<

pharmaceutics

Article

Green Synthesis of Silver Nanoparticles Using Hypericum
perforatum L. Aqueous Extract with the Evaluation of Its
Antibacterial Activity against Clinical and Food Pathogens

Abdalrahim Alahmad *{, Wael A. Al-Zereini >*{), Tahani J. Hijazin 2, Osama Y. Al-Madanat 3*,
Ibrahim Alghoraibi 4 Omar Al-Qaralleh 2, Samer Al-Qaraleh %, Armin Feldhoff ", Johanna-Gabriela Walter !

and Thomas Scheper !

check for
updates

Citation: Alahmad, A.; Al-Zereini,
W.A.; Hijazin, T].; Al-Madanat, O.Y.;
Alghoraibi, I.; Al-Qaralleh, O.;
Al-Qaraleh, S.; Feldhoff, A.; Walter,
J.-G.; Scheper, T. Green Synthesis of
Silver Nanoparticles Using Hypericum
perforatum L. Aqueous Extract with
the Evaluation of Its Antibacterial
Activity against Clinical and Food
Pathogens. Pharmaceutics 2022, 14,
1104. https://doi.org/10.3390/
pharmaceutics14051104

Academic Editors: Beata Nowak,

Sylwia Zieliriska and Franco Dosio

Received: 2 April 2022
Accepted: 19 May 2022
Published: 21 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institut fiir Technische Chemie, Leibniz Universitit Hannove, CallinstrafSe 5, 30167 Hannover, Germany;
walter@iftc.uni-hannover.de (J.-G.W.); scheper@iftc.uni-hannover.de (T.S.)

Department of Biological Sciences, Faculty of Scince, Mutah University, P.O. Box 7, Mutah 61710, Jordan;
hijazin@mutah.edu.jo (T.J.H.); omarqaralleh.1995@gmail.com (O.A.-Q.)

3 Department of Chemistry, Faculty of Scince, Mutah University, P.O. Box 7, Mutah 61710, Jordan

Physics Department, Faculty of Science, Damascus University, Damascus P.O. Box 30621, Syria;
ibrahim.alghoraibi@gmail.com

5 Faculty of Medicine, Mutah University, P.O. Box 7, Mutah 61710, Jordan; 75garalleh@gmail.com

Institut fiir Physikalische Chemie und Elektrochemie, Leibniz Universitit Hannove, Callinstrafie 34,
30167 Hannover, Germany; armin.feldhoff@pci.uni-hannover.de

Correspondence: alahmad@iftc.uni-hannover.de or rahimclp84@gmail.com (A.A.);
wzereini@mutah.edu.jo (W.A.A.-Z.); madanat@mutah.edu.jo (O.Y.A.-M.); Tel.: +49-511-7622773 (A.A.);
+962-3-2372380 (W.A.A.-Z. & O.Y.A.-M.)

Abstract: The rapid development of nanotechnology and its applications in medicine has provided
the perfect solution against a wide range of different microbes, especially antibiotic-resistant ones. In
this study, a one-step approach was used in preparing silver nanoparticles (AgNPs) by mixing silver
nitrate with hot Hypericum perforatum (St. John’s wort) aqueous extract under high stirring to prevent
agglomeration. The formation of silver nanoparticles was monitored by continuous measurement
of the surface plasma resonance spectra (UV-VIS). The effect of St. John’s wort aqueous extract
on the formation of silver nanoparticles was evaluated and fully characterized by using different
physicochemical techniques. The obtained silver nanoparticles were spherical, monodisperse, face-
centered cubic (fcc) crystal structures, and the size ranges between 20 to 40 nm. They were covered
with a capping layer of organic compounds considered as a nano dimension protective layer that
prevents agglomeration and sedimentation. AgNPs revealed antibacterial activity against both tested
Gram-positive and Gram-negative bacterial strains causing the formation of 13-32 mm inhibition
zones with MIC 6.25-12.5 pug/mlL; Escherichia coli strains were resistant to tested AgNPs. The specific
growth rate of S. aureus was significantly reduced due to tested AgNPs at concentrations 2% MIC.
AgNPs did not affect wound migration in fibroblast cell lines compared to control. Our results
highlighted the potential use of AgNPs capped with plant extracts in the pharmaceutical and food
industries to control bacterial pathogens” growth; however, further studies are required to confirm
their wound healing capability and their health impact must be critically evaluated.

Keywords: silver nanoparticles; green synthesis; Hypericum perforatum L.; antibacterial

1. Introduction

Recently, there has been an increase in the number of emerged antibiotic-resistant bac-
terial strains, the number of multidrug-resistant tumor cells, and the number of oxidative
stress-associated disorders; an increase that elevates the burden of treating such ailments.
Moreover, the usage of some synthetic drugs is associated with adverse effects on human
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health [1]. The introduction of bio- and nanotechnology-based techniques in medical re-
search led to nanomaterials” application in treating, diagnosis, control, and modulation of
biological systems [2]. Intriguingly, nanoparticles were synthesized through chemical and
physical methods; they are expensive, environmentally un-favorable, and toxic, hindering
the compatibility of resulting NPs for biological applications [3]. Using biosystems such
as microorganisms and plants as manufacturers of nanomaterials is considered a more
safe and more eco-friendly method [4]. However, using plant extracts is more expedient
than using microorganisms to overcome the issues of media sterilization, cultivation, and
maintaining microbial cells [5]. Plant extracts provide agents that act as reductants and sta-
bilizers during the synthesis of nanoparticles; phenols, alkaloids, tannins, flavonoids, and
saponins among others are examples of such reagents [6]. The leave extracts of Aloe vera [7],
Capsicum annum [8], Euphorbia hirta [9], Acalypha indica [10], Garcinia mangostana [11],
Clerodendrum inerme [12], Curcuma longa [13], Capparis zeylanica [14], and Calendula of-
ficinalis [15], the fruit extract of Carica papaya [16], the latex and seed extract of Jatropha
curcas [17], and bark extract of Cinnamon zeylanicum [18], among other plants, were used to
photosynthesize silver nanoparticles (AgNPs) in a size range of 25-100 nm with antioxidant,
cytotoxic, and anti-Gram-positive and -Gram-negative bacterial activities.

The ability of phyto-synthesized AgNPs to exhibit a broad-spectrum antibacterial
activity and to overcome the antibiotic resistance issue in microorganisms might be at-
tributed to their intrinsic therapeutic characteristics with a multi-target effect [19,20]. In
comparison to gold, platinum, iron, and zinc nanoelements, AgNPs exhibit very high
bioactivity, low levels of cytotoxicity when used individually or when been combined
with various antibiotics to overcome the resistance of bacteria to many drugs [21]; they
alter microbial cell membrane and wall structures [22,23], induce reactive oxygen species
(ROS) production, DNA damage, and lead to cellular apoptosis and necrosis [24-26]. They
were applied in pathogen detection and diagnosis, topical wound healing, drug delivery,
the coating of materials and devices including textile, food, and medical instruments and
applications [27,28]. Due to their antibacterial activity, they are used in cardiovascular and
dental implants [29].

Hypericum perforatum L. (St. John’s wort) has been used as a remedy to treat the
digestive tract, skin wounds, burns, cancer, AIDS, and psychological diseases [30-35]. It
contains compounds with potential antimicrobial, antiviral, antioxidant, antidiabetic, anti-
inflammatory, analgesic, and anticancer activities [36]; activities that were attributed to their
content of hypericin, pseudohypericin, hyperforin, bioflavonoids, and flavonoids [37—-41].
There are contradictory reports on its antibacterial activity; some reports documented its
broad antibacterial activity [40,41] while others demonstrated that H. perforatum extract
was ineffective in inhibiting bacterial growth [42].

Several studies highlighted the role of H. perforatum aqueous extract in the reduction
of metal ions to nanoelements and in stabilizing the biogenic particles. Its extract was used
in reducing gold (III) chloride hydrate (HAuCly) and silver nitrate (AgNO3) to AuNPs with
antidepressant and antioxidant activity [43,44], and AgNPs with antibacterial, antioxidant,
and anticancer activities [4,41,42,45]. Therefore, the present study aimed to investigate the
role of AgNPs capped with H. perforatum’s metabolites in controlling bacterial growth and
wound healing.

In the current study, the aqueous extract of H. perforatum was used to reduce AgNO3
into AgNPs. The synthesis procedure of the silver nanoparticles was performed based on
our previous report [4], with some modifications for the temperature and concentrations
of plant extracts as well as silver precursor aiming to produce small AgNPs with a large
surface-to-volume ratio. Compared to our previous procedure, the concentration of the
silver nitrate was increased to 0.5 M and was added to a known concentration (~2000 ppm)
of plant extract (previously the concentration of the plant extract was not known as it was
used directly after decoction). The reaction temperature was increased and maintained
at 80 °C for 4 h. The rate of silver nitrate addition was reduced to around 50 pl/min for
around 3.5 h with the increasing of the stirring rate to 750 rpm. The preparation was left
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for a further 30 min under stirring until completion of the reaction. By modifying all these
conditions, we observed a small variation in the particle size (2040 nm), while previously
its range was between 20—-60 nm. The coating of the nanoparticles and their stabilization
by the plant phytochemical constituents was confirmed via chemical characterization and
their antibacterial efficiency against clinical and food pathogenic isolates was evaluated and
compared with that of the plant extract; their effect on the growth kinetics and killing time
of tested Staphylococcus aureus was elaborated. Herein, the effect of H. perforatum-coated
AgNPs on wound healing was investigated for the first time.

2. Materials and Methods
2.1. Chemicals and Instrumentation

Aerial parts of H. perforatum L. were collected in July-August from the Ghab Plain
in Syria and harvested during the flowering season. The sample was identified and
authenticated by Dr. Watfeh of the Faculty of Agriculture at Damascus University. Silver
nitrate was purchased from Sigma Aldrich. Whatman filter paper (90 mm) was purchased
from GE Healthcare Life Sciences (Freiburg Germany). Deionized water (18.2 M() cm,
25 °C) was obtained from a Millipore Mill-Q system, Sartorius (Goettingen, Germany).

The absorption spectra of AgNPs, immediately after synthesis, after one month, and
after 8 months of storage, were recorded using a NanoDrop Spectrophotometer (ND1000
from PeQLab). Dynamic light scattering and Zeta potential using Bettersize S3 plus from
Anton Paar was performed. This was followed by Fourier transform infrared spectropho-
tometry using a Bruker FT-IR Vertex 80 v spectrometer. X-ray diffraction (XRD) wase done
using a Bruker D8 Advance diffractometer. A thermal gravimetric analysis (TGA) was
performed using a TGA /DSC 3+ from Mettler-Toledo, from 25 to 1000 °C at a rate of 1 °C
per minute with Nj gas flow. Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDXS) were done using a JEOL JSM-6700F. Transmission electron mi-
croscopy (TEM) was performed with the use of a JEOL JEM-2100F-UHR, at an acceleration
voltage of 200 kV. The surface morphology was determined by the atomic force microscopy
measurements (AFM, Nanosurf easyScan2, Liestal, Switzerland). The AFM measurements
were performed in contact mode.

NTA measurements were performed with a NanoSight LM10 (NanoSight, Ames-
bury, UK) equipped with a sample chamber with a 635 nm laser and a Viton fluoroelas-
tomer O-ring. The samples were injected into the sample chamber with sterile syringes
(Carl Roth GmbH, Karlsruhe, Germany) until the liquid reached the tip of the nozzle. All
measurements were performed at room temperature. The software used for capturing and
analyzing the data was the NTA 2.0 Build 0033. The samples were measured for 60 s with
manual shutter and gain adjustments. The “single shutter and gain mode” was used to
capture the monodisperse AgNPs.

2.2. Synthesis of Hypericum Perforatum L. aqueous Extract Mediated Silver Nanoparticles
(AgNPs) and Their Chemical Characterization

The synthesis of AgNPs was done as mentioned previously [4], with some modifica-
tions. Briefly, H. perforatum aerial parts were cleaned and ground to a fine powder. 3 g of
the pulverized sample were boiled in 700 mL distilled water for 3 h, and the supernatant
was filtered using a 0.22 pm membrane filter. The resulting yellow-brown extract was
freeze-dried. Preparation of AgNPs was achieved by adding 10 mL of AgNOj3 (0.5 M)
dropwise to plant extract solution (0.075 g of the plant extract in 40 mL deionized water)
with stirring at 750 rpm and 80 °C. The formation of AgNPs was confirmed by the change
of preparation color from pale yellow to dark brown, and the preparation was left in a dark
place while cooling. The resulting nanoparticles were isolated, washed with deionized
water, and centrifugated at 15,000 rpm for one hour, and the process was repeated at least
four times. The purified AgNPs were chemically characterized using ultraviolet light spec-
troscopy (UV-VIS), dynamic light scattering (DLS) and zeta potential, Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM),
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transmission electron microscopy (TEM), energy disperse X-ray spectroscopy (EDX), atomic
force microscopy (AFM) and nanoparticle tracking analysis (NTA).

The phytochemical constituents of H. perforatum extract, which might have a role in
reducing AgNOj and stabilizing the formed AgNPs, were determined in a previous work
by high-performance liquid chromatography equipped with a diode array detector (HPLC-
DAD) coupled with UV-visible spectrophotometry at a full spectrum (200-800 nm) [46].
Detection was carried out at 260 nm for phloroglucinols, 590 nm for naphthodianthrones,
and 350 nm for other flavonols, flavones, and chlorogenic acids.

2.3. Antibacterial Activity

The green synthesized AgNPs were tested for their antibacterial activity by a well
diffusion test, and the lowest concentration needed to inhibit bacterial growth (MIC) was
determined by a micro-broth dilution assay; both assays were performed as described
in Al-Zereini [47] and according to Clinical and Laboratory Standards Institute guide-
lines, with some modifications. AgNPs were tested against the Gram-negative bacteria
[Pseudomonas aeruginosa (ATCC 13048), 3-lactamase Klebsiella pneumoniae (clinical isolate),
extended-spectrum (3-lactamase Escherichia coli (ESBL, clinical isolate), and Escherichia
coli (ATCC 25922)] and the Gram-positive bacteria [Staphylococcus aureus (ATCC 43300),
Bacillus cereus (ATCC 11778) and B. subtilis (ATCC 6633)]. The clinical isolates were supplied
by Dr. Haitham Qaralleh of the Department of Medical Laboratory Sciences at Mutah Uni-
versity and were identified by a BIOMERIEUX VITEK® 2 system. Overnight, the bacterial
culture was seeded in Muller Hinton agar plates (MHA) (Oxoid, Hampshire, UK) at a
cell density of 10 cells/mL and in which 6 mm diameter wells were made using a sterile
Cork borer. To each well in the bacterial agar plates, either 120 pL aliquots (100 ug/well),
60 uL aliquots (50 ug/well) from AgNPs preparation, or 100 pL aqueous plant extract
(2.5 mg/well) were applied. As a positive control, streptomycin (10 ng/disc, Bio Basic
Inc., Markham, ON, Canada) was used and the results are presented as means of triplicate
tests = SD.

However, in the micro-broth dilution assay, AgNPs and the positive control were
tested starting from 100 pg/mL and 50 pug/mL, respectively. Samples were serially diluted
in 100 uL Muller Hinton broth (MHB), to which 100 uL of the tested bacterial strain was
added to each well at a cell density of 2 x 10° cells/mL. The preparation was incubated for
24 h at 37 °C. Aliquots from the preparations in micro-broth dilution assay, where there
were no visible growths, were platted on agar plates with proper medium and incubation
for 24-48 h to determine if the nanoparticle has a bactericidal or bacteriostatic effect.

2.4. Effect of AgNPs on Growth Kinetics of S. aureus

Based on the AgNPs antibacterial activity results, S. aureus was selected to study the
effect of nanoparticles on the bacterial growth kinetics. S. aureus was cultivated at a cell
density of 10° cells/mL in sterile test tubes containing 10 mL of MHB (Oxoid, UK). Different
concentrations of AgNPs (1, 3, 6,12, and 24 pug/mL) were added to bacterial culture test
tubes with incubation for 24 h on an orbital shaker (Forma-Thermo electron cooperation,
Waltham, MA, USA) at 37 °C and 150 rpm. A bacterial culture test tube without AgNPs was
used as a negative control. During the cultivation period, 1 mL sample was withdrawn after
3 hintervals and up to 24 h to measure bacterial growth in terms of increase in the optical
cell density at Aggonm (ODgoonm) using a UV /Vis spectrophotometer (Novaspec Model.
80-2088-64, Pharmacia Biotech, UK). The growth curve was established by plotting ODgoonm
values against the treatment time. The specific growth rate was calculated according to
the formula:

u=(In(X2) — In(X1))/(t2 — t1)

where p is the specific growth rate, X; and X; are the ODgponm at time t; and t, of the
bacterial culture. The experiment was performed in triplicate and the results are presented
as means of three independent tests =+ SD.
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2.5. Estimation of Antibacterial Activity of AGNPs in Terms of CFU

Different concentrations of AgNPs (1, 3, 6, 12, and 24 pug/mL) were used to evaluate
their effect against S. aureus growth in terms of colony-forming units (CFU) on Muller
Hinton agar plates. The bacterium was grown overnight and then diluted to a cell density
equivalent to 0.5 McFarland (~1.5 x 10 CFU/mL). They were diluted to 10° fold and
100 uL were spread on solid agar plates containing different AgNPs concentrations. The
plates were incubated for 24 h at 37 °C and the grown colonies were photographed.

2.6. Time-Kill Kinetics Assay

The time-kill assay was performed for the S. aureus culture exposed to % MIC, MIC, and
2 MIC concentrations of AgNPs following the CLSI guideline [48]. An overnight bacterial
culture was centrifuged at 4000 rpm for 1 h to harvest the cells (Combi-514R, Hanil Scientific
Inc., Gimpo, Korea). The harvested cells were suspended in sterile normal saline (0.085%
NaCl, w/v) and adjusted to 0.5 McFarland (~1.5 x 108 CFU/mL). Aliquots of 1 mL from
the prepared suspension were inoculated into test tubes containing 10 mL MHB (Oxoid,
UK), with final concentrations of the AgNPs equal to % MIC, MIC, and 2 MIC. All tubes
were incubated at 37 °C and samples were taken at intervals of 30 min starting at the time
of inoculation and up to 300 min. The estimation of the number of surviving bacteria was
carried out by spreading 100 uL from appropriate bacterial dilutions in sterile normal saline
onto the top of MHA plates with incubation at 37 °C for 24 h; the number of bacterial
colonies was counted and expressed as CFU/mL. Time-kill curves were constructed by
plotting the Logjo (CFU/mL) against the exposure time (minutes). The assay was performed
in triplicate and the results are presented as means of three independent tests £ SD.

2.7. Wound Migration Assay

A wound migration assay was performed using the normal human dermal fibroblast
cell line (ATCC® PCS-201-012) and as described in Wadhwani et al. [49]. Cells were
cultured in a 12-well microtiter plate as a monolayer, and they were seeded at a cell density
of 5 x 10* cells/mL. The cells were grown for 24 h in Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, Mannheim, Germany) supplemented with 10% heat-inactivated fetal calf
serum (Gibco, Germany), L-glutamine, 65 pg/mL of penicillin G, and 100 pg/mL of
streptomycin sulfate. They were incubated at 37 °C in a humidified atmosphere containing
5.0% CO,. A scratch of a uniform size was made in each well using a sterile micro-tip;
the culture medium was aspirated from each well, the well was washed with a sterile
phosphate buffer solution (pH 7.4), and fresh media with different concentrations of AgNPs
(1, 3, 5, and 10 pg/mL) were added to each well seeded with the cell line. Two wells
containing a fresh medium without the test compounds were used as untreated controls.
The culture was photographed at 0 time and after 24 h using an inverted microscope (Nikon,
Shinjuku-ku, Japan). Wound migration (closure) was measured by the following equation:

% Wound migration = 1 — (area of the wound at Ts/area of the wound at Ty) x 100

where Ts is 24 h from wounding and Ty is 0 h wounding.

3. Result and Discussion
3.1. Chemical Characterization of Hypericum perforatum L. Phytochemicals-Capped AgNPs

The aqueous extract is used as a reducing agent for silver ions into metallic silver, as
well as a stabilizer to protect the silver nanoparticles (AgNPs) and prevent their aggregating.
During the preparation process, the formation of the metallic silver particles via the silver ions
(Ag") reduction with the St John’s wort aqueous extract was observed by the color change
to a light or dark brown. Figure 1a shows the UV-Vis spectra of phyto-capped AgNPs at
various times (fresh, one month, and eight months after preparations). The absorption bands
with a maximum wavelength of 401, 405, and 425 nm are assigned to the plasmon resonance
of metallic AgNPs, indicating the existence of monodispersed spherical silver nanoparticles
in the colloidal solution. Several research groups observed the surface plasmon resonance
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absorption band for AgNPs synthesized by similar methods with different plant extracts
between 400430 nm [50,51]. In contrast, the observed broad absorption band in the UV region
at Amax around 200 nm could be assigned to the presence of different organic compounds
adsorbed on the surface of the AgNPs during the preparation process, such as flavonoids,
phenolic acids, unsaturated groups, and heteroatoms such as S, N, O [52,53]. It is worth
mentioning that the dispersion of the AgNPs is stable and that further aggregation after
one month or eight months of preparation (Figure 1a) does not affect the stability of the
nanoparticles, since the redshift of the absorption bands in the UV-Vis spectra were very small.
These results revealed the formation of very small silver nanoparticles during the preparation
process [54,55] and coincided with the observation of Shankar et al. [56] on the small size of
formed AgNPs using Azadirachta indica leaf broth and their stability for one month.
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Figure 1. UV —Vis spectrum of ingredients-stabilized silver nanoparticles (AgNPs) using Hypericum
perforatum L. Aqueous Extract (a); hydrodynamic diameter distribution curve (b); zeta potential
distribution curve (c); ATR-IR spectra of the resulted AgNPs and H. perforatum L. aqueous Extract (d);
X-ray diffraction pattern of resulting AgNPs colloidal (e); thermal gravimetric analysis of the resulting
phytochemicals-AgNPs (f).
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It is believed that the phloroglucinols (hyperforin, Adhyperforin), the naphthodi-
anthrone hypericin, the flavonoids (rutin, quercetin, quercitrin, quercitrin-hydrate, hy-
peroside), the bioflavonoid biapigenin, and the phenolic acid chlorogenic acid identified
previously in the aqueous St John’s wort extract [46] played a role in the silver reduction
and that the stabilization of the formed nanoelement might endow the AgNPs with ad-
vantageous bioactivities, such as antibacterial, antioxidant, and anti-cancer activity. Such
an assumption is reinforced by the finding of Pradeep et al. [45], where the polar fraction
containing phenolic acids and flavonoids was involved in the reduction of Ag+ ions, while
the lower polar one containing biflavonoids, phloroglucinols, and naphthodianthrones
acted as a capping agent. Moreover, in the same context, the presence of hypericin, pseudo-
hypericin, hyperforin, and flavonoids in H. perforatum extracts and low polar compounds
on the surface of NPs contributes to their antioxidant and antibacterial activities [39-41,57].

The dynamic light scattering technique was used to estimate the mean size, size dis-
tribution, and agglomeration potential of AgNPs [58]. Figure 1b shows the size of the
resulting AgNPs depending on the relative frequency number weight (%). The hydrody-
namic diameter distribution of green synthesized AgNPs in colloidal solution was found
in the range of 15-30 nm with a polydispersity index (PDI) of 0.19. The zeta potential
measurements showed that AgNPs carry a negative surface charge of —19 mv value in
the colloidal solution (Figure 1c). The negatively charged surfaces of AgNPs might be
attributed to their decoration with phenolic compounds, carboxylated polysaccharides, and
the side chain of some amino acid residues [59,60], a charge that leads to less agglomeration
and better physical stability. It is documented that the nanoparticles are well stabilized in
colloidal solutions when the stabilizer on their surface is well adsorbed [61]. The dissocia-
tion of some H* and total protonation of the hydroxyl groups of phytochemicals favor the
repulsion between the nanoparticles, which discourages their aggregation.

The ATR-IR diagram shown in Figure 1d confirmed the existence of St. John's
wort extracted compounds on the surfaces of silver nanoparticles as a reducer and stabi-
lizer. The presence of moieties from Naphthodianthrone, Phloroglucinol, flavonoids, and
bioflavonoids derivatives, identified in our previous report on St. John's wort extract [46],
cause the appearance of well-known signals in the infrared region of the electromagnetic
spectrum such as hydroxyl groups, alkyl moiety, and aromatic rings. Indeed, the posi-
tions of these bands in the ATR-FTIR spectra are considered a sensitive indicator of the
conformational changes in the structure of the plant compounds due to their adsorption
on the surfaces of silver nanoparticles [62]. The band appears in the region 675-900 cm ™!
corresponding to C-H aromatic out of the plane [63]. The weak bands at 1230, 1242, and
1251 cm~! correspond to C-O-C stretching in aromatic rings [64]. Both peaks at around
1385 and 1445 cm ™! are responsible for C-H stretching [65]. The peak at 1527 cm~! is
a response to stretching OH and C=C aromatic. The bands near 1617 cm~! (sometimes
1640 cm 1) and near 1734 cm ! refer to C=0, C-H, and C=0 stretching in the aromatic ring.
Bands in the range of 1923-2000 cm ™! prove the existence of an aromatic ring, while bands
in the range of 2900-2990 cm ™! correspond to C-H stretching and the broad and intense
band near 3400 cm~! indicates the presence of O—H stretching in phenols [64,66,67]. The
bands at 510 cm~! and 590 cm ! are attributed to the metal-ligand frequency stretching
which formed due to the interaction between biomolecules and the AgNPs surfaces [68,69].

The XRD pattern shown in Figure le proves the formation of the nanocrystal structure
of the green synthesized silver nanoparticle. The four special diffraction peaks at 20 values
38.12°, 46.26°, 64.45°, and 77.38° which correspond to the planes (111), (200), (220), and
(311), respectively, possess well-defined characteristic peaks corresponding to the face-
centered cubic structure of pure metallic silver (JCPDS file No. 04-0783) [70,71]. The ratio
between the intensities of the diffraction peaks of planes (200) and (111) is much lower than
the typical value (0.52), revealing that the (111) plane is the predominant orientation [72],
while the unassigned diffraction peaks can be related to the formation of the calcium
nanocomposites [73]. In a similar study, the formation of calcium nanocomposite was
observed during the biosynthesis of AgNPs by using Carduus crispus extract [74]. It is worth
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mentioning that the elemental analysis for Hypericum perforatum revealed that calcium exists
in the highest concentration (5600 pg/g in leaves and 2500 pg/g in flowers) compared to
the other elements in this plant [75], which indicates that the source of the calcium in our
sample originated from the plant extract.

The broadening of the diffraction pattern peaks indicates the small average crystallite
sizes of AgNPs, which can be measured using Debye-Scherrer’s equation [76]. The average
size of crystalline silver nanoparticles was found to be around 12 nm.

The TGA analysis of phytochemical-coated AgNPs at 25 to 1000 °C with a heating rate
of 1 °C min is presented in Figure 1f, and revealed three decomposition stages; accumulated
water molecules absorbed on the surface of the nanoparticles are lost in the first stage after
heating to 100 °C, the temperature was raised from 100 °C to 160 °C in the second stage, and
heating was extended up to 600 °C in the third stage. The initial thermal deterioration of all
the phytochemicals on the surface of these nanoparticles occurred and then the complete
degradation continued. Finally, the ash and the mineral component remained due to the
use of an inert atmosphere [77,78].

The scanning electron microscopy (SEM) images of phytochemical coated AgNPs
showed that most of the silver nanoparticles were spherical and monodisperse with sizes
ranging from 2040 nm, while other particles were aggregated with each other without
a specific shape. This aggregation is a result of the network of organic compounds from
St. John's wort extract present as a capping protective layer on the surfaces of the silver
nanoparticles (Figure 2a,b). Moreover, scanning transmission electron microscopy dark-
field (STEM-DF) images (Figure 2c) of green synthesized silver nanoparticles confirmed
that the particles’ sizes were about 2040 nm and they were spherical and monodispersed.

Polynomial & 24.8nm

Topography range

Figure 2. SEM images of Hypericum perforatum L. phytochemicals-capped AgNPs (a,b); scanning trans-
mission electron microscopy dark-field (STEM-DF) image (c); AFM image of phytochemicals-capped
AgNPs colloidal deposited as a film on glass slide by spin coating, scan scale: 2 um x 2 um, the color
bar shows the scale in Z-direction (d); 2 pm x 2 pm AFM topography image of phytochemicals-
capped AgNPs displayed as a three-dimensional projection (e) and quantitative results of energy
dispersive X-ray (EDX) for phytochemicals-capped AgNPs (f).

The morphology and surface roughness of AgNPs was confirmed by atomic force
microscopy (AFM). The magnification in particle size complexity is proportional to the
size of the AFM tip and in sample preparation [79,80]. Figure 2d,e revealed spherical silver
nanoparticles with grain diameters ranging from 20-40 nm, which agreed with those obtained
from the DLS results. Larger scans screening a few micrometers resulted in a maximum
peak-to-valley distance of 30 nm and a root mean square (RMS) roughness of 10 nm.
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Figure 2f revealed the relative amounts of the elements in prepared AgNPs. EDX
diagrams recorded specific elemental silver peaks at 2.8 keV, 3.5 keV, and 3.8 keV identical
to the binding energies of Ag-L, Ag-M. This confirmed the existence of elemental silver
in the resulting final colloidal solutions. The presence of the carbon and oxygen peaks is
related to the organic layer from the St John’s wort plant, which is present on the surfaces of
nanoparticles as a protective agent. As shown in Figure 2f, the relative amounts of carbon
are much larger than others because of the carbon from the holder.

Moreover, the average diameter of AgNPs in the colloidal solution was determined
by the nanoparticle tracking analysis (NTA), an analytical technique that is considered
more precise than the dynamic light scattering method used to evaluate particle size
distribution [81,82]. The particle size distribution calculated using this technique revealed
monodisperse silver nanoparticles with an average diameter of 20-40 nm (Figure 3), which
confirmed the DLS results.

Figure 3. Nanoparticle tracking analysis of phytochemicals-capped AgNPs. Particle size vs. the
number of particles (a); representative nanoparticle tracking analysis video frame (b), particle size vs.
relative intensity (c), and the number of particles vs. particle size and light scattering intensity (3D
plot) are shown in (d).

3.2. Evaluation of Biological Activities of Hypericum perforatum Mediated AGNPs

AgNPs revealed a broad-spectrum antibacterial activity against Gram-positive and
negative tested bacterial strains, except for both E. coli strains that were resistant to the tested
nanoparticles. The mean diameters of inhibition zones and the MIC values are presented in
Table 1. According to the measured inhibition zones, Gram-positive bacteria were more
susceptible to AgNPs than the Gram-negative ones in a concentration-dependent manner
with less effectiveness against B. subtilis among other Gram-positive species; they caused
the formation of 13.3-32 mm inhibition zones in Gram-positive bacteria and 13-19.7 mm
in P. aeruginosa and K. pneumonoiae at the highest tested concentration (100 pug/well). The
concentration required to cause the absence of growth in sensitive bacterial strains ranged
from 6.25-12.5 ng/mL (MIC), with a bactericidal effect in most. Intriguingly, the plant
extract did not cause inhibition in the growth of all tested bacterial strains. Figure 4 reveals
the effect of AgNPs and plant extract on the growth of S. aureus and B. cereus in the agar
diffusion test.
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Table 1. Antibacterial activity of AgNPs and positive control against tested bacterial strains.
Inhibition Zone
. . (mm + SD) S MIC (ug/mL)
Bacterial Strain (ug/Well) (10 pg/Disc)
50 100 AgNPs S
Gram-positive
B. subtilis 11.7 £ 0.6 13.3+ 0.6 233+£1.6 125¢ 0.63 s
B. cereus 190+1 243 £21 29.7 £13 6.25s 0.31s
S. aureus 277 £1.5 320+£13 31.3£0.7 12.5¢ 0.63 ¢
Gram-negative
E. coli NA NA 18.0£1.3 >100 5¢
E. coli (clinical) NA NA 12.3 +£0.7 >100 >10
K. pneumonia (clinical) 10.3 £ 0.6 13+1 157 £0.7 12.5¢ 10c
P. aeruginosa 16.7 £1.5 197 £1.1 171£03 6.25s 25s

S: streptomycin; s: biostatic; c: biocidal; NA: not active.

Figure 4. Photograph showing the antimicrobial activity of AgNPs against B. cereus (A) and S. aureus (B).

The ineffectiveness of H. perforatum aqueous extract to inhibit any of the tested bacterial
strains concurred with previous reports on the inability of the plant leaf extract from
H. perforatum [42] and different part extracts of Carduus crispus [74] to cause bacterial growth
inhibition. Moreover, the antibacterial activity of AgNPs toward both Gram types of
bacteria in the present study was in line with the previously reported broad-spectrum
antibacterial activities of the nanoparticles in several studies, and was due to their ability
to target and affect more than one cellular site and modulate the intracellular signaling and
physiological pathways within the cell leading to their death [20,83]. In similar studies,
AgNPs biosynthesized using extracts of H. perforatum [41,42], Hypericum hookerianum [84],
Hypericum scabrum [85], Origanum vulgare [86], and Carduus crispus [74] exhibited activity
against both Gram-negative and Gram-positive bacteria.

Also in line with our results, Gram-positive bacteria were documented to be slightly
more sensitive than the negative ones to the tested nanoparticles [87-90]. Controversial
results were obtained by other studies that reveal more sensitivity of Gram-negative bacteria
than Gram-positive ones toward tested AgNPs [86,91,92]. Interestingly, it was postulated
that Ag* ions from the AgNPs have different targets between Gram-negative and positive
bacteria [93], though the exhibited activity of AgNPs synthesized by Carduus crispus on
both Gram-types of bacteria was not affected by the difference in the bacterial wall [92].

As S. aureus was the most susceptible bacterial test strain to AgNPs, it was selected
to estimate the effect of nanoparticles on the growth kinetics of the bacterium (Figure 5).
As the concentration of the nanoparticle increases, a decrease in the ODggonm value was
noticed in comparison to the control culture and at different time intervals of sampling.
Remarkably, the maximum cell density attained was about 50% of that reached by the
control culture as the bacterium was exposed to almost % MIC concentration (6 pg/mL).
Furthermore, at 12 pg/mL and 24 ug/mL, the growth of S. aureus was inhibited with an
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undetectable increase in the ODgponm value throughout the whole period of cultivation
(24 h). Such a finding indicated that the AgNPs have a toxic effect on the tested bacterium
and their toxicity increase at higher concentrations of the nanoparticles. Intriguingly, the
specific growth rate of S. aureus in the presence of AgNPs declined with an increase in the
tested nanoparticle concentrations to 6 pug/mlL; at concentrations over 6 ug/mL, the specific
growth rate was almost zero, highlighting the higher toxicity of the nanoparticles on the
bacterium (Table 2). The specific growth rate was decreased from 0.43 h~! in the control
culture to 0.10 h! in the culture exposed to 6 pg/mL AgNPs. In terms of CFU, as the con-
centration of nanoparticles increased in Muller Hinton agar plates, there was a decrease in
the number of growing colonies that were absent starting from concentrations >12 pg/mL,
indicating a concentration-dependent antibacterial activity of AgNPs (Figure 6).

—e— Control
weeeseees 4 gl

- <= 3pgiml

Optical density (0D nm)

—n— Gpgimi
=+ - 12 pg/mi

—e = 24 pglmil

Time (days)

Figure 5. Growth curve of S. aureus in Muller Hinton broth containing different concentrations
of AgNPs.

Table 2. The effect of AgNPs on the growth kinetics of S. aureus tested bacterial strains.

Concentration (ug/mL) Specific Growth Rate (h—1) Maximum Growth Intensity

(ODggonm)

Control 0.43 + 0.027 1.08 £+ 0.05

1 0.20 £+ 0.015 1.04 £+ 0.07

3 0.13 4 0.008 0.84 4+ 0.04

6 0.10 £ 0.011 0.58 4+ 0.03

12 - 0.07 &= 0.01
24 - 0.032 £+ 0.007

A time-kill assay revealed that the effect of nanoparticles started after 90 min of
incubation at different MIC concentrations. Interestingly, at % MIC concentration, the
Logio (CFU/mL) was decreased by 10% compared to the control culture (without AgNPs).
However, an almost 103-fold reduction in CFU/mL of S. aureus was noticed after 120 min
of cultivation at MIC and 2 MIC concentrations of AgNPs, which indicated a bacteri-
cidal effect of the nanoparticles; it caused the killing of the bacterium after 240 min of
cultivation (Figure 7).
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Control

12 pg/mL

-

Figure 6. Photograph of S. aureus grown on Muller Hinton agar as a function of AgNPs concentrations.
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Figure 7. Time-kill curve of S. aureus in Muller Hinton broth medium supplemented with different
concentrations of AgNPs.
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It is worth noting that the promising antibacterial activity of AgNPs was attributed to
their ability to destroy cell membranes, cause intracellular damage, alter genetic material,
and cause oxidative stress in the bacterial cell [94]. Due to their size, nanoparticles have a
large surface area that enables them to attach to the cell wall, penetrate the cell, and cause a
disturbance in the membrane permeability, leading to leakage of the cell content [95,96].
Interestingly, the capping of the nanoparticles with moieties of the lipophilic hypericin,
hyperforin, and adhyperforin might facilitate their diffusion across the hydrophobic cell
membrane of the bacterial cells; meanwhile, the presence of moieties from the flavonoid and
phenols such as rutin and quercitrin surrounding their surfaces could increase their capacity
to form complexes with extracellular and soluble proteins and with the cell wall [97]. These
chemical constituents were detected among others in the extract of the St. John’s wort in
a previous report [46]. Moreover, AgNPs can bind to sulfur and phosphorus-containing
proteins leading to protein and nucleic acids inactivation [98]. Furthermore, Ag+ ions,
released through the oxidation dissolution process, alter the respiratory chain and facilitate
the generation of reactive oxygen species (ROS) via their interaction with thiol groups of
various enzymes and proteins, thus causing cell death through the inactivation of DNA
replication, ATP production, and the activation of the apoptosis pathway [99-101].

The effect of the AgNPs on the fibroblast cell migration was examined by the wound
migration (contraction) method. The nanoparticles at concentrations of 1-5 pug/mL caused
a 52.2-55.5% contraction in the wound distance compared to 67.5% wound closure in
untreated fibroblast cells (control) after 24 h of treatment (Figure 8). However, 31.6% of the
wound distance was contracted at 10 ng/mL of AgNPs, a concentration around the ICs
of the nanoparticle to the fibroblast cell line (data not shown); the decrease in the wound
closure at this concentration compared to other tested doses was due to the cytotoxic effect
of the nanoparticles on the tested fibroblast cells.

1 pg/mL 3 pa/mL 5 ug/mL 10 ug/mL

Figure 8. Effect of different AgNPs concentrations on the wound contraction in the fibroblast cell line.

In fact, wound migration was non-significantly inhibited when fibroblast cells were
treated with 1-5 pg/mL AgNPs (inhibition 19-23% compared to control), but it was
significantly inhibited at 10 pg/mL (inhibition 46.8%, p < 0.5) (Figure 9). Fibroblast cells
play a fundamental role in body homeostasis through the secretion of growth factors, the
release of matrix metalloproteinases, collagen expression, and facilitating contraction of
healing wounds [102]. Some studies had reported that ionization of AgNPs by reacting
with free oxygen produces a reactive Ag which might regulate the transcriptional factor
FOXOL1 that stimulates the wound healing molecule, TGF-f31 [89]. Moreover, AgNPs were
able to promote fibroblast differentiation and wound contraction in ex vivo systems using
rodent models; the ability of these nanoparticles to exert their wound healing effect is
through the modulation of inflammatory cytokines [103-105].
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% cellmigration
3

control 1 pg/mL 3 pg/mL 5 pg/mL 10 pg/mL

Concentration

Figure 9. Percentage of fibroblast cell migration after 24 h treatment with 0, 1, 3, 5, and 10 ug/mL AgNPs.

On the contrary, in the current study, it was noticed that the nanoparticles at low con-
centrations (<IC50) caused an inhibition in fibroblast cell migration and wound contraction;
a finding that coincided with the reported effect of the AgNPs in the negative modulation
of extracellular matrix molecules (ECM) and laminin deposition, the imbalanced expression
of integrins, the impaired reorganization or F-actin cytoskeleton, and decreased human
fibroblast migration [102]. Similarly, it was reported that AgNPs-based dressings were un-
able to reestablish normal skin formation, as they did not cause fibroblast and keratinocyte
proliferation [106]. However, Curcuma longa capped AgNPs coating cotton fabrics were
effective in wound healing in the fibroblast (L929) cell lines in vitro [13], though such
activity was lower than that of untreated control cells. These results revealed that the ability
of AgNPs in promoting wound healing depends on the test system employed, in vivo or
in vitro, as well as the presence of bio-factors such as growth factors and cytokines.

Altogether, smaller AgNPs than previously prepared [46] were synthesized to get a
large surface-to-volume ratio. They were functionalized with moieties from H. perforatum
aqueous extract that influence NPs’ surface charge, hydrophobicity, and/or solubility, thus
influencing the particles’ structure, size, shape, morphology, degree of aggregation, particle
dissolution, ion release, and finally the potential bioactivity. More studies are required in
order to confirm the potential role of AgNPs in the wound healing process, and their health
impact should be critically evaluated.

4. Conclusions

During the current study, the aqueous extract of the St. John’s wort plant was used to
synthesize silver nanoparticles as an environmentally friendly, fast, and clean method. The
synthesized AgNPs were characterized by UV-VIS, DLS, zeta potential, FTIR, XRD, SEM, TEM,
TGA, and NTA. The resulting AgNPs were spherical and monodisperse, with face-centered
cubic crystal structures, and 2040 nm in size. FTIR revealed the capping of AgNPs with
functional groups of St. John’s wort extract. The green synthesized nanoparticles exhibited a
broad spectral antibacterial activity with Gram-positive test strains as the most susceptible
group. The presence of the plant functional group decorating the nanoparticles” surfaces
might facilitate their binding to cellular targets and exert their activities. Their bactericidal
effect on S. aureus was noticed after 120 min of cultivation at MIC and 2 MIC concentrations;
the bacterial specific growth rate significantly declined as the concentration of the tested
nanoparticles increased up to 3 MIC, and it was zero at MIC and 2 MIC. Furthermore, the
wound migration (closure) did not affect AgNPs treatments up to 10 pg/mL.
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