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Silver nanoparticles (AgNPs) are one of the widely studied nanomaterials for diverse biomedical
applications, in particular, as antimicrobial agents to kill bacteria, fungi, and viruses. In this report, AgQNPs
were synthesized using a geranium (Pelargonium x hortorum) leaves extract and tested for their
antimicrobial and cytotoxic activity and reactive oxygen species (ROS) production. Using green
biosynthesis, the leaves extract was employed as a reducing and stabilizing agent. Synthesis parameters
like reaction time and precursor (silver nitrate AgQNOs3) volume final were modified, and the products
were tested against Streptococcus mutans. For the first time, the metabolomic analysis of extract, we
have identified more than 50 metabolites. The UV-Vis analysis showed a peak ranging from 410-
430 nm, and TEM confirmed their nearly spherical morphology for all NPs. The antimicrobial activity of
the NPs revealed a minimum inhibitory concentration (MIC) of 10 ug mL™. Concerning cytotoxicity,
a dose-time-dependent effect was observed with a 50% cellular cytotoxicity concentration (CCsg) of
451 ug mL~t at 24 h. Interestingly, the cell nuclei were visualized using fluorescence microscopy, and no
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1. Introduction

Nanotechnology is an interdisciplinary science that combines
various scientific knowledge of materials, physics, chemistry,
and biology, among other areas." It is a novel field to study
diverse nanomaterials, which can be classified by their dimen-
sions, such as nanoparticles (NPs), nanowires, nanorods, and
2D nanostructures with sizes of less than 100 nm.> NPs have
innovative applications in different fields, such as the food
industry, medicine, cosmetics, agriculture, and the environ-
ment.>* In the biomedical area, NPs have a wide range of
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potential candidates for medical applications.

applications due to their antimicrobial, antibiofilm, anti-
inflammatory, and anticancer properties.>”

Because of the above-mentioned outstanding properties,
they are applied in ventricular catheters,® wound dressings,
cavity filler,” neurosurgical shunts, hand gels, and creams,* to
mention a few.

From the medical point of view, the development of resis-
tance mechanisms against antibiotics by pathogenic microor-
ganisms has been a cause for concern." These resistance
mechanisms have motivated researchers to design new anti-
microbials.”> Metal NPs are an effective way to control many
pathogenic and antibiotic-resistant microorganisms. In partic-
ular, silver nanoparticles (AgNPs) have presented significant
advantages in using them as antimicrobial agents to treat
bacteria, fungi, and viruses.*

To obtain AgNPs, there are various methods, such as
chemical, physical, and biological; however, it has been
described that the first two can present difficulty in purification
and the presence of toxic chemical species that can trigger
adverse physical effects.' Biological synthesis, especially those
mediated by plants, has aroused great interest due to its
simplicity, non-toxic, economical, safe, and ecological
features.'*'® The plant extracts allow the generation of NPs with
narrow distribution by controlling the biosynthesis method.*”*°
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In recent times, several plants, such as Aloe vera,*® Berberis
vulgaris,” Salvia spinosa,” Diospyros lotus,” Calliandra haema-
tocephala,” Pelargonium hortorum,* Pelargonium graveolens,”
Geranium maculatum®® between others, have been processed for
green synthesis of AgNPs, to reduce the use of chemicals and
toxic solvents:® for this reason, plant extracts are used in the
generation of various materials in nanomedicine.

The geranium Pelargonium x hortorum is widely used in
traditional medicine for its properties as antimicrobial, anti-
inflammatory, cell regeneration, and antioxidant.”” The anti-
microbial effect is one of the reasons why it is used for the
synthesis of AgNPs. This effect is related to high concentrations
of oxygenated metabolites in this plant's aqueous extract which
have also been associated with the ability to damage the
membrane integrity of bacteria and fungi.””**

With Pelargonium extracts, the formation of AgNPs of
spherical,® triangular, and hexagonal morphology with sizes
between 16-40 nm has been reported.>*®* However, some
characteristics related to oxidation and cytotoxicity continue to
cause controversy. In this sense, research continues to be
carried out to evaluate that the AgNPs obtained by biosynthesis
can increase the antimicrobial potential and antibiofilm activity
and, in turn, maintain the biological effects in eukaryotic cells."”

Therefore, this research aims to synthesize AgNPs using
Pelargonium x hortorum leaves extract and to evaluate its various
biological response through antimicrobial profile in Strepto-
coccus mutans (S. mutans), cytotoxicity, oxidative stress, and
genotoxic effects in Human gingival fibroblast (HGF). The
reduction of the Ag metal and the stabilization of resulting NPs
was done by the leaves extract without adding other chemical
agents. In addition, untargeted metabolomic analysis using
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
data of the leaves extract revealed the presence of several classes
of compounds, including flavonoids, lignans, phenyl prop-
anoinds, among others. Considering this investigation, the
methodology is entirely green, which exhibits enhanced anti-
bacterial and less cytotoxic behaviors.

2. Chemicals and experimental
methods

All the chemical reagents and assay kits were purchased from
Sigma-Aldrich® St Louis, Missouri, USA and used without
modification unless otherwise mentioned.

2.1 Preparation of Pelargonium hortorum leaves extract

The plants of Pelargonium x hortorum L.H. Bailey (Geraniaceae)
were cultivated in Atlixco, Puebla (18°54'N 98°27'0) and fresh
leaves were collected at the beginning of March, in the spring
season, in Leon, Mexico (21°02'41.6"N 101°40'13.2" W). A
specimen was taxonomically identified as Pelargonium x horto-
rum by Dr. Sol Cristians Niizawa (voucher specimen No. 182314;
Faculty of Science Herbarium - UNAM, FCME). To obtain the
leaves extract (~12%), approximately 12.15 g of fresh leaves
were weighed, rinsed, and added to 100 mL of deionized water
(DI water). The solution was maintained in a boiling condition
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for 15 min at a constant temperature of 90-92 °C. Then, by
decantation, the solution was filtered by using Whatman filter
paper 4-12 pm to obtain an aqueous extract without any leaves
debris.

2.2 Metabolomic analysis of Pelargonium x hortorum leaves
extract

Leaves extract was analyzed using an Acquity ultra-performance
liquid chromatographic (UPLC) system (Waters Corp., Milford,
MA, USA) equipped with a photodiode array detector (PDA, A
190-700 nm) and coupled to a Q-Exactive Plus (Thermo Fisher
Scientific, Waltham, MA, USA) high-resolution mass spectrom-
eter. The UPLC column used was an Acquity BEH C;3 (Waters
50 mm x 2.1 mm LD., 1.7 um, 130 A) at 40 °C, with a gradient
system from 15 : 85 CH;CN-0.1% aqueous formic acid to 100%
of CH;CN in 8 min, then held for 1.5 min with CH;CN, and
returned to the starting conditions. The flow rate was 0.3
mL min~", and the injection volume of 3.0 L. High-resolution
tandem MS data (HRMS-MS/MS) data were obtained using an
electrospray source (ESI) in positive and negative modes at a full
scan range (m/z 150-2000), followed by a top 5 ions MS/MS
fragmentation analysis during the full run, with the following
settings: capillary voltage, 5 V; capillary temperature, 300 °C;
tube lens offset, 35 V; spray voltage, 3.80 kV; sheath and auxil-
iary gas flow, 30 arbitrary units.>**°

The HRMS-MS/MS raw data was converted to .mzXML using
MSConvert (ProteoWizard) and preprocessed using MZmine 3
software version 3.3.0 (ref. 31) according to the following
workflow: mass detection at MS' and MS”, ADAP chromatogram
building®*** chromatogram resolving, deisotoping, join aligner,
feature list rows filtering, gap-filling and duplicate feature
filtering. Features that had less than threefold difference to
blank were removed. The group intensity threshold, min high-
est intensity and minimum absolute height parameters were
adjusted based on the chosen noise level for MS'. In addition,
other parameters adjusted were minimum group size of scans,
m/z tolerance, min ratio of peak, peak duration ranges, isotopes
peaks grouper, m/z tolerance for peak alignment, weight for m/z,
and peak-list rows filter. The resulting MS' feature list was
exported to Excel (.csv), and the MS? feature data was exported
as a .mgf file for feature analysis in the GNPS platform.

A molecular network was created following the GNPS
(https://gnps.ucsd.edu),* workflow, where edges were filtered to
have a cosine score above 0.7 and more than 6 matched peaks.
Further, edges between two nodes were kept in the network if
and only if each node appeared in each other's respective top
10 most similar nodes. The maximum size of a molecular
family was set to 100, and the lowest-scoring edges were
removed from molecular families until the molecular family
size was below this threshold. The spectra in the network were
then searched against GNPS spectral libraries.**** The library
spectra were filtered in the same manner as the input data. All
matches kept between network spectra and library spectra were
required to have a score above 0.7 and at least 6 matched peaks.
Visualization of the molecular networks was completed using
Cytoscape 3.10.>® Formula predictions and mass accuracy were
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calculated using Formula Calculator v.1.2.3. Finally, the anno-
tation of compounds was at confidence levels 2 and 3 according
to the metabolomics standards initiative and exact mass accu-
racy <5 ppm.*’

2.3 Biosynthesis of AgNPs

Green synthesis was done using the leaves extract by mixing
with silver nitrate (AgNO;) precursor of 25 mM concentration.
25 mM precursor solution was prepared with 0.1061 g of AgNO;
(purity = 99%) dissolved in 25 mL of DI water. Ethylene-glycol
(EG) was used as a solvent, and leaves extract as a reducing
and stabilizing agent. The procedure has been detailed as
follows; a three-neck round bottom flask (250 mL) was con-
nected to a condenser and filled with 20 mL of EG. The solution
was boiled to a temperature of 161 °C and then mixed with
10 mL of extract reducing the temperature to 110 °C and
keeping it constant until the end of the synthesis. Five min later,
the AgNO; solution was added in varying volumes and times.*®

Thus, 7 different experimental groups resulted, represented
in Table 1. The obtained AgNPs were washed using centrifuga-
tion (4600 rpm) and sonication for 10 min, with the combina-
tion of organic solvents, groups A, B, & C (ethanol 100%, twice),
D, E, F & G (acetone 100%, twice and ethanol 100% once) and
finally DI water. The final product was dispersed in DI water and
kept in at 4 °C for various experiments.

2.4 Characterization techniques

The optical property of biosynthesized AgNPs was monitored in
a UV-visible spectrophotometer (Multiskan Go, Thermo Fisher
Scientific™, Finland) at the wavelength range of 300-600 nm at
a resolution of 1 nm. The morphology was investigated using
transmission electron microscopy (TEM, JEOL, JEM-1010
Tokyo, Japan) at an accelerating voltage of 80 kV. The 30 pL of
AgNPs sample was dispersed in 1 mL of isopropanol, and later
10 pL was drop-casted on the carbon-coated copper grids, fol-
lowed by solvent evaporation at room temperature. The size
distribution of the resulting AgNPs was estimated based on the
obtained TEM micrograph using Image ] software (NIH, Mary-
land, USA). The Pelargonium x hortorum extract and functional
group of the AgNPs were analyzed by using a Fourier transform
infrared spectroscopy (FTIR, PerkinElmer™ Frontier Spec-
trometer - ATR mode, Massachusetts, USA) with a resolution of
4 cm™ " in the region from 4000 to 400 cm™". The zeta potential
analysis was carried out by using folded capillary cell cuvettes
with the Zetasizer Nano ZS90 Size Analyzer (Malvern Panalytical,
Malvern, UK).

2.5 Antimicrobial studies

2.5.1 Microbial culture. The antimicrobial tests were per-
formed with Streptococcus mutans (ATCC-35668). Bacterial
concentrations of overnight cultures were measured using
a densitometer (Grant Instruments™ DEN-1B, Cambridgeshire,
UK). The bacterial counts were calculated using standard turbid
solutions (0.5 McFarland scale). This opacity was equivalent to 1
x 10® CFU mL ™" for diffusion and microdilution antimicrobial
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susceptibility testing procedures. All the tests were done in
triplicates from three independent experiments (n = 9).

2.5.2 Disk diffusion method. The synthesized AgNPs (7
groups) were adjusted to a concentration of 400 pug mL™*, 2%
chlorhexidine (FGM, Mexico City, Mexico), and sterile water was
used as a control. The disc was loaded with a known concen-
tration of AgNPs and placed on an agar plate incubated at 37 °C
for 24 h. The zone of inhibition (ZOI) diameters were measured
in millimetres (mm) entirely, and their interpretation was based
on guidelines published by the National Committee for Clinical
Laboratory Standards (NCCLS-CLSI 2021).*

2.5.3 Microdilution broth method. The microdilution
broth method was employed to determine the minimum
inhibitory concentration (MIC) and maximum bactericidal
concentration (MBC) of AgNPs. The bacteria inoculum was
diluted (1:1000) to obtain a final 1 x 10* CFU mL " concen-
tration. From the disk diffusion method results, we chose group
F (which will be used for further experiments) based on the ZOI
and other characterization techniques. Different concentrations
of AgNPs (0, 2.5, 5, 10, 20 and 40 pug mL~") were added to a 96-
well plate. The positive and negative controls were 2% chlo-
rhexidine and sterile Mueller Hinton broth. The plate was
incubated for 24 h in a shaking incubator. Finally, the absor-
bance at 600 nm was determined using a Multiskan GO™
reader. The determination of the MIC (NCCLS) was based on
turbidity, determined as the minimum concentration at which
no viable cells were observed (absence of turbidity) compared to
the negative control. The optical density was normalized and
converted to percentages considering the negative control value
as 100% of bacterial growth.

2.6 Biological response studies

2.6.1 Cell culture assays. Human gingival fibroblasts (HGF)
were obtained from a gingival tissue biopsy during a third molar
surgery from a 21 year-old patient who previously signed his
informed consent form. The protocol was endorsed by the
internal bioethics committee of the ENES, Le6n Campus, with
registration number: CE_16/004_SN. The entire procedure was
performed within the laminar flow hood bench (Lumistell®,
Celaya, Guanajuato, Mexico). The tissue explants of approxi-
mately 1 x 1 mm were cut with a no. 15 scalpel blade on a sterile
glass slide. Then the explants were inoculated on 10 cm sterile
culture plates and cultured with Minimum Essential Medium
Eagle culture medium (MEM), supplemented with 20% sterile
fetal bovine serum (FBS), 1% antibiotic (10 000 IU mL™" peni-
cillin G & 10000 mg mL ™" streptomycin, Sigma-Aldrich, Mex-
ico), and 1% glutamine (Glutamax, Gibco® Thermo Fisher
Scientific™, Massachusetts, USA). The Petri dishes were incu-
bated at 37 °C with 5% CO, and 95% relative humidity (Thermo
Fisher Scientific™) for 3 weeks until a cell confluence of 80%
was obtained. The MEM medium was replaced every 3 days, and
the cell subcultures were performed by washing twice with 1x
phosphate buffer solution (PBS, 2 mL) and 1 mL of trypsin;
0.05% EDTA-2Na was added and maintained in the incubator.
Then, on the four-cell division, the HGFs were grown on elec-
trocharged slides until a cell confluence of 90% was obtained,
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Table 1 Chemical annotation of metabolites in Pelargonium x hortorum leaves extract by GNPS
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Molecular Mass
Observed formula Exact mass accuracy
Compounds ion (m/z)* Adduct [adduct] (calculated) (ppm)
Galactaric acid 209.030 [M — H]” CgHoOg 209.0303 —-1.4
5-Megastigmene-3,9-diol 213.185 [M+H]" Cy3H,50, 213.1849 +0.4
Bisabolene-1,4-endoperoxide 219.174 [M — H,0 C;5H,30 219.1743 -1.6
+H]"
Pantothenic acid 220.119 [M+H]" CoH{gNOs 220.1179 +4.8
Palmitoleic acid 255.232  [M+H]" CyuH;0,  255.2318 +0.6
Phloretin 275.091  [M+H]" C;5H;505  275.0914 1.5
Malic acid 289.018  [2M + Na CgH;o0;0Na 289.0177 +1.0
— 2H]”
Quercetin 301.035  [M — H]™ Cy5H,0; 301.0354 -1.2
2-Phenylethyl B-b-glucopyranoside 302.160 M + C14H,4NOg  302.1598 +0.6
NH,]"
Coumaroyl hexoside 325.092 [M — H]” Cy5H;,04 325.0929 —2.7
Coumaroyl quinic acid 337.093 [M — H]™ Cy6H;,04 337.0929 +0.3
2-Coumaroylquinic acid 339.108 [M+H]" C16H1004 339.1074 +1.6
Coumaric acid 4-O-glucoside 344.134 M + C1sH,oNOg  344.1340 0.0
NH,]"
Chlorogenic acid 353.088 [M — H]™ C36H1700 353.0878 +0.6
Coumaroyl + C¢HyOg 355.067 [M —H]” Cy5H;5040  355.0671 —0.2
3-O-Feruloylquinic acid 367.103 [M — H]™ Cy37H1900 367.1034 -1.2
NP-006680_3-(Benzoyloxy)-2-hydroxypropyl B-p-glucopyranosiduronic acid 371.098 [M — H]” Cy6H19010 371.0984 -1.0
NP-016624_3,5,5-Trimethyl-4-[3-(B-p-glucopyranosyloxy)butyl]-2-cyclohexene-1-one ~ 373.222 [M+H]" CyoH330; 373.2221 -0.2
NP-016360_3,5,5-Trimethyl-4-[3-[(B-p-glucopyranosyl)oxy|butyl]-3-cyclohexen-1-ol 375.238 [M+H]" CyoH350; 375.2377 +0.7
NP-001173_[5-Hydroxy-2-(3-hydroxybutyl)-3,3-dimethylcyclohexyl[methyl B-p- 393.249 [M+H]" CyoH;3,04 393.2483 +1.8
glucopyranoside
Kaempferol 3-o-L-arabinopyranoside 417.083 [M — H]” Cy0H;,040 417.0827 +0.7
Kaempferol 3-O-B-p-xyloside 419.097 [M+H]" CyHys050 419.0973 -0.7
Icariside F2 420187  [M+ Ci1gHaNO;, 420.1864 +1.4
NH,]"
Isovitexin 433113  [M+H]" CyH, 0, 433.1129 +0.2
Avicularin 435.092  [M+H]" GCuHyo0;;  435.0922 —0.4
Phloretin 2-0-glucoside 435.130 [M — H]” C,;H,30;,, 435.1298 +0.8
(2R,3R,4S,5S,6R)-2-Octoxy-6-[[(2S,3R,4S,5R)-3,4,5-trihydroxyoxan-2-ylJoxymethyl] 442.264 M + C1oHoNO;, 442.2647 -1.5
oxane-3,4,5-triol NH,]"
Luteolin 4"-0-glucoside 447.093 [M — H] CyH19014  447.0933 —0.6
Mpyricetin-3-O-xyloside 449.073 [M — H]” CyH;,01,  449.0726 +1.0
Astragalin 449108  [M+H]" CyuH,0;,  449.1078 +0.4
Isoquercetin 463.088 [M — H]” Cy;;H190;1,  463.0882 —0.4
Kaempferol-4-glucoside 471.090 [M + Na]" C,;H,00,;Na 471.0898 +0.5
NP-007396_6-O-[(2E)-3-(4-Hydroxyphenyl)-2-propenoyl]-1-O-(3,4,5-trihydroxybenzoyl) 477.104 [M — H]” Cy,H,;04, 477.1038 +0.3
hexopyranose
Myricetin 3-O-p-p-galactopyranoside 479.083 [M — H]” Cy;;H19013  479.0831 -0.2
1,6-Digalloyl-B-p-glucopyranose 502.119 M + CyoH,4NO,, 502.1191 -0.3
NH,]"
Quercetin-3-O-glucose-6"-acetate 507.114 [M+H]" CpHp043  507.1133 +1.3
NP-017433_(3,4,5-Trihydroxy-6-((4-(2,6,6-trimethyl-4-oxocyclohex-2-en-1-yl)butan-2-yl) 525.234 [M+H] CyH;,0:;  525.2330 +1.8
oxy)tetrahydro-2H-pyran-2-yl)methyl 3,4,5-trihydroxybenzoate
Luteolin 7-(6"-malonylglucoside) 535.109  [M+H]" CyH,30;4  535.1082 +1.4
Procyanidin B1 577.136  [M — H]™ CzH,50;,  577.1352 +1.5
Procyanidin B2 579.151  [M +H]" CsH,,0y, 579.1497 2.2
Tiliroside 593.130  [M — H]™ CyH,504;  593.1301 —0.1
6"-0-(3-Hydroxy-3-methylglutaroyl)astragalin 593.151 [M+H]" Cy;Hys0y5 593.1501 +1.5
Nicotiflorin 593.151  [M — H|™ C,;H,0;5  593.1512 —0.3
Rutin 611.163  [M+H]" C,;H;,0;6 611.1607 +3.8
Cyanidin-3,5-di-O-glucoside 611.164 M1 C,yH31046°  611.1607 +5.5
2"-0-Galloylhyperin 617.116  [M+H]" CygH50;6 617.1137 +3.7
1,3,6-Tri-O-galloylglucose 635.089 [M — H]™ CyH23015  635.0890 0.0
5-Hydroxy-3-[(2S5,3R,4R,5S)-3-hydroxy-5-(hydroxymethyl)-4-[(2S,3R,4S,5S,6R)-3,4,5- 727.210 [M+H]" C3Hz059 727.2080 +2.7
trihydroxy-6-(hydroxymethyl)oxan-2-ylJoxyoxolan-2-ylJoxy-2-(4-hydroxyphenyl)-7-
[(28,3R,4R,5R,65)-3,4,5-trihydroxy-6-methyloxan-2-ylJoxychromen-4-one
Kaempferol 3-0-(2,6-di-O-a-L-rhamnopyranosyl)-p-p-galactopyranoside 739.210 [M —H]™ C33H39019  739.2091 +1.2
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Table1 (Contd.)
Molecular Mass

Observed formula Exact mass accuracy
Compounds ion (m/z)* Adduct [adduct] (calculated) (ppm)
Quercetin 3-(2R-apiosylrutinoside) 741.189 [M — H]” C3,H3,0, 741.1884 +0.9
Mauritianin 741.226  [M+H]" C3H,; 059 7412236 +3.2
Manghaslin 757.221 [M+H]" C33Hy 0, 757.2186 +3.2
1,2,3,6-Tetragalloylglucose 787.100 [M — H]” C3;H,,0,,  787.0999 +0.1
Hyperoside 927.184 [2M — Cy4oH300,4  927.1837 +0.3

H|~

Pentagalloylglucose 939.111 [M — H]” C4H3,056  939.1109 +0.1

% values taken from GNPS analysis.

and later were sent to the Oral and Maxillofacial Pathology area
Pathology, ENES, Leon campus, where immunohistochemical
staining was performed in accordance with Kokko's technique*®
and a set of samples was used to optimize vimentin antibody
(BioSB, Santa Barbara, California, USA) and collagen detection
by Masson's trichromic staining (Hycel, Zapopan, Jalisco,
Mexico). Finally, the cells were observed in an optical micro-
scope Leica DM750 (Leica Microsystems, Wetzlar, Germany) at
40x. The HGF were inoculated at a 1:3 ratio in 96-microwell
plates and incubated for 24 h in a fresh culture medium to allow
the attachment for cell-based studies.

2.6.2 Cytotoxicity evaluation. The cytotoxic effect of AgNPs
was assessed by employing HGF cells 3 x 10> cells per mL
grown in 96-microwell plates and incubated with 0 to 9.7 pg
mL~" NPs for 1, 3, 6 and 24 h and maintained under 37 °C, 5%
CO,, and 95% relative humidity. After treatment, the standard 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method determined the viable cell number. In brief, NPs
treated cells were incubated for 6 h with 0.2 mg mL™" MTT in
a fresh culture medium. The formed formazan was dissolved
with 0.1 mL of dimethyl sulfoxide (DMSO, Karal, Guanajuato,
Mexico), and readings were analyzed in a Multiskan GO™ at
570 nm. The experiments were repeated in triplicate from three
independent experiments (n = 9), and the results were
expressed as an average percentage of viable cell numbers and
compared with the control (non-treated).

2.6.3 Oxidative stress assay. Reactive oxygen species (ROS)
analysis was performed with the intracellular ROS fluoro-
metric assay kit (Sigma-Aldrich) using HGF at a cell density of
4 x 10° cells per mL when they were exposed to AgNPs CCs,
(4.5 pg mL™" previously obtained from cytotoxicity experi-
ments), 2 mM hydrogen peroxide concentration (H,0,) was
used as a positive control, sterile culture medium (MEM) as
a negative control. In the case of S. mutans 1 x 10* CFUmL ™"
were exposed to MIC (10 pg mL™" previously obtained), 2 mM
H,0, was used as a positive control, sterile culture medium
(Mueller Hinton broth) as a negative control. The experiment
was performed for 24 h, and subsequently, the ROS detection
reagent was prepared freshly by dispersing in 40 uL of DMSO.
Finally, 100 pL per well of fresh reagent was added and
incubated for 1 h (37 °C, 5% CO,, 95% relative humidity), and

29788 | RSC Adv, 2023, 13, 29784-29800

the fluorescence was measured at Ao, = 490 nm/Ae,, = 520 nm
in a Multiskan GO™ reader.

2.6.4 Nuclei fluorescence assay. The effect of AgNPs on cell
nuclei was studied using HGF cell culture with a cell density
equivalent to 1 x 10° cells per mL used for the nuclear fluo-
rescence analysis. The cells were cultivated on 24-well plates
with supplemented MEM culture medium (mentioned in
Section 2.5.1) at 24 h (37 °C, 5% CO,, 95% relative humidity).
Subsequently, they were exposed to CCs, of AgNPs (4.5 ug
mL ™). For the positive control, 2 mM H,0, and sterile culture
medium as a negative control and incubated (24 h, 37 °C, 5%
CO,, 95% relative humidity). The incubation was carried out for
24 h. The qualitative analysis of cell nuclei was subsequently
carried out by DAPI fluorescence assay (4',6-diamidino-2-
phenylindole, Sigma-Aldrich). Two PBS washes were per-
formed, and fixation with 2% glutaraldehyde (Sigma-Aldrich)
for 10 min, then 1 PBS wash was done, and finally, DAPI solu-
tion was added to 0.5 mL x 1 mL of PBS. The samples were kept
in the dark without any incubation and analyzed directly in
a super-resolution microscope - ELYRA - ZEISS at 63 x.

2.7 Statistical analysis

The obtained data from all the experiments are expressed as
amean and standard deviation of at least triplicate independent
experiments. The data analysis and distribution were per-
formed using ANOVA and Tukey post hoc test. p < 0.05 were
statistically significant.

3. Results and discussion

3.1 Chemical compositions of Pelargonium x hortorum
leaves extract

In the literature, there are a few chemical studies on the
chemical composition of the genus Pelargonium, and even less
on Pelargonium x hortorum. Thus, it has been reported the
presence of the alkaloids elaeocarpidine and its 20-H isomer
epieiaeocarpidine by Dragendorff's reaction;*"** tanins, flavo-
noids, sesquiterpenes, phenolic acids, cinnamic acids, couma-
rins and monoterpenes by GC-MS;* and polyphenols and
flavonoids measured using the Folin-Ciocalteu and ammonium
chloride methods, and terpenoids by GC-MS* analysis in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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leaves of the plant; anacardin acids in the trichome exudate of
the plant;* gallic acid and catechin in the roots and flowers;*®
and anthocyanins pelargonidin glucoside derivative, peonidin
glucoside derivative, cyanidin-3,5-diglucoside, petunidin-3-O-
(6-acetyl)-5-O-diglucoside, malvidin-3-O-(6-O-acetyl)-5-O-diglu-
coside, peonidin-3, 5-O-diglucoside, and malvidin-3,5-O-diglu-
coside determined by UPLC-MS in flowers.*

inen,

ST R
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In this work, untargeted metabolomic analysis of the leaves
extract of Pelargonium x hortorum was performed using UPLC-
HRESIMS-MS/MS data and the Global Natural Products Social
molecular networking (GNPS) platform (Fig. 1). The metabolite
features present in the extract were grouped into 1101 nodes
arranged in 57 clusters with >3 nodes per cluster, 56 with two
nodes, and 499 singletons. Chemical ontology analysis revealed
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QO Fatty acyls
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@ Prenol lipids
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Fig. 1 Classic molecular networking of Pelargonium x hortorum leaves extract including chemical classification.
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Fig. 2 Selected clusters and nodes showing the compounds annotated by the GNPS.
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Fig. 3 Surface plasmon resonance absorption of AgNPs. Columns a, b and ¢ show the preliminary characterization depicting the UV-vis
absorption spectra and average particle size histogram of AgNPs obtained from Pelargonium x hortorum with different concentrations and

synthesis times.
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the presence of 18 classes of compounds (Fig. 1). Detailed
analysis of the clusters allowed automatic annotation of 56
metabolites indicated in Table 1 and Fig. 2. These results
represent the first report of a comprehensive chemical analysis
of leaves extract of Pelargonium x hortorum by HRESIMS-MS/MS
data.

3.2 Biosynthesis and characterization of AgNPs

The visual color change of the reaction solution from light green
to amber and the appearance of surface plasmon resonance
(SPR) absorption between 400-450 nm from the UV-vis spec-
trum demonstrates the typical formation of AgNPs.**** The
results obtained through the proposed synthesis methodology
show an evident color change when the concentration of AgNO;
exceeds 400 pg mL~ ", which intensifies to an amber tone and
gets darker concerning the precursor volume. The absorption
bands depicted between 407 and 431 nm corroborates with the
previous report that confirms the reduction of Ag" to Ag®.>*-
According to Mie's theory, spherical-shaped NPs usually show
a single SPR band; thus, Fig. 3 column shows similar charac-
teristics.>® Mittal et al. reported that the biosynthesis of AgNPs
using Pelargonium graveolens belonging to the Geraniaceae
family resulted in a size of 16 and 40 nm, which coincides with
our results where AgNPs are in the range of 24 to 40 nm."®

It has been reported that the various plant extract favors the
formation of AgNPs synthesis due to the presence of macro-
molecules and phytochemicals, such as alkaloids, polyphenols,
flavonoids, phenolics, amino acids, carbohydrates, enzymes,
and vitamins, which function as reducing and stabilizing
agent.** In the case of the Pelargonium x hortorum aqueous
extract, flavonoids, phenolic acid, and cinnamic acid act mainly
to reduce the metal ions and monoterpenes & sesquiterpenes as
a stabilizing agent.”® In addition, the presence of tannins,
phenolic acid, cinnamic acid, coumarin, and sesquiterpenes act
as biological reagents for the rapid biosynthesis of metal or
metallic oxide NPs.”

In this study, the seven groups of AgNPs with different
precursor concentrations and synthesis times were employed to
obtain an optimal condition, and their respective SPR peaks,
along with the average particle size, have been represented in
Table 2. The resulting SPR band of group A: 420 nm, group B:
423 nm, group C 431 nm, group D: 412 nm, group E: 407 nm,
group F: 415 + 3.5 nm (n = 3), and group G: 408 nm as shown in
Fig. 3 column a, from the TEM analysis (Fig. 3 column b) all the
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obtained groups showed spherical morphology with the average
particle size of group A: 29.4 + 9.4 nm, group B: 36.2 + 10.7 nm,
group C: 26.7 & 14.8 nm, group D: 24.2 £ 9.1 nm, group E: 40.2
+ 24.6 nm, group F: 27.9 + 9.2 nm and group G: 28.3 & 8.2 nm
(Fig. 3 column c) which is calculated using Image] software
using the TEM micrograph. It is observed that the NPs size is
determined based on the precursor volume and reaction time.
Also, the combination of organic solvents in AgNPs washing
shown the elimination of a thin layer of organic coating from
the plant extract (Fig. 3 column b, groups D-G). But with
a particular concentration (groups F and G), the NPs size is
highly homogeneous without aggregation, which is determined
to be an optimal parameter.

FTIR analysis was carried out for the AgNPs to understand or
determine the various functional compounds that aid in
reducing and stabilizing organic leaves content. Fig. 4A shows
several characteristic peaks of extract (753, 1026, 1188, 1315,
1443, 1596, 1706, 2838, 2915 and 3204 cm ') and NPs (702,
1060, 1374, 1605, 2847, and 3187 cm™'). Each peak corresponds
to diverse functional groups of the metabolites like alcohols,
aldehydes, phenolics, hydroxyls, and carboxylic acid
compounds.® The peaks at various positions belong to several
bioactive compounds in the leaves extract, like tannins, flavo-
noids, acids (phenolic and cinnamic), monoterpenes, sesqui-
terpenes, and other aromatic compounds.*® The bands at
753 cm ! represent the aromatic rings, 1026 and 1188 corre-
spond to alcohol groups, 1315 and 1706 cm ™" are characteris-
tics of the C=0 group, and 1443 cm ™' relates to C-H scissors
vibration, 1596 cm™* denoted C@C double bond vibration, 2838
and 2915 cm ™' assigned to the C-H stretching, and finally
broad absorbance at 3204 cm ™' of OH group. The absorption
bands seen in the AgNPs spectra are slightly shifted from the
signature peaks of the extract, confirming that the presence of
the organic residual of leaves extract is solely responsible for the
reduction and stabilization agent.*”

Based on the above characteristics, group F AgNPs, an opti-
mized condition, further analysis to determine the surface
charge by zeta potential was carried out, and the value was
found to be —20.2 mV (Fig. 4B), which is moderately stable. This
proves that the NPs have negligible aggregation due to electro-
static repulsion by the capping of pelargonium functional
groups and are pretty stable with extended shelf-life. This data
also corroborates with the other investigation of plant extract-
mediated AgNPs.>*%°

Table 2 Represents the different synthesis parameters to obtain 7 different AQNPs groups

Extract addition Precursor volume Precursor volume Reaction Particle size
Group time (min) total (uL) (uL) & time (min) time SPR band (nm)
A 5 800 20/1.30 1h 420 29.4
B 1600 20/2 2 h 38 min 423 36.2
C 1000 1 h 38 min 431 26.7
D 15 1200 12 min 412 24.2
E 1600 200/2 16 min 407 40.2
F 1200 30 min 415 27.9
G 1200 1h 408 28.3
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3.3 Antimicrobial activity of biosynthesized AgNPs

Dental caries continues to be a public health problem affecting
more than 90% of the world's population, mainly developing
countries. The Gram-positive bacteria S. mutans is the principal
microorganism which grows due to its acidogenic and aciduric
characteristics that contribute to the colonization and forma-
tion on the dental surfaces as well as the demineralization of
hard dental tissues.®* So, based on this fact, we chose this
bacterium as a model pathogen to evaluate the antibacterial
activity of biosynthesized AgNPs in this study. The results of the
agar diffusion experiment show the following zones of inhibi-
tion (ZOI): group A: 3.6 + 0.5 mm, group B: 0.3 £ 0.5 mm, group
C:1.3 £0.5 mm, group D: 5.5 + 0.5 mm, group E: 7.0 £ 0.5 mm,
group F: 7.3 £ 0.5 mm and group G: 2.3 £ 0.5 mm, positive
control 19.0 £ 0.5 mm, and negative control 0 mm, showing
significant differences (p < 0.05) as shown in Fig. 5A. The ZOI of
all groups are presented after deducting from the positive
control values.

AgNPs generally express antimicrobial behavior against
many pathogens, including bacteria, fungi, and viruses.**>** A
high bactericidal activity against Gram-positive and Gram-
negative bacteria is seen when the AgNP size is between 10-
100 nm has been described,* which coincides with our results
where we found bacterial inhibition zones of up to 13.3 +
0.5 mm in the Gram-positive bacteria studied with AgNPs
between 24 to 40 nm. Enan et al. reported the ZOI of up to 18 £
2.5 mm in S. mutans with AgNPs biosynthesized using Cupressus
macrocarpa extract with a particle size of 13.5-25.8 nm.** Al-
Ansari et al. also reported a similar concept for 18.3 + 0.5 nm,
AgNPs synthesized with gum arabic with an average particle size
of 8.41 nm,* which coincides with the previous literature,
a smaller particle size exhibits a more significant antimicrobial
effect.®*%*

With the previously described results, group F was identified
as the optimized condition and taken into consideration for
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(A) Antimicrobial effect of AgQNPs evaluated through agar diffusion against the S. mutans at 24 h. Each value in the table represents the

mean, and S.D. One-way ANOVA and Tukey post hoc was performed, circle in the middle of the boxplot represent the average,* represents the
groups with significant difference (p < 0.05), n = 9. (B) Graph depicting the impact of size and homogeneous NPs and their antimicrobial effect in
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Fig. 6 Antimicrobial effect of AgNPs by microdilution method to
evaluate the growth percentage of S. mutans at 24 h and identified MIC
at 10 pg mL™* and MBC at 40 ug mL™% Each value on the graph
represents the mean and S.D. One-way ANOVA and Tukey post hoc
was performed, * representing the concentrations with a significant
difference. p < 0.05, n = 9.
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further studies. The AgNPs are of spherical morphology and
monodispersity (n = 3), with an average particle size of 28.5 +
8.16 nm (n = 3), mean ZOI of 13.3 £ 0.5 mm against S. mutans (n
=9) (p < 0.05) (Fig. 5B). Based on these promising results, the
microdilution broth method was adopted to determine the
effect of AgNPs (group F) against microbial growth by incu-
bating with different concentrations. The results are as follows
for 2.5 pyg mL™" = 72.5 4+ 3.6%, 5 ug mL ™' = 86.1 % 4.3%, 10 pg
mL " =36.8 +1.8%, 20 uyg mL " = 8.7 + 0.4% &40 pg mL ™' =
5.5 & 0.2%. A MIC of 10 pg mL~" was identified, and according
to the Clinical and Laboratory Standards Institute (CLSI),* the
value is considered to be intermediate, and an MBC at 40 pg
mL ™" is deemed sensitive (Fig. 6). The obtained MIC agrees with
the results of Tavaf et al., who also report a MIC of 10 ug (ref. 65)
and it is close to the range reported by Ma et al., of 50 uM (8.5 pg
mL ") for S. mutans.®® On the other hand, Espinosa-Cristobal
et al. found 16.7 pg mL ™" with an average size of 8.1 nm and
66.8 ug mL ™" of 20.1 nm,*” which concludes that the NPs size
plays a vital role in exhibiting antimicrobial effect.®®

The plausible mechanism behind the AgNPs bactericidal
activity is due to their enhanced cell wall binding and the
enormous generation of free radicals.® The Ag' ions released
from the NPs against bacteria can interact with peptidoglycan
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Fig.7 HGF characterization by immunohistochemistry. Representative photomicrographs of HGFs showing strong detection of vimentin (+++)
(A =10x, B = 40x) and strong positivity of Masson's trichrome-stain (C = 10x, D = 40x).
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cell membranes, causing cell lysis, preventing DNA replication,
and disrupting protein synthesis.*

3.4 Immunohistochemistry analysis

From immunohistochemistry, the photomicrographs examined
show a confluence of HGF obtained from explants with in vitro
growth on an electrocharged slide. Masson's trichrome staining
indicates oval and some polygonal-shaped cells with basophilic
staining, nuclei, and nucleoli evident, condensed chromatin
arranged in a fibrillar stroma of connective tissue with strong
positivity. The vimentin antibody shows strong immunoposi-
tivity (+++) with antibody uptake in the cytoplasm without
colocalization (Fig. 7A-D). This confirms that the in vitro-grown
cells were HGF which was further used for various studies.

3.5 Cytotoxicity

The MTT assay result showed a dosage and time-dependent
effect when HGF was in contact with AgNPs at 24, which is
shown in Fig. 8, where moderate cytotoxicity was seen. The CCs,
of AgNPs was identified to be 4.5 ug mL ™" at the end of 24 h
incubation. This result corroborates with the reported values of
Huang et al. in other cell lines; as the concentration increases,
moderate cytotoxicity can be identified.” Yen et al. found that
10 nm AgNPs at a concentration greater than 25 pg mL " are
considered cytotoxic; thus, it concludes that the particle size
and concentration are directly proportional to the cytotoxic
effect.”” The cellular uptake of AgNPs is through endocytosis,
a time, dose, and energy-dependent process.”” Once internal-
ized, they induce effects such as oxidative stress, cell membrane
deterioration, cell cycle rest, inflammation, DNA damage,
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Fig. 8 Cytotoxicity of AgNPs determined by MTT colorimetric
bioassay with HGF at different concentrations (0-9.75 pg mL™%) and
exposure time (1 to 24 h). Finding a mean cytotoxic dose (CCsp) of 4.4
pg mL~tat 1and 6 h, 42 ng mL™! at 3 and 4.5 pg mL™* after 24 h.
Moderate cytotoxicity was identified at 9.7 ng mL™ at 24 h. Each value
on the graph represents a percentage of the mean and S.D. One-way
ANOVA and Tukey post hoc was performed, * represents the
concentrations with a significant difference. P < 0.05, n = 9.
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genotoxicity, and apoptosis.” This explains the concept behind
the moderate cytotoxicity of as-synthesized AgNPs by the
Pelargonium x hortorum leaves extract in this study.

3.6 ROS studies

The release of metal ions is related to the generation of ROS in
both prokaryotic and eukaryotic cells. Intracellular ROS are
triggered as a cell defense mechanism and are eliminated
through antioxidants to maintain cellular homeostasis. Exces-
sive production of these antioxidants generates oxidative stress,
which leads to alterations in DNA, proteins, and lipids, thereby
causing cell death.™

Some studies show that ROS formation is mainly because of
NPs interactions with the bacteria. Fageria et al. found that
biosynthesized protein-capped AgNPs at a concentration of 5,
10, and 40 pug mL™" cause an increased ROS production in
cancer cells relating to concentration-dependent cytotoxicity.”
The production of a higher level of an antioxidant enzyme could
be a compensatory mechanism to cope with the increased level
of oxidative stress due to ROS generated by treatment with
AgNPs.”® Quinteros et al. found that AgNPs are related to the
production of ROS with levels of oxidized proteins and lipids in
Staphylococcus aureus and Escherichia coli. These results agree
with those reported by Fegeria et al., where oxidative stress is
related to one of the mechanisms by which AgNPs produce
antimicrobial effects.”® Ghabban et al. found ROS production in
S. mutans with concentrations of 3.5 and 5.3 pg mL™ " of
AgNPs.”” The outcomes from our research differ from theirs,
where 10 pg mL ™" in the prokaryotic cell did not lead to any ROS
production.

4.5
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Fig. 9 Oxidative stress by fluorometric assay of intracellular ROS in
human gingival fibroblast (HGF) and S. mutans. HGF: C— = negative
control (sterile MEM), C+ = positive control (H,O, 2 mM), Ag-4.5 =
CCso (4.5 ng mL™t AgNPs), S. mutans: C— = negative control (sterile
MH Broth), C+ = positive control (H,O, 2 mM), Ag-10 = MIC (10 pg
mL~ AgNPs). Each value in the graph represents the mean and S.D.
One-way ANOVA has performed p > 0.05, n = 9.
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Fig. 10 Nuclei fluorescence assay. Micrographs at 63x of the nuclear morphology of HGF by DAPI staining in fluorescence microscopy. (A)
Negative control, (B) AgNPs CCs, (C) positive control. Arrowheads indicate (I) normal morphology, (Il) shrunken nuclei, and (lll) fragmented

nuclei (n = 3).

Regarding eukaryotic cells, Gurunathan et al. reports an
increase in ROS production in mouse embryonic fibroblast cells
exposed to 5-20 pg mL~ ' of AgNPs. Identifying a dose-
dependent effect, lower concentration-lower ROS production,”
the results of this study show an immediate impact, with 4.5 nug
mL~" of AgNPs observing a slight increase in free radical
production in the study groups, without statistically significant
results (p > 0.05) which is represented in Fig. 9. Our results
concur with Saliev et al., who identified lower ROS production in
skin fibroblasts with AgNPs of spherical morphology compared
to those of triangular morphology; with circular shapes, no
significant increase in ROS formation was detected compared to
the control group.”

3.7 Nuclei fluorescence assay

The impact of AgNPs on the HGF cell nuclear morphology was
evaluated using DAPI staining and visualization through fluo-
rescence microscopy. From the images, intact cell nuclei for the
negative control (HGF) and AgNPs CCs, of 4.5 pg mL™*, and in
the case of positive control (H,0,), a complete fragmentation
was observed (Fig. 10A-C). The interaction of AgNPs with the
HGF cell nucleus has resulted in negligible effect, thereby
causing a shrunken nuclear membrane without causing any
deformation, blebbing, destruction of the nuclear contents or
apoptosis. It is prevalent when the Ag" ion is reduced with
chemicals, even at deficient concentrations. It may lead to
cytoplasmic condensation, rounded cells, progressive nuclear
shrinkage, and nuclear fragmentation, as the most identifiable
nuclear alterations related to cell apoptosis were reported by
certain literature. For instance, when we compared with other
green synthesis using Terminalia chebula seed extract and
synthesized nearly spherical polydisperse 30 to 150 nm sized
AgNPs. The biocompatibility was tested with the McCoy fibro-
blast cell line, where 100 ug mL ™" (IC5, - 67.26 g mL ™) showed
high inhibition along with apoptosis and nuclear fragmenta-
tion causing apoptosis.®

Considering this evaluation, very few studies have been
carried out and determined its effect on biocompatibility when

© 2023 The Author(s). Published by the Royal Society of Chemistry

it comes to green synthesized-AgNPs. Therefore, most studies
use AgNPs for anticancer studies, showing a significant impact
by inducing apoptotic pathways and leading to the destruction
of cancer cells.** Thus, we conclude that the pelargonium-
mediated AgNPs are highly biocompatible and can be used for
diverse biomedical applications.

Further studies will be carried out to understand the in-
depth antibacterial mechanisms at a molecular level and anti-
inflammatory behavior with regard to the Pelargonium x horto-
rum leaves extract-derived AgNPs in culture with cells and
focused on the proteomic profile to understand the molecular
antimicrobial mechanisms.

4. Conclusions

In conclusion, the results confirmed that the biosynthesis of
AgNPs mediated with Pelargonium x hortorum produced a nearly
spherical morphology with a well-defined shape and high
stability. Based on the metabolomics analysis, the presence of
flavonoids, lignans, phenyl propanoinds, among other classes
of compounds, could be responsible for the green biosynthesis
of the AgNPs as reducing and stabilizing agents. Specifically,
group F, incorporating 1200 puL (AgNOj;) precursor for 30 min
synthesis, produced an average particle size of 27.9 nm and was
considered an optimal condition. The AgNPs obtained raised an
antimicrobial effect on S. mutans, showing an intermediate MIC
and a sensitive MBC according to CLSI standards. A CCs, of 4.5
pg mL~" was identified in the HGF cell line. AgNPs in contact
with HGF and S. mutans did not induce reactive oxygen species
(ROS). Finally, the AgNPs did not show any nuclear fragmen-
tation by DAPI staining. Based on the studies mentioned above,
we conclude pelargonium mediated AgNPs can be best suited
for diverse biomedical applications.
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