical peaks were obtained for ZnO-HLMEA-D500 and
ZnO-HLMEA-D1000 aer the release of diosgenin at pH 5.5. This
showed that regardless of the amount of diosgenin bound to
ZnO-NPs, the release process at pH 5.5 followed the exact
mechanism. Similar behavior also occurred at pH 7.4. A peak at
approximately 1109 cm−1 indicated a C–O stretching vibration
in an amino acid,48 as shown by spectra (c) to (f). These amino
acids probably came from natural compounds in the HLE that
were still bound to ZnO-NPs/diosgenin. These amino acids were
still bound aer releasing the diosgenin with DPBS at pH 5.5.
However, the amino acids were no longer found aer releasing
the diosgenin with DPBS at pH 7.4, possibly because they were
degraded or dissolved. The high levels of amino acids and
proteins in H. tiliaceus leaves indicate it could be used as
a ruminant feed additive.49

The weight losses from ZnO-HLMEA-D500 and ZnO-HLMEA-
D1000 with increasing temperatures are presented in Fig. 5(a).
The curves showed weight losses for ZnO-HLMEA-D1000 of
approximately 6% (w/w) and 6.5% (w/w) for ZnO-HLMEA-D500 at
temperatures up to 1000 °C. This occurred due to dehydration
and the loss of organic active compounds from the HLE
attached to the ZnO-NPs. These data also showed that the
weight loss of ZnO-HLMEA-D500 was higher than that of ZnO-
HLMEA-D1000, which indicated that more diosgenin was
attached to ZnO-HLMEA-D500 than to ZnO-HLMEA-D1000. This
conrmed the amounts of diosgenin bound to ZnO calculated
with eqn (1), which showed that the amount of diosgenin con-
tained in ZnO-HLMEA-D500 was 79.972% and that in ZnO-
HLMEA-D1000 was 39.775%. One weight loss for diosgenin was
seen in the temperature range 0 to 600 °C, consistent with
previous studies.50

Cell viability assay

The cell viability assay of normal Vero cells exposed to ZnO-
HLMEA-D1000 and diosgenin was carried out using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) method. The MTT method is one of the most frequently
used colorimetric test methods for assessing cytotoxicity or cell
viability. This assay primarily determines cell viability by
Fig. 5 TGA curves of ZnO-HLMEA-D (a) and curves of Vero cells
viability treated with diosgenin and ZnO-HLMEA-D1000 (b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Outline flow diagram of the research process.
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measuring the activity of mitochondrial enzymes, such as
succinate dehydrogenase. In this test, MTT is reduced to purple
formazan by NADH.51 When cells die, they lose the ability to
convert MTT to formazan.52 According to Fig. 5(b), exposure to
approximately 40 mg mL−1 of ZnO-HLMEA-D1000 can result in
the death of 50% of normal Vero cells during a 24 hours incu-
bation period. Diosgenin appears safer for normal Vero cells
because it can maintain cell viability at around 62% at
concentrations of 50 mg mL−1 or more. However, an article
states that phytofabricated ZnO-NPs have an excellent biocom-
patibility prole, showing reduced cytotoxicity compared to
chemically synthesized ZnO-NPs on Vero cells.53 This shows that
phytofabricated ZnO-NPs still have signicant potential to be
developed as drug-delivery vehicles.

Evaluation of diosgenin release

Fig. 6 depicts the amounts of diosgenin released from ZnO-
HLMEA-D500 and ZnO-HLMEA-D1000. The amount of diosgenin
contained in 0.0500 g of ZnO-HLMEA-D500 was 39 986.105 mg,
and in 0.0500 g of ZnO-HLMEA-D1000 was 19 887.285 mg. The
solubilities of diosgenin in DPBS at pH 5.5 and 7.4 were tested
and showed that diosgenin did not dissolve completely in DPBS
at pH 5.5 or 7.4, conrming that diosgenin has poor bioavail-
ability.26 However, the diagrams show that diosgenin was
successfully released into DPBS at pH 5.5 and 7.4, indicating
that the ZnO-NPs increased its solubility. The amounts of dio-
sgenin released were not signicantly affected by the pH. The
pattern for releasing active compounds bound to ZnO-NPs was
the same as seen in several previous studies: the longer the
time, the greater the number of compounds released.30,31

However, diosgenin release was more spontaneous in the early
time range (before 20 minutes) at pH 7.4 compared to pH 5.5.
This difference can be attributed to the increased ionic strength
at pH 7.4.54
Fig. 6 Diosgenin release curves of ZnO-NPs/diosgenin at pH 5.5 (a)
and 7.4 (b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
Conclusions

This research succeeded in preparing ZnO-NPs via HLE-
mediated phytofabrication techniques using various solvents,
including ethanol, methanol, and distilled water, along with
several zinc precursors, such as zinc chloride, zinc acetate, and
zinc nitrate. All of the ZnO-NPs have identical characteristics
except for the particle sizes. The lowest particle size was ob-
tained with the methanol extract of H. tiliaceus leaves and zinc
acetate as the precursor (ZnO-HLMEA), which was then selected
for further analysis. Diosgenin was successfully loaded on ZnO-
HLMEA with loadings of 79.972% for ZnO-HLMEA-D500 and
39.775% for ZnO-HLMEA-D1000. The higher solubility of dio-
sgenin from ZnO-HLMEA-D500 and ZnO-HLMEA-D1000

compared to free diosgenin was shown by the successful release
of diosgenin in less than 100 minutes into DPBS at pH 5.5 and
7.4. The release of diosgenin from ZnO-HLMEA-D500 and ZnO-
HLMEA-D1000 was not signicantly affected by the pH. Those
ndings conrm that ZnO-NPs can potentially be delivery
vehicles for diosgenin and, conceivably, other water-insoluble
drugs. However, it is necessary to nd alternative solutions to
overcome its cytotoxicity towards normal cells.
Methods
Materials

H. tiliaceus leaf powder (HLP) was obtained from Laboratorium
Herbal Materia Medica Batu, Batu City, East Java, Indonesia,
and had certicate number 074/154A/102.7/2020. Ethanol
(Merck), methanol (Merck), zinc chloride [ZnCl2] (Merck), zinc
acetate dihydrate [Zn(CH3COO)2$2H2O] (Merck), zinc nitrate
hexahydrate [Zn(NO3)2$6H2O] (Merck), potassium hydroxide
[KOH] (Merck), diosgenin (Alfa Aesar), Vero normal cells
(ATCC), MTT (Sigma Aldrich) and Dulbecco's phosphate buff-
ered saline [DPBS], pH 5.5 and 7.4, were of the analytical grade
and used directly as obtained.
Preparation of HLE

HLE was prepared via a modied procedure.55 The steps were as
follows: 10 g of HLP sied through a 30 mesh lter was mixed
with 100 mL of solvents, ethanol, methanol, or distilled water,
each in separate Erlenmeyer asks. The mixtures were stirred
with a rotary shaker at 150 rpm for 24 h and ltered with
RSC Adv., 2024, 14, 23139–23146 | 23143
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Whatman paper number 1. The ltrates were recorded as HLEE
for the H. tiliaceus leaf ethanol extract, HLME for the H. tiliaceus
leaf methanol extract, and HLWE for the H. tiliaceus leaf
distilled water extract.

Preparation of phytofabricated ZnO-NPs

The ZnO-NPs phytofabrication process used modied proce-
dures.56,57 KOH (0.05 moles) was dissolved in 25 mL of distilled
water while heating at 60 °C and stirring. This solution was
lled into the burette for further use. First, 0.05 moles of the
zinc precursors, including zinc chloride, zinc acetate, or zinc
nitrate, in separate Erlenmeyer asks were dissolved in 50mL of
distilled water while heating at 60 °C and stirring. The KOH
solution was slowly dripped into the zinc precursor solution
while heated at 60 °C and stirred until the pH reached 12 for the
optimum synthetic conditions.58 Aer a white precipitate was
formed, 50mL of HLE was added to themixture and stirred with
a rotary shaker at 150 rpm for 24 h. The mixture was then
sonicated at 40 kHz for 30 min. To obtain the residue, the
mixture was centrifuged. The white precipitate was then dried
in an oven at a temperature of 50–60 °C until it reached
a constant weight. Nine types of ZnO-NPs were successfully
synthesized with this process, including ZnO-HLEEC (ZnO-NPs
from the zinc chloride precursor mediated by HLEE), ZnO-
HLEEA (ZnO-NPs from the zinc acetate precursor mediated by
HLEE), ZnO-HLEEN (ZnO-NPs from the zinc nitrate precursor
mediated by HLEE), ZnO-HLMEC (ZnO-NPs from the zinc
chloride precursor mediated by HLME), ZnO-HLMEA, ZnO-
HLMEN (ZnO-NPs from the zinc nitrate precursor mediated
by HLME), ZnO-HLWEC (ZnO-NPs from the zinc chloride
precursor mediated by HLWE), ZnO-HLWEA (ZnO-NPs from the
zinc acetate precursor mediated by HLEE), and nally ZnO-
HLWEN (ZnO-NPs from the zinc nitrate precursor mediated
by HLWE). A summary table of ZnO-NPs nomenclature is pre-
sented in the ESI le.†

Characterization of the ZnO-NPs

XRF (PANalytical, Minipal 4) was used to examine the chemical
composition of ZnO-NPs. The crystallinity and shapes of the
ZnO-NPs were determined by XRD (PANalytical, X'Pert PRO)
with a 2q range of 10–90° and scan intervals of 0.017°/0.7
seconds. Fourier transform infrared (FTIR) spectrometer (Shi-
madzu, IR Prestige 21) at 4000–400 cm−1 was used to gure out
the functional groups contained in the ZnO-NPs. The surface
morphology and particle sizes of the ZnO-NPs were observed
with SEM (FEI, Inspect-S50) aer coating with Au–Pd. ZnO-
HLMEA exhibited the smallest particle sizes, as shown by
SEM. It was also investigated with TEM (Hitachi, HT7700) and
selected for further processing.

Loading of diosgenin on the ZnO-NPs

The diosgenin was loaded on ZnO-NPs as previously described
but with modications.30 The doping process was begun by
preparing diosgenin solutions in ethanol with concentrations of
500 mg mL−1 and 1000 mg mL−1. Next, 0.1 g of ZnO-HLMEA was
added into two different Erlenmeyer asks, then mixed with
23144 | RSC Adv., 2024, 14, 23139–23146
20 mL of the diosgenin solutions with concentrations of 500 mg
mL−1 and 1000 mg mL−1. Aer that, the mixture was stirred at
100 rpm for 12 h. The products were precipitated by centrifu-
gation at 4000 rpm for 30 min 2 times at a minimum. The ob-
tained ZnO-NPs/diosgenin residue was dried in an oven at 50 °C
for 24 h. Two samples of ZnO-NPs/diosgenin were produced by
doping with 500 mg mL−1 diosgenin, called ZnO-HLMEA-D500,
and 1000 mg mL−1, called ZnO-HLMEA-D1000.

Characterization of ZnO-HLMEA-D500 and ZnO-HLMEA-D1000

The functional groups contained in ZnO-HLMEA-D500 and ZnO-
HLMEA-D1000 were analyzed by FTIR (Shimadzu, 8400S) over the
spectral range 4000–400 cm−1. Thermogravimetric Analyses
(TGA) (TA Instruments, TGA 5500) were used to determine the
stability and thermal degradation trends for ZnO-HLMEA-D500

and ZnO-HLMEA-D1000 at a maximum temperature of 1000 °C.

Cell viability assay

The cell viability assay of normal Vero cells exposed to ZnO-
HLMEA-D1000 and diosgenin was performed using the MTT
method. The exposed concentrations of ZnO-HLMEA-D1000 and
diosgenin ranged from 0 to 200 mg mL−1. Aer 24 hours of
incubation, live cells were counted with the performance of the
MTT reagent.

Evaluation of diosgenin release

Diosgenin released from ZnO-HLMEA-D500 and ZnO-HLMEA-
D1000 was determined by a modied procedure that was previ-
ously reported.30 The diosgenin release process was carried out
by immersing 0.0500 g of ZnO-HLMEA-D500 and ZnO-HLMEA-
D1000 in 250 mL of DPBS solutions with pH 5.5 and 7.4 at 37 °C
with gentle stirring. The amount of released diosgenin was
determined with a UV-vis spectrophotometer (Thermo Scien-
tic, Genesys 10S UV-vis) at wavelengths of 203 nm for pH 5.5
and 230 nm for pH 7.4. Samples were taken every 15 minutes
and stopped when 100% of the diosgenin was released. The
diosgenin released (DR) amount was determined with eqn (2).

DRð%Þ ¼ Dr

D100

� 100 (2)

where DR (%) is the level of diosgenin in % units, Dr is the
amount of diosgenin released in mg each time a sample was
taken, and D100 is the total amount of diosgenin contained in
0.0500 g of ZnO-HLMEA-D500 or ZnO-HLMEA-D1000. FTIR anal-
yses were also used to evaluate functional groups aer release.
The entire research process is summarized in Fig. 7.

Data availibility

The data supporting this article have been included as part of
the ESI.†
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S. D. Daştan, M. Kumar, M. M. Alshehri, Y. Taheri, R. Das,
S. Mitra, T. B. Emran, J. Shari-Rad, D. Calina and
W. C. Cho, Oxid. Med. Cell. Longev., 2022, 2022, 1–17.

25 K. Moodley, J. Rarey and D. Ramjugernath, J. Chem.
Thermodyn., 2017, 106, 199–207.

26 F.-C. Wu and J.-G. Jiang, Food Funct., 2019, 10, 7022–7036.
27 T.-H. T. Nguyen, N.-T. Trinh, H. N. Tran, H. T. Tran, P. Q. Le,

D.-N. Ngo, H. Tran-Van, T. V. Vo, L. B. Vong and Y. Nagasaki,
J. Contr. Release, 2021, 331, 515–524.

28 G. F. Paciotti, J. Zhao, S. Cao, P. J. Brodie, L. Tamarkin,
M. Huhta, L. D. Myer, J. Friedman and D. G. I. Kingston,
Bioconjugate Chem., 2016, 27, 2646–2657.

29 M. Akbarian, S. Mahjoub, S. M. Elahi, E. Zabihi and
H. Tashakkorian, Colloids Surf., B, 2020, 186, 1–18.

30 P. Sathishkumar, Z. Li, R. Govindan, R. Jayakumar, C. Wang
and F. Gu, Appl. Surf. Sci., 2021, 536, 147741.

31 Q. Wang, S. Mei, P. Manivel, H. Ma and X. Chen, Curr. Res.
Nutr. Food Sci., 2022, 5, 868–877.

32 Z. M. AL-Asady, A. H. AL-Hamdani and M. A. Hussein, AIP
Conf. Proc., 2020, 2213, 020061.

33 M. F. Al-Ajmi, A. Hussain, E. Alsharaeh, F. Ahmed, S. Amir,
M. S. Anwar, M. A. Siddiqui, A. A. Al-Khedhairy and
B. H. Koo, Adv. Mater. Sci., 2018, 10, 349–355.

34 J. Arumugam, S. Thambidurai, S. Suresh, M. Selvapandiyan,
M. Kandasamy, N. Pugazhenthiran, S. Karthick Kumar,
T. Muneeswaran and F. Quero, Chem. Phys. Lett., 2021,
783, 139040.

35 G. Sharmila, M. Thirumarimurugan and C. Muthukumaran,
Microchem. J., 2019, 145, 578–587.

36 A. S. Bhosale, K. K. Abitkar, P. S. Sadalage, K. D. Pawar and
K. M. Garadkar, J. Mater. Sci. Mater. Electron., 2021, 32,
20510–20524.

37 D. Borah, M. K. Baruah, P. P. Saikia, K. K. Senapoty, M. Barua
and R. Singha, J. Mater. Environ. Sci., 2016, 7, 331–336.

38 W. Muhammad, N. Ullah, M. Haroon and B. H. Abbasi, RSC
Adv., 2019, 9, 29541–29548.

39 M. Sundrarajan, S. Ambika and K. Bharathi, Adv. Powder
Technol., 2015, 26, 1294–1299.
RSC Adv., 2024, 14, 23139–23146 | 23145

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03249g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
:2

0:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
40 F. Rashid, I. Pervaiz, H. Malik, Z. Kanwal, M. Raque and
S. S. A. Gillani, Comb. Chem. High Throughput Screen., 2022,
25, 1200–1206.

41 P. Sharma, M. Urfan, R. Anand, M. Sangral, H. R. Hakla,
S. Sharma, R. Das, S. Pal and M. Bhagat, Physiol. Mol. Biol.
Plants, 2022, 28, 363–381.

42 J. N. Hasnidawani, H. N. Azlina, H. Norita, N. N. Bonnia,
S. Ratim and E. S. Ali, Procedia Chem., 2016, 19, 211–216.

43 B. Rabha, K. K. Bharadwaj, D. Baishya, T. Sarkar,
H. A. Edinur and S. Pati, Polymers, 2021, 13, 1–17.

44 S. Ghosh, P. More, A. Derle, R. Kitture, T. Kale, M. Gorain,
A. Avasthi, P. Markad, G. C. Kundu, S. Kale, D. D. Dhavale,
J. Bellare and B. A. Chopade, J. Nanosci. Nanotechnol.,
2015, 15, 9464–9472.

45 P. Kumar, V. Pillay and Y. E. Choonara, Sci. Rep., 2021, 11,
3104.

46 G. Murtaza, R. Ahmad, M. S. Rashid, M. Hassan,
A. Hussnain, M. A. Khan, M. E. Ul Haq, M. A. Shaque and
S. Riaz, Curr. Appl. Phys., 2014, 14, 176–181.

47 N. Gong, Y. Wang, B. Zhang, D. Yang, G. Du and Y. Lu,
Steroids, 2019, 143, 18–24.
23146 | RSC Adv., 2024, 14, 23139–23146
48 K. Nithya and S. Kalyanasundharam, OpenNano, 2019, 4,
100024.

49 M. Bata and S. Rahayua, Curr. Bioact. Compd., 2017, 13, 157–
164.

50 F. Chen, L. Fu, L. Feng, C. Liu and B. Ren, Russ. J. Phys.
Chem., 2013, 87, 1611–1614.
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