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d zinc oxide nanoparticles, anti-
Alzheimer potential and the metabolic profiling of
Sabal blackburniana grown in Egypt supported by
molecular modelling†
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and Usama Ramadan Abdelmohsen *fg

Nowadays, the biosynthesis ofmetal nanoparticles, particularly fromplants, has been gaining interest. In the present

work, themethanolic extracts of leaves, fruits, and the pollen grains of Sabal blackburnianawere used for the green

synthesis of ZnOnanoparticles, whichwere early detected by the formation of precipitate and further confirmed by

UV-vis spectroscopy, transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform infra-red

(FT-IR) spectroscopy and zeta potential (ZP) studies. TEM analysis has shown different shapes, predominantly

irregular small spherical narrow particles included in hexagonal structures with size ranging from 2.23 to

49.56 nm. The XRD pattern confirmed that all synthesized ZnO nanoparticles have wurtzite hexagonal structure

with crystalline nature. The average particle crystallite sizes were 47.21, 47.67 and 47.8 nm. The UV-visible

spectra showed lmax in the range of 354–368 nm, which indicated the presence of ZnO nanoparticles. The FT-

IR analysis identifies the characteristic functional groups present on the surface of ZnO nanoparticles. The ZP

determination demonstrated that all representative selected synthesized ZnONPs exhibited acceptable ZP values

of �30.8 to �45.9 mV, which indicated their good stability. In addition, the anti-Alzheimer potential of the

selected extracts and ZnONPs was evaluated by assessing acetylcholinesterase inhibitory activity in vitro

according to the improved Ellman method. The results indicated that the selected extracts have

acetylcholinesterase inhibitory activity, and highlighted the promising inhibitory potential of green-synthesized

ZnONPs using pollen grains, fruits and leaves extracts; they exhibited a potent inhibitory effect with IC50 values

63.78 � 1.04651, 81.985 � 3.075 and 117.95 � 6.858 ng ml�1 respectively in comparison to donepezil as

standard (IC50 ¼ 50.7 � 5.769 ng ml�1). Dereplication analysis of the selected extracts was performed using LC-

MS; metabolic profiling revealed the presence of 41 compounds belonging to various chemical classes:

flavonoids, steroidal saponins, terpenoids, alkaloids, lignans, sterols and fatty acids. Docking these dereplicated

metabolites against the human AChE showed that the non-glycosylated flavonoid class of compounds was able

to achieve interesting binding modes inside the AChE active site; they are suggested to be associated with the

observed anti-AChE activity of Sabal extracts. This study is the first report to shed light on the

acetylcholinesterase inhibitory activity of green-synthesized ZnO nanoparticles of S. blackburniana metabolites.
1. Introduction

Recently, nanotechnology has been used in the development
and improvement of techniques for the diagnosis of several
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diseases and played an important role in the treatment of Alz-
heimer's disease1 Alzheimer's disease is considered a primary
degenerative disease of the central nervous system resulting in
several regarding problems such as memory, behaviour and
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cognition impairments, and it can ultimately lead to dementia.2

AChE inhibition is an important target for the management of
Alzheimer's disease. The decrease in the level of acetylcholin-
esterase (AChE (leads to reduced hydrolysis of the neurotrans-
mitter acetylcholine (ACh), and can improve the cognitive
function. AChE inhibitors are the most common drugs used for
management, diagnosis and treatment of Alzheimer's disease
in addition to other diseases such as glaucoma, myasthenia
gravis, and bladder distention diseases. Many nanoparticles
such as silica dioxide, silver, titanium dioxide and zinc oxide
nanoparticles have been used for the treatment of neurological
diseases.3–5 Nanotechnology points out the regulating matter at
a dimension of roughly 1 to 100 nanometers, which is quite
different from those of larger particles; nanoparticles have
unique properties and specic characteristics such as size,
shape, distribution, chemical reactivity and potential applica-
tions in catalysis (as they offer high surface areas).6 Several
efforts have been made to develop cheaper techniques and
novel methods for the synthesis of nanoparticles.7 They exhibit
unique properties, namely, high chemical stability, low dielec-
tric constant, and good photoelectric capacity.8–10 Moreover,
they are promising for various technical applications, such as
nanogenerators, biosensors, solar cells, varistors, photo cata-
lysts and photo detectors.11 They are preferred due to their non-
toxic nature. Recently, the green synthesis of ZnO nanoparticles
using plant extracts is simple. It offers several advantages such
as timesaving (fast) processes, cost-effectiveness compared to
others as well as eco-friendly (environmentally non-toxic)
nature. Nanoparticles have tremendous potential applications
such as antimicrobial activity.12–15 The potential use of ZnO
nanoparticles in various industries such as food, pharmacy,
agriculture, and cosmetics for antibacterial activity and safety is
remarkable. The U.S. Food and Drug Administration classied
ZnO as a generally recognized as safe (GRAS) compound.16 The
genus Sabal belongs to the Palmae family (Arecaceae). It
includes around twenty species and is native to the South East
of the United States, to the North of South America and theWest
Indies. Sabal is unarmed palms with bisexual owers.17 The aim
of this study is to obtain green-synthesized ZnO nanoparticles
using the extracts of leaves, fruits, and pollen grains of S.
blackburniana. In addition to their characterization by UV-vis
spectroscopy, transmission electron microscopy, Fourier
transform infra-red spectroscopy and zeta potential studies
were conducted to conrm their synthesis. Then, the in vitro
investigation of the possible acetylcholinesterase enzyme
(AChE) inhibitory activity of the methanolic extracts of different
parts (leaves, fruits, and pollen grains) of S. blackburniana and
green-synthesized ZnO nanoparticles was conducted with
donepezil as the standard. Along with this, metabolomics
proling was performed using an Acquity Ultra Performance
Liquid Chromatography system equipped with a Synapt G2
HDMS quadrupole time-of-ight hybrid mass spectrometer, in
order to identify the phytochemical composition of the selected
extracts. Then, molecular docking studies of annotated
secondary metabolites were carried out to demonstrate and
explore the chemical compounds. This might contribute to the
anti-Alzheimer potential. The main objective of this study is to
18010 | RSC Adv., 2021, 11, 18009–18025
evaluate the anticholinesterase potential of the green-
synthesized ZnO nanoparticles and extracts of leaves, fruits
and pollen grains of S. blackburniana in vitro. Moreover, the
identication of the top and interesting metabolites can help in
achieving the best binding modes inside the acetylcholinester-
ase's active site. This may be responsible for the effectiveness in
controlling Alzheimer's disease by molecular docking of the
dereplicated metabolites against human acetylcholinesterase
(AChE). These can be a primary step to aid the discovery of the
signicantly promising anti-Alzheimer potential, which may
have less serious side effects.

2. Materials and methods
2.1. Plant material

Fresh parts (leaves, fruits, and pollen grains) of S. blackburniana
family (Arecaceae) had been collected during summer (2019)
from Al-Orman Botanical garden, Giza, Egypt, and were
authenticated by senior botanist Mrs Therris Labib, Head
Specialist for plant taxonomy, El-Orman Botanical Garden,
Giza, Egypt. A voucher specimen (N.O.19.6.2019 (1)) of the
selected plant was deposited in the herbarium of Pharmacog-
nosy Department, Faculty of pharmacy, Cairo University, Egypt.
The plant parts were washed with tap water, and the surface
washed with distilled water until no impurities remained. Then,
they were shade dried at room temperature to remove moisture.
The dried parts were pulverized in a clean electric blender to
obtain a ne powder, which was stored in a tightly closed
amber-colored glass container. Fig. 1 displays the overall
scheme of materials and methods.

2.1.1. Preparation of methanolic extracts for metab-
olomics. The dried samples, leaves, fruits, and pollen grains
(200 g), of S. blackburniana were separately extracted with 90%
methanol by cold maceration till exhaustion. The total meth-
anolic extracts of the samples were evaporated under reduced
pressure using a vacuum rotary evaporator (Buchi-210,
Switzerland).

2.1.2. Sample preparation for anti-Alzheimer study. Dilute
puried AChE to 400 U l�1 using assay buffer. Dissolve the dried
methanolic extracts of the tested samples in DMSO, and it is
prudent to rst test the tolerance of DMSO by the enzyme AChE;
the DMSO concentration of 5 ml of test compounds added to the
reaction should be 40 v% DMSO or less.

2.2. Chemicals and material for anticholinesterase activity
of the selected Sabal species

Puried AChE (e.g. Sigma Aldrich cat# C3389), AChE inhibitor
(e.g.), clear at-bottom 96-well plates (e.g. VWR cat# 82050-760),
pipetting devices and accessories (e.g. multi-channel pipettor),
and a plate reader (Bioline Elisa Plate Reader, India (were used
in the experiments.

2.3. Chemicals for LC-HRMS analysis

Methanol used for LC-HRMS analysis was supplied by Merck
Co., Darmstadt, Germany. HPLC-grade acetonitrile and formic
acid were obtained from Baker (The Netherlands) and Milli-Q
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01725j


Fig. 1 Scheme of green synthesis of ZnO nanoparticles using Sabal blackburniana.
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water (Thermo Fisher Scientic Inc., Dublin, Ireland) were used
for UPLC analysis. Other chemicals used in the present study
were of analytical grade and supplied from Sigma-Aldrich
Chemical Co. (Ireland).
2.4. Chemicals for ZnO nanoparticles

Absolute ethanol (CH3CH2OH), sodium hydroxide (NaOH) and
all the reagents purchased were of analytical grade and used
without any further purication. Zinc acetate dihydrate
(Zn(CH3COO)2$2H2O) was purchased from Sigma-Aldrich, Ger-
many. Distilled water (deionized water) was employed for the
preparation of aqueous solution for all experiments.
2.5. Synthesis of ZnO nanoparticles using the extract of
selected Sabal species

ZnO nanoparticles were synthesized by a modied method of
Bala et al.11,18 First, 100 mg of the dried methanolic extracts of
the selected samples were dissolved in absolute ethanol and
ltered using a Whatman no. 1 lter paper. Then, 5 ml of the
obtained plant extract was used as a reducing and capping
agent and added dropwise to the solution containing 1 g of zinc
acetate dehydrate, which was dissolved in 50 ml distilled water.
The resulting mixture was stirred and kept in an ultrasonic
water bath at 60 �C for 30 min, and the pH values were adjusted
to 12, by adding an ammonia solution dropwise. Then, the
mixture was le for 30 min until complete reduction of zinc
acetate to zinc oxide nanoparticles (formation of white precip-
itate), and the resulting suspension was centrifuged at
© 2021 The Author(s). Published by the Royal Society of Chemistry
12 000 rpm for 10 min. The resulting precipitate was repeatedly
washed with distilled water followed by absolute ethanol to get
rid of any impurities present on them. Finally, the precipitate
was dried at 60 �C in an oven.

2.6. Characterization of the synthesized ZnO nanoparticles
by UV-visible spectroscopy

ZnO nanoparticles were characterized and monitored by
recording the UV-vis spectrum of the reaction medium using
a UV spectrophotometer model Shimadzu UV-1601 (Shimadzu
Corporation, Japan) in the wavelength range from 200 to
500 nm. ZnONPs samples were dissolved in methanol and the
solution was placed in a quartz cuvettes with 1 cm path length.

2.7. Characterization of the synthesized ZnO nanoparticles
(ZnONPs) by TEM

The characterization of the green-synthesized ZnONPs was
carried out using a transmission electron microscope (TEM;
Jeol model JEM-1011, Japan). Few drops of ZnONP suspension
were located on a copper grid, coated with a carbon support
lm, and the excess liquid was removed with a lter paper and
then kept at room temperature until complete solvent evapo-
ration. The TEM image investigated the morphology and
particle size of ZnO nanoparticles.

2.8. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) of dry powders of the green-synthesized
ZnONPs was performed using an X-ray diffractometer
RSC Adv., 2021, 11, 18009–18025 | 18011
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(Shimadzu Lab, XRD-6000, Japan) equipped with a Cu Ka
radiation source (l ¼ 1.5406 �A) to record the XRD spectra, and
their corresponding size was calculated using Scherer's equa-
tion. The diffracted intensities were recorded from 4� to 90� at
2q angles.

Scherer equation:

D ¼ Kl/b cos q

where D is the crystallite size of the particle, K represents the
Scherrer constant, which is equal to 0.9, l is the wavelength of
light used for diffraction (l ¼ 1.54�A), b is the full width at half
maximum of the diffraction peak and q is the angle of reection.
2.9. Characterization of the synthesized ZnO nanoparticles
by Fourier transform infra-red (FT-IR) spectroscopy

The spectral properties of zinc oxide nanoparticles were
observed by Fourier transform infrared spectroscopy (FTIR-6100
spectrometer Jasco, Japan) for the characterization of the
functional group attached to the surface of ZnONPs. Fourier
transform infrared (FTIR) spectra of all samples were recorded,
and the scanning was performed at 4 cm�1 resolution in the
spectral range of 400–4000 cm�1 at room temperature.
2.10. Determination of ZnO nanoparticles by zeta potential

The nanoparticle size distribution was studied using a Zeta-
sizer Ver.6.12: MAL10444595 (Malvern instruments) in
a disposable cell at 25 �C.
2.11. Metabolic proling of the methanolic extracts of
selected Sabal species

Metabolic proling was carried out on 2 mg of each crude
methanolic extract of different parts (leaves, fruits, and pollen
grains) of S. blackburniana (it was dissolved separately in 1 ml
MeOH and then ltered using a 0.2 mm membrane lter) using
an Acquity Ultra Performance Liquid Chromatography system
coupled to a Synapt G2 HDMS quadrupole time-of-ight hybrid
mass spectrometer (Waters, Milford, MA, USA).19 Chromato-
graphic separation was performed using a BEH C18 column (2.1
� 100 mm, 1.7 mm particle size; Waters, Milford, USA) with
a guard column (2.1 � 5 mm, 1.7 mm particle size) and a linear
binary solvent gradient of 0–100% eluent B over 6 min at a ow
rate of 0.3 ml min�1, using 0.1% formic acid in water (v/v) as
solvent A and acetonitrile as solvent B. The column temperature
was 40 �C and the injection volume used was 2 ml. The
MSConvert soware was used to transfer and convert the raw
data into separate positive and negative ionization les, and the
resulting les were imported to the data mining soware
MZmine 2.10 for peak picking, deconvolution, deisotoping,
alignment and formula prediction. In order to annotate the
compounds, the processed data set was subjected to molecular
formula prediction and peak identication via dereplication
using online METLIN25 and Dictionary of Natural Products
(DNP) databases.20
18012 | RSC Adv., 2021, 11, 18009–18025
2.12. Anticholinesterase activity of the selected Sabal
species evolution

2.12.1. Assay of AChE enzyme activity by spectrophotom-
etry. The assessment of the acetylcholinesterase activity was
carried out according to an improved Ellman method, in a 96-
well plate reader using a Quanti-Chrome assay kit (USA).21 The
enzyme hydrolyses the substrate acetylthiocholine resulting in
the product thiocholine, which reacts with 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB) to produce 2-nitrobenzoate-5-
mercaptothiocholine and 5-thio-2-nitrobenzoate (a yellow
color). The intensity of chromogen yellow color and its absor-
bance can be detected at 412 nm, proportionate to the enzyme
activity in the tested samples.

2.12.2. Ninety-six-well plate reaction preparation.22 First,
45 ml of AChE was transferred into separate wells and 45 ml of
assay buffer was transferred into one well, which will be the no
enzyme control well used as a 100% inhibition control. Then, 5
ml of 40 v% DMSO was added, following which 5 ml of the tested
extracts at concentrations 10, 100, 1000, and 10 000 ngml�1 was
added to the remaining wells containing AChE, and the plate
mixture was incubated at 37 �C for 15min. Next, 154 ml Tris–HCl
buffer was mixed with 1 ml acetylthiocholine iodide substrate
and 0.5 ml DTNB and 150 ml of them was added to each selected
extract sample, sample blank, and no-inhibitor control wells.
Different concentrations of donepezil were prepared in serial
concentrations as same as test extracts and the absorbance OD
was measured at 412 nm at 0 min and at 10 min using a plate
reader23,24 The half-maximal inhibition concentration (IC50)
required to produce 50% inhibition of the enzymatic reaction
(inhibition of the hydrolysis of acetylcholine) was determined.25

IC50 values were calculated by a linear approximation regression
analysis of the inhibition percentage versus the extract
concentration (serial dilution in methanol in concentrations
(10, 100, 1000, and 10 000 ng ml�1) using the Excel program.
The enzyme inhibition (%) was calculated from the rate of
absorbance change with time (V ¼ Abs/Dt), and the calculation
is as follows:

Inhibition (%) ¼ (1 � DOD test cpd/DOD no-inhibitor) � 100

where DOD test cpd is the absorbance OD at 412 nm of a test
compound well at 0 min subtracted from the absorbance OD at
412 nm of a test compound well at 10 min. DOD no-inhibitor is
the absorbance OD at 412 nm of the no-inhibitor control well at
0 min subtracted from the absorbance OD at 412 nm of the no-
inhibitor control well at 10 min.
2.13. Docking experiments

Molecular docking experiments were performed using the
Autodock Vina soware26 The reported target proteins (human
AChE) were downloaded from the protein databank website
(https://www.rcsb.org/), (PDB codes: 4EY6 (crystal structure of
recombinant human acetylcholinesterase in complex with
(�)-galantamine) and 4EY7 (crystal structure of recombinant
human acetylcholinesterase in complex with Donepezil)),27 and
then they were prepared using the Autodock tools soware.20
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM photos for the shape and size of the synthesized ZnO nanoparticles using S. blackburniana: (A) leaves, (B) fruits, and (C) pollen grains.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
19

/2
02

5 
11

:5
6:

29
 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
The binding sites of the co-crystalized ligands were selected for
the docking experiments, and the coordinates of these binding
sites were also determined using the Autodock tools soware.
Top-scoring binding poses with RMSD values less than 2�A were
then selected and visualized using the Pymol soware.28
2.14. Statistical analysis

All experiments and analyses in the present study were carried
out in triplicates. The results were expressed as mean � S.D
(mean � standard error) of the indicated number of experi-
ments (n $ 3). Statistical analysis was evaluated using one-way
analysis of variance (ANOVA), followed by Tukey-Kramer's
multiple comparison, using GraphPad Prism 8 and Microso
Excel 2007. The level of statistical signicance was taken at p <
0.05. The value of probability less than 0.05 was considered
statistically signicant (P < 0.05).
3. Results and discussion
3.1. UV-visible characterization of the synthesized ZnO
nanoparticles of the selected Sabal species

They were early detected by forming a white precipitate and its
nanostructures were further conrmed by UV-visible
Fig. 3 Histogram of particle size distribution from TEM photos of ZnO n
grains.

© 2021 The Author(s). Published by the Royal Society of Chemistry
spectroscopy, transmission electron microscopy (TEM), Fourier
transform infrared (FTIR) spectroscopy and zeta potential
studies. Green-synthesized ZnO nanoparticles are known to
show an absorption band in the range of 300–550 nm. The
result of UV-vis spectroscopy revealed that all samples exhibited
a strong absorption band with maxima around (354–368 nm),
which is characteristic of ZnO nanoparticles29 due to their large
excitation binding energy at room temperature and the surface
plasmon resonance (SPR). The notable blue shi absorption for
the synthesized ZnO nanoparticles can be due to a high
decrease in the particle size. The position of the SPR was
attributed to the degree of charge transfers between the
medium, the particles, and interaction with the medium, and
the particle size and shape.30 Another excitonic absorption band
was located in the range of 260–280 nm, in addition to the
absorption band located at 500–550 nm, as shown in Fig. S1C.†
The absorption band that ranges towards longer wavelengths
might be owing to the movement of the electronic cloud on the
overall skeleton of the ZnO nanoparticles. All of them exhibited
(Fig. S1A–C†) UV bands corresponding to the near–band gap
excitonic emission and broad green emission bands due to
oxygen vacancy.10 The slight variations in the values of absor-
bance intensity are due to the change in the particle size.31,32 UV-
anoparticles using S. blackburniana: (A) leaves, (B) fruits, and (C) pollen

RSC Adv., 2021, 11, 18009–18025 | 18013
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Fig. 4 X-ray diffraction analysis (XRD) of the synthesized ZnO nanoparticles using S. blackburniana: (A) leaves, (B) fruits, and (C) pollen grains.
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vis spectra exhibit signicant absorption of ZnO nano-
particles33,34 with a large sample population.
3.2. TEM characterization of the synthesized ZnO
nanoparticles of the selected Sabal species

Transmission Electron Microscopic (TEM) image initially
characterized the morphology and dimensions of the bio-
synthesized ZnO nanoparticles, and the estimated ZnO nano-
particles size from (Fig. 2A–C) TEM pictures showed that they
had different shapes, predominantly irregular small spherical
18014 | RSC Adv., 2021, 11, 18009–18025
particles included in hexagonal structures, rod-like shaped,
cubic structures, which accumulate like bullets, in addition the
presence of clusters as depicted by the TEM image. The larger
nanoparticle sizes observed in the samples were due to the
agglomeration of smaller nanoparticles; this agglomeration
may be due to van der Waals forces, polarity and electrostatic
attraction of ZnO nanoparticles.35 The mean particle size
distribution histogram was 18.80–20.32 nm, which was calcu-
lated from the TEM graph using the ImageJ soware and
determined the particle size range from 2.18 to 49.56 nm as
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Zeta potential of the synthesized ZnO nanoparticles using S. blackburniana: (A) leaves, (B) fruits and (C) pollens grains.
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shown in Fig. 3A–C (with range from 2.84� 1.53 to 48.81� 1.53,
2.18 nm � 1.43 to 49.15 � 1.43 and 2.23 � 1.36 to 49.56 � 1.36)
for (A), (B) and (C) respectively.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.3. X-ray diffraction (XRD) analysis

X-ray diffraction was performed to examine the textural prop-
erties such as size, crystal structure and shape of the materials,
RSC Adv., 2021, 11, 18009–18025 | 18015
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as the peak positions of the diffraction pattern provide infor-
mation of translational symmetry size and shape of the unit
cell. Therefore, the green-synthesized dried powder of ZnO
nanoparticles using the extracts of leaves, fruits, and pollen
grains of S. blackburniana was investigated by X-ray diffraction
to conrm the crystalline nature of them. The results indicated
that XRD spectral analysis displays the number of strong
diffraction peaks corresponding to Bragg reections with 2q
values: 31.77�, 34.43�, 36.36�, 47.55�, 56.60�, 62.87�, 66.39�,
67.96�, 69.10� and 72.88� (Fig. 4A), 31.85�, 34.55�, 36.35�, 47.70�,
56.75�, 63.09�, 66.57�, 68.17� and 72.87� (Fig. 4B), 31.78�,
34.42�, 36.26�, 47.54�, 56.61�, 62.86�, 66.39�, 67.96� and 72.57�

(Fig. 4C); these peaks are in good agreement with the literature
report,36–38 thus implying that the synthesized nanoparticles are
identical to the hexagonal phase of zinc oxide.36 The green-
synthesized ZnO nanoparticles using the above-mentioned
extracts are crystalline with hexagonal wurtzite phase, and it
can be stated that the obtained crystallite of ZnO nanoparticles
show high purity as shown in the X-ray peak prole; the patterns
were exhibited in Fig. 4. The average particle crystallite sizes
obtained by the three ZnO nanoparticles using the extracts of
leaves, fruits, and pollen grains synthesis were estimated using
the Scherrer equation39 and found to be 47.21, 47.67, and
47.8 nm respectively from high-intensity peaks.
3.4. Determination of the ZnO nanoparticles by zeta
potential

Zeta potential is important for the characterization and evalu-
ation of the stability of the synthesized ZnO nanoparticles; it
was determined that during electrophoresis (Zetasizer Nano),
NaOH was used to adjust the pH. Recently, it has been accepted
that zeta potentials do not drop below 30 mV (regardless of the
sign) for the stabilization of nanoparticle preparation. The zeta
potential determination demonstrated that all of the represen-
tative selected synthesized ZnO nanoparticles exhibited
acceptable ZP values (�30.8 to�45.9 mV), which indicated their
good stability (Fig. 5A–C).
Fig. 6 Percentage of different classes of metabolites distributed in the m

18016 | RSC Adv., 2021, 11, 18009–18025
3.5. Fourier transform infrared (FT-IR) spectroscopy for the
characterization of the selected Sabal species-synthesized
ZnO nanoparticles

FT-IR analysis is an important tool to understand and identify
the characteristic functional groups present on the surface of
ZnO and ascertain the purity and nature of the nanoparticles; it
also demonstrated the presence of phytochemicals in the
extract. The FTIR spectra (Fig. S2–S4†) show the main bands
and different major peaks positions corresponding to the
synthesized ZnO nanoparticles and the extracts: 3387, 3668.61,
3383.11, 3414.3, 3390.86 and 3414.01.49 cm�1, indicating the
broad peak of the OH stretching vibrations. While the peaks at
2931.8, 2978.09, 2904.8 and 2978.09 cm�1 correspond to the
CH3 stretching vibration, 1612.49 and 1631.78 cm�1 indicate
the C]C bond stretching vibration. While the peaks at 2090.84
and 2067.69 cm�1 are relevant to triple bond stretching and
1975.11 and 1917.24 cm�1 indicate aromatic overtones of ring
bending. The peaks at 1496.76, 1419.61, 1415.75 and
1454.33 cm�1 correspond to polyphenol OH and the presence of
an aromatic group, where the peaks at 1381.03, 1342.42,
1342.46 and 1396.46 cm�1 indicate the C–O–H bending vibra-
tion. The presence of tertiary amide, C–N stretching and N–H
bending 1265.30, 1230.58, and 1296.16 cm�1 corresponds to
C–O stretching in aromatic alcohols, while the peak at 1026.13
is relevant to the presence of C–O and aliphatic C–N bond
stretching, and the peaks at 443.63, 462.92, 478.36, 416.62 and
451.34 cm�1, were characteristic bands of the zinc oxide,
nanoparticles. The FTIR spectrum, absorption at 400 cm�1 to
600 cm�1 identies the presence of zinc oxide nanoparticles.
The peaks that were observed at 1573.91 and 1631.78 cm�1 and
478.35, 416.62, 446.77, 443.63 and 451.34 cm�1 correspond to
the Zn–O stretching and deformation vibration, respectively.
These further conrms the formation of zinc oxide nano-
particles by using the extracts of leaves, fruits and pollen grains
of S. blackburniana (Fig. 4–6).The former observed peaks indi-
cate the presence of functional groups such as ketones, alde-
hydes, hydroxyls, alcohols, phenolics, and carboxylic acid
ethanolic extracts of tested Sabal species.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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compounds with strong hydrogen bonds and stretching of the
N–H group, which could be mainly attributed to avonoids,
terpenoids, glycosides, and phenols; in addition to conformed
formation of green-synthesized ZnO nanoparticles, the previous
results indicated that the plant extract contains various
metabolites that work as capping and stabilizing agents for the
synthesized ZnO nanoparticles and also prevent aggregation
and pairing of the nanoparticles. The reducing capacity of
plants depends on the presence of polyphenols and other
chelating agents present in plants that have critical effects on
the reduction potential of ions and the amounts of nanoparticle
Fig. 7 Compounds annotated from the methanolic extract of the selec

© 2021 The Author(s). Published by the Royal Society of Chemistry
production.40 The similarity between the spectra which had
some slight shis in peak position indicated the presence of the
residual plant extract in the sample as a capping agent to the
ZnO nanoparticles. These may identify the biomolecules, which
are responsible for efficient stabilization and capping of the
metal nanoparticles.41

3.6. Metabolic proling of the crude methanolic extracts of
the selected Sabal species

Annotation of the secondary metabolites from the crude
methanolic extract of the selected plant using LC-MS.19 These
ted Sabal species.

RSC Adv., 2021, 11, 18009–18025 | 18017
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dereplication studies relied on a precise molecular formula
prediction along with a chemotaxonomic ltration to minimize
the number of hits per molecular formula (depending on
chemotaxonomic categorization).42 From DNP database (Table
S1,† Fig. 7–10), forty-one metabolites were annotated belonging
to certain chemical classes (Fig. 6): avonoids, steroidal sapo-
nins, terpenoids, sterols, phenolics, alkaloids, fatty acids, and
lignans.

3.6.1. Polyphenolics
3.6.1.1. Phenolic acids and phenolic acid derivatives. Seven

phenolics (six phenolic acids and one phenolic acid derivative)
were identied from the DNP database. The mass ion peak atm/
z 149.1278 [M + H]+ (RT, 2.84 min), for the predicted molecular
formula, C9H8O2, was dereplicated as cinnamic acid earlier
isolated from palm.43 While metabolite with the molecular
formula C7H6O4 for the peak at m/z 155.1043 [M + H]+ (RT, 2.32
min) was characterized as Protocatechuic acid, which was re-
ported from Phoenix dactylifera.44 The mass ion peaks at m/
z165.0900 [M + H]+ (RT, 1.78 min), in accordance to the
molecular formula C9H8O3, was recognized as p-coumaric acid
that was isolated from Phoenix canariensis leaves.45 In addition,
Fig. 8 Compounds annotated from the methanolic extract of the selec

18018 | RSC Adv., 2021, 11, 18009–18025
other metabolites with the molecular formulae C7H6O5, and
C10H10O4 for the mass ion peaks at m/z 171.1018 [M + H]+ (RT,
4.64 min) and m/z 195.1800 [M + H]+ (RT, 3.93 min) respectively
were annotated as gallic acid and ferulic acid respectively, and
they were earlier isolated from palm.46,47 In addition, the mass
ion peak at m/z 337.1639 [M + H]+ (RT, 2.48 min) for the pre-
dicted molecular formula C16H16O8, was dereplicated as 3-O-
caffeoylshikimic acid.48 On the other hand, the metabolite with
the molecular formula C43H36O18 for the mass ion peak at m/z
839.17393 [M�H]� (RT, 6.53 min) was characterized as a poly-
phenolic compound, tetra-O-caffeoylquinic acid (phenolic acids
derivatives). It was isolated from Pluchea symphytifolia.46

3.6.1.2. Flavonoids. Furthermore, een avonoids were
characterized: the metabolite with the mass ion peak at m/z
271.1194 [M + H]+ (RT, 3.55 min), in accordance with the
molecular formula C15H10O5, was recognized as Genistein, that
is an isoavone formerly obtained from Sabal palm seeds47 and
showed signicant antioxidant and antitumor activities;50,51 the
metabolite with the mass ion peaks at m/z 287.1167 [M + H]+

(RT, 2.75 min) and 291.14869 [M + H]+ (RT, 2.3 min) for the
predicted molecular formulae C15H10O6 and C15H14O6
ted Sabal species.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively were annotated as luteolin (tetrahydroxyavone)
and catechin (avanol), respectively, which were formerly ob-
tained from palm; leaves seeds, fruits.52–54 In addition, other
metabolites with the molecular formulae, C16H12O6, C15H12O7

and C17H14O7 for the mass ion peaks at m/z 301.1357 [M + H]+

(RT, 3.70 min), 305.1692 [M + H]+ (RT, 3.18 min), and 331.15 [M
+ H]+ (RT, 3.76 min) respectively were characterized as chrys-
eriol (avone), taxifolin (avonol) and tricin (an O-methylated
avone), respectively, which were previously obtained from
Fig. 9 Compounds annotated from the methanolic extract of the selec

© 2021 The Author(s). Published by the Royal Society of Chemistry
palm (leaves and fruits) and Sabal palm seeds.49,54,55 Moreover,
themetabolites with themass ion peaks atm/z 433.2045[M +H]+

(RT, 2.78 min) and 449.2024 [M + H]+ (RT, 2.66 min) with the
suggested molecular formulas C21H20O10 and C21H20O11 were
identied as isovitexin and orientin respectively, which were the
two C-glycosyl avones previously obtained from S. black-
bumiana and S. causiarum.57 Similarly, the mass ion peaks atm/z
625.2084 [M + H]+ (RT, 3.05 min), 579.2576 [M + H]+ (RT, 8.72
min), 493.2376 [M + H]+ (RT, 3.04 min), 465.202 [M + H]+ (RT,
ted Sabal species.

RSC Adv., 2021, 11, 18009–18025 | 18019
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2.69 min), 449.2030 [M + H]+ (RT, 2.50 min) and 449.2029 [M +
H]+ (RT, 2.54 min) respectively corresponding to the molecular
formulas C28H32O16, C27H30O14, C27H30O14, C21H20O12,
C21H20O11 and C21H20O11, respectively were distinguished as
isorhamnetin-3-O-rutinoside, rhoifolin, tricin 7-O-glucoside,
isoquercetin, luteolin 7-glucoside and kaempferol-3-glucoside
respectively, which were the six glycosyloxyavones earlier re-
ported from S. serrulata.57,58 In addition, the metabolite with the
molecular formula C45H38O20 for the mass ion peak at m/z
897.0992 [M�H]� (RT, 3.02 min) was characterized as galloca-
techin-(4-alpha-8)2-catechin (avan-3-ols) having good inhibi-
tory activity of lipoxygenase.59 The avonoids are the most
predominant ones.

3.6.2. Alkaloids. Two alkaloids were identied: the metab-
olite with the mass ion peaks that at m/z 163.0739 [M + H]+ (RT,
2.93 min) and 332.3094 [M�H]� (RT, 4.74 min), corresponding
to the proposed molecular formulae C10H14N2 and C19H13N4O2

respectively were identied as metanicotine and helasaoussa-
zine respectively. metanicotine has nicotine CNS-selective,
nicotine agonist activities, and is also used as a potential
agent in treatment of Alzheimer's and ulcerative colitis; it was
previously obtained from the leaves of Duboisia Hopwoodii.60,61

Helasaoussazine was previously obtained from P. canariensis
and palm.62

3.6.3. Lignans. One neolignan was characterized. The
metabolite with the mass ion peak atm/z 747.1913 [M�H]� (RT,
3.02 min) for themolecular formula C38H36O16 was dereplicated
as Shimobashiric acid D.63

3.6.4. Fatty acids. Two metabolites with the molecular
formulae C18H32O2 and C18H34O2 for the mass ion peaks at m/z
279.4756 [M–H]� (RT, 6.85 min) and, [M + H]+ RT, 3.85 min)
respectively, were annotated as linoleic acid and oleic acid
respectively, which were earlier obtained from S. serrulata.64

3.6.5. 5. Sterols. Furthermore, ve sterols were annotated.
The metabolites with the mass ion peaks at, m/z 271.3016 [M +
H]+ (RT, 5.4 min), 413.3919 [M + H]+ (RT, 4.17 min), 415.4083 [M
Fig. 10 IC50 values expressed in ng ml�1 for AChE inhibition by plant ex

18020 | RSC Adv., 2021, 11, 18009–18025
+ H]+ (RT, 5.59 min), 413.3925 [M + H]+ (RT, 3.44 min), and
481.4135 [M + H]+ (RT, 5.9 min) in agreement with the molec-
ular formulae C18H22O2, C30H52, C29H50O, C29H48O and
C28H48O6 respectively were distinguished and dereplicated as
estrone,65 stigmasterol,49, b-sitosterol,66 D7-avenasterol,67 and
brassinolide68 respectively, which were formerly isolated from
Phoenix dactylifera, Serenoa repens (W. Bartram), Sabal palm, S.
causiarum and P. canariensi.69,70

3.6.6. Terpenoids. Five terpenoids were dereplicated. The
metabolites with the mass ion peaks at m/z 411.377 [M + H]+

(RT, 3.18 min), 427.3924[M + H]+ (RT, 6.64 min), 459.4498 [M +
H]+ (RT, 5.7 min), 569.521 [M + H]+ (RT, 6.15 min) and 469.5029
[M + H]+ (RT, 6.03 min) corresponding to the molecular
formulae C30H50, C30H50O, C30H50O3, C40H56O2 and C32H52O2,
respectively were annotated as squalene (hydrocarbon tri-
terpene),67 cycloartenol (pentacyclic triterpenoid),66 25-
hydroperoxyycloart-23-ene-3-ol (triterpenoid), b-carotene-2,20-
diepoxide (tetraterpene; a oxygenated carotenoid) and sabla-
caurin B (19-triterpenoid; nor-3,4-seco-lanostane-type) respec-
tively that were previously isolated from S. blackburniana, S.
serrulata, and S. causiarum.71,72

3.6.7. Steroidal saponins. Finally, four steroidal saponins
were characterized. Themetabolite with the mass ion peak atm/
z 415.4092 [M + H]+ (RT 5.57 min) for the molecular formula
C27H42O3, was dereplicated as diosgenin (sapogenin steroidal
saponins), which was characterized from Sabal palm seeds49

and had an antitumor effect on different cancer cell lines; dio-
sgenin is safe and effective as a chemopreventive agent against
several human cancers.73 In addition, the metabolites with the
mass ion peaks at m/z, 869.6766 [M + H]+ (RT, 3.47 min),
999.4723 [M + H]+ (RT 6.025 min) and 1048.7724 [M + H]+ (RT
3.10 min) for the molecular formulae C45H72O16, C51H83O22 and
C49H74O21 respectively were dereplicated as dioscin,57 bridge-
side C1 and causiaroside II (¼ p, 16P-dihydroxypregn-5-en-20-
one 3-0-[a-L3 rhamnopyranosyl (1-+4)-P-D-glucopyranosyl (1-
+4)] [a.-L-rhamnopyranosyl (1-+2)]-P-D-glucopyranosyl 16-o-[b-D-
tracts, ZnO nanoparticles and donepezil.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Percentage inhibition of S. blackburniana extracts, ZnO nanoparticles and donepezil (concentration, ng ml�1) on AChE enzyme activity

Sample

% inhibition of AChE

Conc ng ml�1

10 100 1000 10 000

S. blackburniana (fruits) 19.16 31.19 43.22 78.18
ZnO nanoparticles (fruits of S. blackburniana) 36.59 48.48 60.48 79.63
S. blackburniana (leaves) 20.28 41.99 49.94 80.12
ZnO nanoparticles (leaves of S. blackburniana) 39.81 48.48 63.51 82.15
S. blackburniana (pollen grains) 16.31 37.61 52.80 77.37
ZnO nanoparticles (pollen grains of S. blackburniana) 38.30 51.10 69.85 82.56
Donepezil 39.04 56.78 71.97 82.87
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glucopyranosyloxy-g-methyl]-0-[valerate]) respectively that were
early obtained from S. causiarum.74,75
3.7. Anticholinesterase activity

In the last decade, botanical drugs have been currently
approved in therapy with specic indications. Recently, it has
been reported that biogenically synthesized nanoparticles from
Fig. 11 Binding energies of themetabolites dereplicated in Sabal-derived
flavonoids (green color, more than 10) showed binding energies less th
ligands of AChE, red color) showed binding energies of �9.0 and �8.7 k

© 2021 The Author(s). Published by the Royal Society of Chemistry
medicinal plants have less harmful effects than that of chemi-
cally synthesized nanoparticles.76 Therefore, medicinal plants
and green synthesized nanoparticles are a vital focus of
researchers as alternative therapies for the treatment of the
Alzheimer and other diseases.5,77–80 In this study, the acetyl
cholinesterase enzyme (AChE) inhibitory activity (anti-
Alzheimer) of the crude methanolic extracts of the selected
extracts. All metabolites (yellow color) except for the non-glycosylated
an �8 kcal mol�1. Galantamine and donepezil (i.e. the co-crystalized
cal mol�1.
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Sabal species and green-synthesized ZnO nanoparticles in vitro
were evaluated and compared with that of the standard done-
pezil drug (AChE inhibitor). The increase in acetyl cholines-
terase enzyme (AChE) inhibitory activity was the most
characteristic change that occurs in Alzheimer's disease. AChE
is the enzyme responsible for acetylcholine hydrolysis, from
both cholinergic and noncholinergic neurons of the brain. The
increase in acetylcholine levels can be achieved by the inhibi-
tion of AChE, which can help in the treatment of Alzheimer's
disease (AD).3 The results indicated that all three samples of
methanolic extracts of leaves, pollen grains and fruits, of S.
blackburniana respectively showed a signicant activity (<10 mg
ml�1) with IC50 values of 382.87 � 6.86, 500.08 � 12.22 and
754.08 � 9.93, ng ml�1, respectively, however, the green-
Fig. 12 Binding modes of the top-scoring metabolites inside AChE's act
ligands (red color).

18022 | RSC Adv., 2021, 11, 18009–18025
synthesized ZnO nanoparticles using the pollen grains and
leaves extracts respectively exhibited the highest (very potent)
and promising anti-acetylcholinesterase activity with IC50

values of 63.78 � 10.0471 and 81.99 � 13.08 ng ml�1 respec-
tively, followed by ZnO nanoparticles using fruit extracts with an
IC50 value of 117.95 � 6.86 ng ml�1 in comparison to the
standard donepezil' IC50 value 50.7 � 5.77 ng ml�1, as shown in
(Fig. 10). Moreover, ZnO nanoparticles using pollen grain
extracts exerted the highest percentage inhibition (38.30, 51.10,
69.85, and 82.56 at concentrations of 10, 100, 1000, and 10 000
ng ml�1 respectively) compared to donepezil (39.04, 56.78,
71.97, and 82.87 at concentrations of 10, 100, 1000, and 10 000
ng ml�1 respectively) on AChE enzyme activity, followed by ZnO
nanoparticles using leaf extracts, and nally, ZnO nanoparticles
ive site (cyan color). Galantamine and donepezil are the co-crystalized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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using fruit extracts (Table 1). Overall, the former results indi-
cated that a considerable anti-Alzheimer activity of the selected
extracts could be due to the fact that they are rich source of
useful metabolites such as avonoids, which are reported as
a promising lead class of compounds for the efficient design
and development of multipotent anti-Alzheimer's disease
drugs, and to suppress the progression of pathologies of Alz-
heimer's disease (AD); this is due to their ability to crush the
cognitive decits in numerous normal and transgenic preclin-
ical animal models.81–84 Moreover, the results showed that
green-synthesized ZnO nanoparticles possessed the most
potent acetylcholinesterase inhibitory activity, which may be
due to their large surface area. ZnO nanoparticles have been
successfully exploited as drug carriers for loading and trans-
porting drugs to target sites, thereby reducing unwanted toxicity
and off-target effects, and resulting in amplied synergistic
effects.85 These may be effective and useful in treating Alz-
heimer's disease. Further study should be done in vivo to
explain the exact mechanism of inhibitory action.
3.8. Molecular docking

To further highlight the probable metabolites that may be
associated with the anti-AChE activity of Sabal-derived extracts,
all dereplicated metabolites (Table S1† and Fig. 7–11) were
subjected for exible docking analysis against human AChE
(PDB: 4EY6). The application of such protocol in natural
product-based drug discovery can potentially facilitate targeting
of the drug candidates in complex plant extracts. As shown in
Fig. 12, the non-glycosylated avonoids such as luteolin, taxi-
folin, tricin, genistein, chrysoeriol and catechin (i.e. avones,
isoavones, and avanols) were the top-scoring metabolites
(binding energy: �11 to 12.5 kcal mol�1). Additionally, they
showed binding poses comparable with the co-crystalized
ligands, galantamine and donepezil with more molecular
interactions (H-bonds and hydrophobic interactions) and
higher binding energies (Fig. 12). The key interactions of the co-
crystalized ligands inside the active site were H-bonds with TYR-
124, GLU-202, SER-203, PHE-295, TYR-337, and TYR-341 along
with one hydrophobic interaction with TRP-86 (Fig. 12).
Besides, these reported key amino acids, top-scoring avonoids
were able to interact through H-bonding with extra amino acid
residues such as TYR-72, ASP-74, ASN-87, GLY-120, SER-293,
and HIP-447 (Fig. 12). In conclusion, these top-scoring Sabal-
derived avonoids showed comparable binding mode with
galantamine (i.e. co-crystallized ligand) inside the human
AChE's active site, and this may provide a molecular explana-
tion for the anti-AChE activity of Sabal extracts.
4. Conclusions

The biological green pathway comprises the use of the plant
extracts as reducing agents, which was more preferable for the
development of nanoparticles with optimal features. All the
obtained results conrm that Zn ions had been reduced by the
extracts of S. blackburniana under the reaction conditions. The
FT-IR analysis results illustrated that there are many functional
© 2021 The Author(s). Published by the Royal Society of Chemistry
groups that were adsorbed and present on the surface of ZnO
nanoparticles such as OH and C]O groups, which may have an
important role in bio-reduction. FT-IR spectroscopy further
conrms the formation of zinc oxide nanoparticles. The esti-
mation of acetylcholinesterase inhibitory activity of all green-
synthesized ZnO nanoparticles using the three methanolic
extracts of leaves, fruits, and pollen grains of S. blackburniana
concluded that they showed a very potent and signicant
inhibitory activity, and the extracts may have several metab-
olomics, which possess potential neuroprotective activity.
Metabolic proling of the crude methanolic extract of selected
plants using LC-MS has resulted in the annotation of forty-one
metabolites, which belong to various classes, and a molecular
modelling study has also been performed to provide insights
into the most probable metabolites associated with the AChE
inhibition. The docking results suggested that luteolin, taxi-
folin, tricin, genistein, chrysoeriol and catechin possessed the
best binding affinity, as these compounds have been able to
achieve binding modes better than co-crystalized ligands;
hence, they may be the main contributors to the observed anti-
AChE activity of the tested Sabal extracts, and the application of
such protocols in natural product-based drug discovery can
potentially facilitate the targeting of the drug candidates in
complex plant extracts. In this study, for the rst time, we
demonstrated the green synthesis of ZnO nanoparticles using S.
blackburniana and their anti-Alzheimer potential. Based on
these work, the anti-acetylcholinesterase activity of the selected
extracts, which are rich sources of useful metabolites, and
green-synthesized ZnO nanoparticles of S. blackburniana in vitro
was demonstrated. Moreover, the docking results will help
discover the production of novel drugs from Sabal and suggest
that they may be used for the treatment of neurodegenerative
disorders such as Alzheimer's disease. Future studies should be
exerted in vivo focusing possible potential neuroprotective
activity for accepted anti-Alzheimer natural drugs and to eval-
uate that they have no serious or undesirable side effects.
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