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Polymethylmethacrylate (PMMA) is widely used in dentistry, but its inherent characteristics, such as
roughness and porosity, can facilitate the formation of bacterial biofilms. However, the integration of
silver nanoparticles (AgNPs) can provide antimicrobial properties. Ongoing research endeavors aim to
preserve post-nanoaggregation biocompatibility without compromising the mechanical integrity of
the material. In this study, we investigated the biological and mechanical attributes of a PMMA
nanocomposite infused with AgNPs biosynthesized from Pelargonium x hortorum. A method has
been described to incorporate nanoparticles into the polymer at minimum concentrations. In the
results, LC-MS-MS revealed the presence of 56 biochemical compounds. UPLCHRESIMS-MS/MS was
used to compare the phytochemical profiles of the leaf extract of Pelargonium x hortorum before and
after the formation of AgNPs, which were identified with spherical morphology, an absorbance of 28.5
+ 816 nm and a particle size of 415 nm. The MIC of AgNPs was 10 pg mL™ . In bacterial MTT,
a decrease to 18.2 + 2.5% with PMMA-10 ng mL~! was observed (p < 0.05). Decreased cell viability
was found only in PMMA-0 pg mL™! at 89.1 4+ 6.7%, indicating no cytotoxicity. These findings suggest
a promising bionano material that is suitable for orthodontic and orthopedic devices and warrants

rsc.li/nanoscale-advances further research.

Introduction

Poly[1-(1-(methoxycarbonyl)-1-methylethylene])], is a polymeric
material that is synthesized by the addition of free radicals to
form polymethyl methacrylate [C50,Hg] (PMMA);*? its physical,
mechanical, optical, low density and thermoplastic properties®*
make it biocompatible with the cells of the human body,
making it suitable for dental use;® the applications in dentistry
include dental prostheses,* provisional prosthetic restorations®
and orthodontic appliances to treat malocclusions.®” According
to the World Health Organization (WHO), dental malocclusions
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are considered the third most common oral health problem
after caries and periodontal disease,*® with a prevalence of up to
80% in the primary dentition and 70% in the mixed dentition.*®
To correct these alterations, orthopedic devices made of self-
curing PMMA are used.' However, due to the characteristics
of its surface, such as porosity and roughness,>** bacterial
colonization can quickly proliferate and cause an increase in
volume and concentration of biofilms in this polymer, with an
increase in species such as Streptococcus mutans and S. sobrinus,
Actinomyces spp., Pseudomonas spp., Lactobacillus spp., and
Candida albicans.*>® This highlights the critical problem of
PMMA's susceptibility to bacterial biofilm formation, necessi-
tating improvements in its antimicrobial properties.

Maintaining balance in the oral ecosystem is necessary to
promote a healthy state.' Still, when this balance is disrupted,
dysbiosis occurs, allowing bacteria to manifest and cause
diseases such as caries, gingivitis, and periodontitis."”** Due to
these problems in clinical practice, in recent years, nanotech-
nology has shown advances in the development of biomaterials,
giving rise to new bioproducts with antimicrobial, antifungal,
and tissue regeneration properties, among others.>?***

To improve the properties of PMMA, it is necessary to
incorporate different nanoparticles (NPs), such as zirconium
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Fig.1 Potential clinical applications for PMMA composites with AGNPs providing antimicrobial properties and biocompatibility (created in BioRender).

dioxide (ZrO,),® zinc oxide (Zn0),* titanium dioxide (TiO,),****
silicon oxide (SiO,),** aluminum and titanium (Al,O03/TiO,),”
resveratrol (RNPs),*® and silver nanoparticles (AgNPs).>*-*' These
new nanometric materials have contributed to advances in
nanomedicine and biomedical sciences because of their excel-
lent physical and chemical properties. Among these, AgNPs
stand out for their antimicrobial effects, making them a prom-
ising addition to PMMA formulations.?***-*' However, factors
such as filler concentration, particle size, and the type of PMMA
(heat-curing or self-curing) must be considered to maintain the
biocompatibility and physical and mechanical properties of
PMMA with NPs and consequently its biomedical characteris-
tics. This emphasizes the gap in understanding the antimicro-
bial mechanisms and biocompatibility of PMMA-AgNPs, which
this study aims to address.

Therefore, additional investigations are essential to eluci-
date the antimicrobial mechanisms and biocompatibility
profiles of these materials, as well as their potential clinical
utility. Consequently, this study aimed to evaluate the biological
response encompassing antibiofilm activity against S. mutans,
cytotoxicity, oxidative stress, genotoxicity, and proinflammatory
responses in HGFs. It also assessed the chemical and
mechanical properties, including flexural strength, flexural
modulus, and residual monomer content, of self-curing PMMA
and PMMA-AgNPs. This innovative formulation proposes
a novel approach for orthodontic appliances, addressing the
limitations of conventional PMMA materials, that warrants
further exploration and validation. Therefore, additional
investigations are imperative to elucidate the antimicrobial
mechanisms and biocompatibility profiles of these materials, as
well as their potential clinical utility (Fig. 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Materials and methods
Pelargonium x hortorum extract

An aqueous extract of Pelargonium x hortorum was prepared; the
specimen was taxonomically identified prior to the experiment,
and a sample was deposited in the Herbarium of the Faculty of
Sciences with voucher no. 182314. To obtain the extract, 12.15 g of
fresh leaves were cut and added to 100 mL of deionized water (DI
water) at boiling point; the extract was maintained at a constant
temperature between 90 and 92 °C for 15 min, and then the
solution was filtered using a 4-12 um Whatman filter, to obtain
a residue-free extract.

Biosynthesis of AgNPs

The biosynthesis of AgNPs was carried out using 20 mL of
ethylene glycol as a solvent, 10 mL of Pelargonium x hortorum
extract as a reducing and stabilizing agent and 1.2 mL of 25 mM
silver nitrate (AgNO3) (purity = 99%) (Sigma-Aldrich® St Louis,
Missouri, USA) as a precursor, added in 0.2 mL increments every
2 min. The solvent, reducing/stabilizing agent and precursor
were added in the listed order, and the synthesis was main-
tained at a constant temperature of 110 °C using a recirculator
for 30 min, as reported and detailed in previous experiments.*
The resulting AgNPs were washed twice with 100% acetone (1 : 4
ratio) and once with absolute ethyl alcohol (1:1 ratio), soni-
cated for 15 min between each wash, followed by a 15 min
centrifugation cycle at 4000 rpm and finally resuspended in
deionized (DI) water. The final product was stored at 4 °C for
further experiments.
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Metabolomic analysis of Pelargonium x hortorum leaves
extracts

The leaf extracts of Pelargonium x hortorum before and after
AgNP formation were analyzed according to our previous work*?
using an ultra-performance liquid chromatographic system
(UPLC; Acquity, Waters Corp., Milford, MA, USA) coupled with
a high-resolution mass spectrometer tandem MS/MS
(HRESIMS-MS/MS; Q-Exactive Plus, Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an electrospray source (ESI)
in positive and negative modes. The molecular networks were
created using the GNPS (https://www.gnps.ucsd.edu) platform,
using the same parameters as in our previous work.** Finally,
the MS data were subjected to principal component analysis
(PCA) using the online platform MetaboAnalyst 5.0.%

Preparation of self-curing acrylic resin compounds with
AgNPs

Samples of self-curing PMMA NicTone (MDC Dental® Gardena,
CA, USA) and Opti-Cryl (New Stetic, S.A. CDMX, Mexico), clear
color, were prepared with 0, 5, 10, 15 and 20 ug mL™~" of AgNPs.
The methodology was as follows: the concentration of AgNPs
was calculated and they were placed in 1.5 mL Eppendorf tubes;
the volume of all groups was adjusted to 0.5 mL with DI water
and centrifuged at 13 000 rpm for 10 min; the supernatant was
removed and the pellet containing the AgNPs was retained; then
1 mL of monomer corresponding to each of the brands used was
added and sonicated for 15 min to allow the dispersion of the
NPs into the monomer; then a mixture of the monomer and
polymer was made following the manufacturer's instructions in
a 3:1 ratio (powder-liquid). The compounds were obtained by
pressing this mixture in stainless-steel molds of 10 mm diam-
eter and 2 mm thickness until polymerization was achieved
(Fig. 1). Once the samples were obtained, they were polished to
eliminate irregular edges. Finally, they were subjected to
a sterilization cycle at 121 °C for 15 min and stored for biolog-
ical experiments.

Characterization techniques

The optical properties of the AgNPs were analyzed with UV-visible
spectroscopy (Multiskan Go, Thermo Fisher Scientific™, Fin-
land) in the wavelength range of 300-600 nm with a resolution of
1 nm. The morphology was analyzed using transmission electron
microscopy (TEM, JEOL, JEM-1010 Tokyo, Japan) at an acceler-
ating voltage of 80 kV. The size distribution was estimated based
on the TEM micrograph using Image] software (NIH, Maryland,
USA). To confirm the crystalline nature of AgNPs, an X-ray
diffraction (XRD) analysis (Bruker XDR, 2D Phaser, Billerica,
Massachusetts, USA) with Cu-Ke. radiation (1.54 A), was carried
out. To verify the presence of AgNPs in the monomer, an analysis
was performed by inductively coupled plasma source mass
spectrometry (ICP-MS, iCAP QR, Thermo Scientific, Waltham,
Massachusetts, USA). Prior to sample analysis, the instrument
was optimized using a certified aqueous solution of high-purity
standards (Li, Co, In, Ba, Bi, Ce, and U at 1 pg L™ "). For metal
analysis, a 10-point calibration curve (0, 1, 1, 2.5, 5, 7.5, 10, 25, 50,
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50, 75, and 100 pg L~ ') was established from single-element
solutions of Ag at 1000 pug mL™". Instrumental drift was cor-
rected using the internal standard rhodium (Rh at 10 pg L™ "). The
limits of detection were calculated using the following
equation L. D. = 3(SD int BCO)(conc. STD)/(int STD - prom int
BCO), where SD int BCO - standard deviation of the blank
intensity; conc. STD - concentration of the standard solution; int
STD - intensity of the standard solution and prom int BCO -
average of the blank intensity.

Biological response studies

Microbial culture. Culture media were obtained from Muel-
ler Hinton Agar (Sigma-Aldrich® St Louis, Missouri, USA); Petri
plates were inoculated with S. mutans (ATCC-35668), and incu-
bated at 37 °C for 24 h. Overnight cultures were obtained by
transferring 10 colonies from these plates to Brain and Heart
Infusion (BHI) medium (Sigma-Aldrich® St Louis, Missouri,
USA), followed by incubating at 37 °C for 16-20 h. Bacterial
concentrations were measured using a densitometer (Grant
Instruments™ DEN-1B, Cambridgeshire, UK). The bacterial
inoculum was calculated using standard turbid solutions
(McFarland scale, 0.5). This opacity is equivalent to 1 x 10° CFU
mL ™", The bacterial MTT assay**** was used to determine bio-
film formation in the self-cured PMMA composites with and
without AgNPs.

Biofilm formation. The bacterial inoculum was diluted to
obtain 1 x 10° CFU mL ™" of bacterial suspension in BHI sup-
plemented with 0.6% sucrose as a growth medium. Self-curing
PMMA composites with 0 (control), 5, 10, 15, and 20 pg mL ™"
AgNPs were added to 24-well plates. The plate was incubated in
a shaking incubator at 37 °C and 180 rpm for 5 days, and the
medium was changed every 24 h. Samples were then transferred
to new plates and washed three times with sterile phosphate-
buffered saline (PBS) to remove the unattached biofilm. Then,
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) standard was prepared at 2 mg mL " in fresh BHI culture
medium, and the plates were sonicated at 37 kHz with 50%
power for 5 min to promote biofilm detachment from the
samples, followed by incubation at 37 °C for 2 h. Formazan
crystals were dissolved in 0.5 mL of dimethyl sulfoxide (DMSO,
Karal, Guanajuato, Mexico) and transferred to a 96-well plate for
analysis using a Multiskan GO™ at 550 nm. The experiments
were repeated in triplicate from three independent experiments
(n = 9 for each concentration), and the results are expressed as
the average percentage of microbial adherence compared with
the control (Fig. 2).

Scanning electron microscopy (SEM). Three disks from the
NicTone and Opti-Cryl experimental groups with 0 and 10 pg
mL~' AgNPs were analyzed using SEM (Joel-JSM-6360 OLV.
Tokyo, Japan). After 5 days of biofilm formation (BHI supple-
mented with and without 0.6% sucrose), the samples were
gently washed three times with PBS to remove non-adherent
cells. The samples were fixed in ethanol with 10% formol for
10 min, then washed three times with DI water, dried and
placed on gold sputter-coated copper supports and observed at
6500x magnification (Fig. 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematicillustration of the processing of PMMA samples with and without AgNPs, biofilm formation and analysis using the bacterial MTT
assay, scanning electron microscopy (SEM) and confocal microscopy for the LIVE/DEAD™ reagent (created in BioRender).

LIVE/DEAD biofilms. The fluorescence from live and dead
stained cells adhered to NicTone and Opti-Cryl test samples
with 0 and 10 pg mL™' AgNPs (n = 3) was observed using
a confocal microscope (LSM 780) after 5 days of biofilm
formation (BHI supplemented with 0.6% sucrose). The fluo-
rescent marker LIVE/DEAD™ reagent (Baclight™ Invitrogen
Thermo Fisher Scientific™, Massachusetts, USA) was prepared
by mixing 1 pL of Syto 9 and 1 pL of propidium iodide (PI) in
1 mL of sterile water. Subsequently, the samples were gently
washed three times with PBS to remove non adherent cells; then
100 pL of LIVE/DEAD™ reagent was added to each sample and
left to act for 3 min. Then, ten randomly selected image sections
were recorded for each biofilm sample. Confocal images were
obtained using a 40x objective and digitized using Leica
Application Suite Advanced Fluorescence Software at 512 x 512
pixels, with a 1p interlayer for optical imaging (Fig. 2).

Cell culture assays. HGFs were obtained from a gingival
tissue biopsy during third molar surgery from a 21-year-old

© 2025 The Author(s). Published by the Royal Society of Chemistry

patient who previously signed an informed consent form, as
described in previous studies.** The protocol was endorsed by
the internal Bioethics Committee of the ENES, Campus Leon,
with registration number CE_16/004_SN. HGFs were inoculated
at aratio of 1: 3 into 96-microwell plates and incubated for 24 h
in fresh Eagle's Minimum Essential Medium (MEM) culture
medium, supplemented with 10% sterile fetal bovine serum
(FBS), 1% antibiotics (10000 IU mL™" penicillin G and 10
000 mg mL ™" streptomycin, Sigma-Aldrich, Mexico), and 1%
glutamine (Glutamax, Gibco® Thermo Fisher Scientific™,
Massachusetts, USA). Petri dishes were incubated at 37 °C with
5% CO, and 95% relative humidity (Thermo Fisher Scientific™)
to allow fixation for cell-based studies.

Cytotoxicity test. The cytotoxic effect of NicTone and Opti-
Cryl samples with 0 and 10 pg mL™' AgNPs was evaluated
using HGF 1 x 10° cells per mL, grown in 24-microwell plates
for direct contact analysis and in 96-microwell plates for indi-
rect contact. The incubation was maintained at 37 °C, 5% CO,,

Nanoscale Adv., 2025, 7, 2068-2082 | 2071
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and 95% relative humidity for 24 h. For direct contact, discs
with 0 and 10 pug mL™' AgNPs were placed floating on the
culture medium. For indirect contact, 1 sample was placed in
1 mL of sterile MEM before experimentation and stirred at
180 rpm, 37 °C for 24 h. After this, the disc was removed, and
the resulting elution was added to the corresponding 96-well
plates. After 24 h of exposure, the standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method was used determine the viable cell number using 2 mg
mL ™" MTT in fresh culture medium. The formed formazan was
dissolved in 0.1 mL of dimethyl sulfoxide (DMSO, Karal, Gua-
najuato, Mexico) for 96-microwell plates and in 0.3 mL for 24-
microwell plates, and absorbance readings were taken on
a Multiskan GO™ at 570 nm. The experiments were performed
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 (untreated).

Oxidative stress assay. Reactive oxygen species (ROS) anal-
ysis was performed with an intracellular ROS fluorometric assay
kit (Sigma-Aldrich®) using HGF at a cell density of 1 x 10° cells
per mL when exposed to NicTone and Opti-Cryl with 0 and 10 ng
mL ™' AgNPs (direct and indirect contact); a hydrogen peroxide
concentration (H,O,) of 2 mM was used as a positive control
and sterile culture medium (MEM) was used as a negative
control. The experiment was performed for 24 h, and subse-
quently, the ROS detection reagent was freshly prepared by
dispersing it in 40 pL of DMSO. Finally, 100 pL of fresh reagent
was added to each well and incubated for 1 h (37 °C, 5% CO,,
95% relative humidity), and fluorescence was measured at Aex =
490 nMm/Aep = 520 nm using a GO™ Multiskan reader.

Genotoxicity assay. The indirect contact of NicTone and
Opti-Cryl with 0 and 10 pg mL~" AgNPs was studied using HGF
cell culture at a cell density equivalent of 1 x 10° cells. Cells
were cultured on sterile glass in 24-well plates in supplemented
MEM culture medium for 24 h (37 °C, 5% CO,, 95% relative
humidity). The positive control was 2 mM H,O, and the nega-
tive control was sterile culture medium. Incubation with test
samples was carried out for 24 h. Qualitative analysis of cell
nuclei was then performed using a DAPI (4/,6-diamidino-2-
phenylindole, Sigma-Aldrich® St Louis, Missouri, USA) fluo-
rescence assay. Briefly, the samples were washed twice with PBS,
fixed with 2% glutaraldehyde (Sigma-Aldrich® St Louis, Mis-
souri, USA) for 10 min, washed once with PBS, and finally DAPI
solution (0.5 puL in 1 mL PBS) was added. The samples were kept
in the dark without incubation and analyzed directly using
a super-resolution microscope - ELYRA - ZEISS at 63X
magnification.

Proinflammatory response. A western blotting assay was
performed to determine the proinflammatory response of COX-
1 and COX-2. As a positive control, cultures were induced into
a proinflammatory state using 12 ng mL ™" human interleukin 1-
B (IL-1B human recombinant, R&D Systems, Minneapolis, MN,
USA) for 3 h; sterile MEM was used as the negative control; then
the direct and indirect contact of NicTone with 0 and 10 ng
mL ™' AgNPs was carried out for 24 h. Protein lysis and extrac-
tion were performed with 1x RIPA lysis buffer (Biotechnology
WVR AMRESCO, Fountain Parkway, Solon, OH, USA) which was
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kept for 15 min on ice at 4 °C; then the cells were scrapped with
a spatula and the lysed culture was sonicated for 15 s and
centrifuged at 12000 rpm for 10 min at 4 °C. A protease
inhibitor cocktail (cOmplete Roche Diagnostics, Indianapolis,
IN, USA) was added. The concentration of proteins in the lysates
was determined by the Bradford method; then 30 pg mL ™" of
proteins were loaded for 12% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE), and the proteins were transferred to
a membrane of polyvinylidene fluoride (PVDF, immobilon®-P
Transfer Membranes, Sigma-Aldrich® St Louis, Missouri, USA).
Blocking was performed with a 3% nonfat milk solution for 2 h
at room temperature (RT) and anti-COX-1, anti-COX-2 and B-
actin monoclonal antibodies were incubated (Santa Cruz
Biotechnology, Dalla, TX, USA) at a dilution of 1:1000 in 3%
blocking solution for 1 h 45 min, followed by four 5 min washes
with 0.05% phosphate buffer saline with Tween detergent
(PBST); then horseradish peroxidase-coupled polyclonal anti-
mouse IgG antibodies were diluted (Sigma-Aldrich® St Louis,
Missouri, USA) 1: 10 000 in 3% blocking solution and incubated
for 1 h at room temperature. The formed complexes were
visualized by chemiluminescence using the Cytiva Life-
science™ western Blot Detection Reagent (Amersham™ ECL™
Prime, Marlborough, USA) and the results were visualized using
the C-Digit Blot Scanner (Li-Cor, Lincoln, NE, USA) and the
density of the bands was analyzed using Software Image ] (NIH,
Maryland, USA).

Residual monomer. Three samples of NicTone and Opti-Cryl
with 0 and 10 ug mL ™" AgNPs, each with a diameter of 50 mm
and a depth of 3.0 &+ 0.1 mm were made for solvent extraction of
the methyl methacrylate monomer (MMA) in accordance with
ISO 20795-2:2013.%%*” For the test, each sample was fragmented
and the mass of the sample was placed in a volumetric flask into
which 10 mL of tetrahydrofuran (THF) solvent was added and
the mixture was stirred for 72 + 2 h at room temperature. To
quantify the residual monomer and to precipitate the dissolved
polymer, a 2 mL aliquot of the sample solution was transferred
to a 10 mL volumetric flask and 100 pL of internal standard
(decane) was added; methanol was added to a total volume of
10 mL and allowed to stand for 24 h (until a clear solution was
observed). Quantification and analysis were performed using
a gas chromatograph with a flame ionization detector (GC-FID,
GC-2010, Shimadzu® Restek® USA). Each sample was injected
in triplicate.”

Mechanical properties. Ten samples (64 = 1 mm long, 10.0 +
0.2 mm wide, and 3.3 & 0.2 mm in height) of NicTone and Opti-
Cryl with 0 and 10 pug mL~" AgNPs were prepared. They were
kept in deionized water at 37 & 1 °C for 50 £+ 2 h before
mechanical testing. The three-point test was carried out; each
sample was mounted with its edges equidistant from the
midline of the base supports separated by 50 mm. The load was
applied at a crosshead speed of 5 mm min~" until each sample
fractured. Data were collected in Newtons and then converted to
megapascals (MPa) using the following equation: flexural
strength = 3FI/(2bh2), where [F] represents the maximum load,
[7] is the distance between supports (mm), [] is the width of the
specimen (mm), and [k] is the height (mm). The flexural
modulus was determined in gigapascals (GPa) using the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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equation E = F,I’/abh’d, where [F,] represents the maximum
load (N), [{] is the distance between supports (mm), [b] is the
width of the test tube (mm), [#] is the height (mm), and [d] is the
deflection (mm) corresponding to the load F as described in ISO
20795-2:2013.%¢

Statistical analysis

Data obtained from all the experiments are expressed as mean
and =+ standard deviation of at least three independent experi-
ments. Data analysis was performed using IBM® SPSS Statistics
29.0 and distribution was assessed using Shapiro-Wilk, ANOVA
and Tukey's post hoc test, and p < 0.05 values were statistically
significant.

Results and discussion
Biosynthesis and characterization of AgNPs

The color change, from light green to amber, during the
formation of AgNPs by green synthesis with Pelargonium x
hortorum extract is shown, along with the surface plasmon
resonance absorption at 412 nm in the UV-vis spectrum
(Fig. 3A);this is typical of AgNP formation as reported in
previous studies,*” and is consistent with findings from other
researchers who suggest that the identification of high
absorptions peaks in the spectrum between 400 and 450 nm is
related to the formation of silver nanoclusters.*®*° Spherical
spectra are related to a single band, while particles of different
morphologies can give rise to two or more bands;*" so, our
results from a single absorption band are consistent with this
morphology, as shown in Fig. 3B, where the transmission
electron microscope image reveals monodisperse nanoparticles
of hemispherical morphology with an average size of 27.9 +
9.2 nm. In Fig. 3C, the diffraction patterns of AgNPs are
depicted, revealing diffraction peaks indicative of the presence
of Ag®. Specifically, the peaks located at 26 angles of 38.35°,
44.36°, 64.64°, and 77.65° correspond to the (111), (200), (220),
and (311) crystal planes, respectively, according to the JCPDS:
04-0783 crystallographic chart. These peaks confirm the face-
centered cubic (FCC) structure of the AgNPs obtained in this
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study, thus validating the presence of elemental silver, in line
with the findings reported by other researchers.*>**

Chemical changes in the compositions of Pelargonium x
hortorum leaf extracts after AgNP formation

Recently, we described the chemical composition of the Pelar-
gonium x hortorum leaf extract using untargeted metabolomic
analysis.** The metabolite features present in the leaf extracts
before and after AGNP formation were grouped into 1706 nodes
arranged in 79 clusters with >3 nodes per cluster, 82 with two
nodes, and 802 singletons (Fig. 4). From the total number of
nodes, 412 were observed only in the extract after AgNP
formation, while 691 were exclusive to the original extract
before treatment. This indicates that the reaction during the
formation of AgNPs affected the chemical composition of the
extract.

Principal component analysis (PCA) of the metabolite
features observed by LCMS analysis clearly differentiated the
Pelargonium x hortorum leaf extracts before and after treatment
(PC1 = 97.8% versus PC2 = 1.1%; Fig. 5). The metabolites
identified by GNPS for each treatment are shown in Table 1 and
Fig. 6. Interestingly, the 24 metabolites identified in our
previous work® were not found in the leaf extract after AgNP
formation. In addition, 24 metabolites were shared between the
extracts from the 29 metabolites observed in the extract before
AgNP formation. The major components of the plant extract
were flavonoids and its glycosides, followed by O-glycosyl and
phenylpropanoid compounds (tannins), and cyclitol derivatives

(Fig. 6).

Self-curing acrylic resin compounds enriched with AgNPs

PMMA is a long polymer obtained through a chemical poly-
merization process in which the monomers react in steps
between two molecular species (R and R), which must contain
at least two functional groups. When these compounds react,
they join to form chains or networks of three-dimensional
particles.** The PMMA synthesis involves the addition of 0, 5,
10, 15, and 20 pL mL~"' of AgNPs to NicTone and Opti-Cryl
monomers. Subsequently, the polymer-monomer mixture was
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Fig. 3 UV-vis spectrum, TEM micrograph, and XRD pattern of AgNPs. Absorption spectra of AgNPs obtained from Pelargonium x hortorum at
412 nm (A), the TEM micrograph taken at a magnification of 100kx and 80 kV showing monodisperse nanoparticles with a mean particle size of
27.9 + 9.2 nm and hemispherical morphology (B), and the different diffraction peaks corresponding to the lattice plane values of silver crystals
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Fig. 5 Nanoparticle treatment effect on the overall metabolomic
profile determined by PCA of Pelargonium samples. Orange, original
extract; blue, nanoparticle treatment. The PCA score plot derived from
positive (ESI*) and negative (ESI7) modes in LC-MS metabolite profiles
of Pelargonium x hortorum leaf extracts before and after AgNP
formation.

prepared in a 3 : 1 ratio to initiate the polymerization reaction,
following the methodology previously reported by Acosta-Torres
et al.;** the ICP-MS results indicated the presence of 15.623 ppm

2074 | Nanoscale Adv, 2025, 7, 2068-2082

Ag in the monomer. Campos et al. reported the coating of AgNPs
on Opti-Cryl using a sprayed solution with a concentration of
338 ppm; the authors analyzed the release of silver in an
aqueous medium considering that the addition was by
impregnation on the surface, identifying a release of 0.48 ppm
after eight days of experimentation achieving antimicrobial
activity.” According to Flores-Arriaga et al., low concentrations
of AgNPs at the filler level in the polymer interfere with the
formation of bacterial biofilms through an anti-adherent
effect.”

Biofilm formation

The adherence of S. mutans biofilms to PMMA and PMMA/AgNP
composites was analyzed using the bacterial MTT assay.****
Fig. 7 shows 91.6 + 4.7% adherence of S. mutans biofilms on
PMMA from the NicTone brand without the incorporation of
AgNPs (0 pg mL "), which decreased to 18.2 + 2.8% with 10 pg
mL~' AgNPs (p < 0.05). The Opti-Cryl brand presented an
adherence of 49.5 + 3.3%, decreasing to 16.7 + 2.4% with 15 pg
mL ™" (p <0.05). The AgNPs biosynthesized in this study showed
antimicrobial activity against S. mutans at 10 pg mL ™ "* as
described previously. These results are consistent with those of
with Tavaf et al, who also reported a minimum inhibitory
concentration at 10 pg mL™", and are close to the ranges re-
ported by Ma et al., at 8.5 ug mL™".*>*” Campos et al.** reported
antimicrobial effects on Escherichia coli (6.74 pg mL™") and
Staphylococcus aureus (13.48 pg mL™') in PMMA with AgNP
compounds. These results, despite having been analyzed in
other bacteria, are similar to our results, where a decrease in
microbial adherence was found at 5, 10, and 15 g mL™ ' AgNPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 GNPS chemical annotation of metabolites in Pelargonium x hortorum leaf extracts before and after AQNP formation

Molecular formula Exact mass Mass accuracy
Compounds Observed ion” (m/z) Adduct [adduct] (calculated) (ppm)
Galactaric acid® 209.030 M —H|” CeHsO4 209.0303 -1.4
Pantothenic acid® 220.118 M +H] CoH;gNO;5 220.1179 +0.2
Malic acid” 289.018 [2M + Na-2H]™  CgHy0;0Na 289.0177 +1.0
2-Phenylethyl B-p-glucopyranoside® 302.161 [M + NH,]" C14H,4NOg 302.1598 +3.9
2-Coumaroylquinic acid® 339.109 M +H] C16H1605 339.1074 +4.6
Coumaric acid 4-O-glucoside® 344.135 [M + NH,]" Cy5H,,NOg 344.1340 +2.9
Chlorogenic acid® 353.088 M —-H] C16H1709 353.0878 +0.6
Coumaroyl + CgHoOg" 355.068 M —H] C15H15010 355.0671 +2.6
3-O-Feruloylquinic acid® 367.104 M - H]” C17H1909 367.1034 +1.5
NP-006680: 3-(benzoyloxy)-2- 371.099 [M — H]” C16H16010 371.0984 +1.7
hydroxypropyl B-b-glucopyranosiduronic
acid®
NP-016360: 3,5,5-trimethyl-4-[3- 375.239 M + H] C1oH350; 375.2377 +3.4
[(B-p-glucopyranosyl)oxy|butyl]-3-
cyclohexen-1-ol°
NP-001173: [5-hydroxy-2-(3- 393.249 M + H]* C1oHj3,04 393.2483 +1.8
hydroxybutyl)-3,3-dimethylcyclohexyl]
methyl B-p-glucopyranoside®
Kaempferol 3-a-1-arabinopyranoside® 417.083 M - H]” CyoH1704o 417.0827 +0.7
Icariside F2° 420.188 [M + NH,]" C1H30NO; 420.1864 +3.8
Avicularin® 435.093 [M + H] Cy0H16011 435.0922 +1.9
Luteolin 4’-O-g1ucosideb 447.094 M — H|” C,1H19011 447.0933 +1.6
Astragalin® 449.109 M + H] Cy1H,,044 449.1078 +2.6
Isoquercetin® 463.089 M — H|” C,1H1901, 463.0882 +1.7
1,6—Diga110yl—B—D—glucopyranoseb 502.121 [M + NH,]' Cu0H4NO1 4 502.1191 +3.7
Procyanidin B2? 577.136 M — H|” C30H5045 577.1352 +1.5
6"-0-(3-Hydroxy-3-methylglutaroyl) 591.137 M - H]” Cy7H,,045 591.1355 +2.5
astragalin®
Nicotiflorin® 593.152 M —H|” Cy7H,0045 593.1512 +1.4
2"-0-Galloylhyperin® 615.101 M +H] CysH,3046 615.0992 +3.0
Mauritianin® 739.211 M —H| C33H36010 739.2091 +2.6
Kaempferol 3-0-(2,6-di-O-alpha-i- 739.210 M — H|” C33H39040 739.2091 +1.2
rhamnopyranosyl)-p-p-
galactopyranoside®
Quercetin 3-(2R-apiosylrutinoside) 741.190 M - H]” C3,H3,040 741.1884 +2.2
Manghaslin® 757.222 M +H] C33H41050 757.2186 +4.5
1,2,3,6-Tetragalloylglucose® 787.102 M - H]” C34H,,0,, 787.0999 +2.6
Pentagalloylglucose® 939.113 M —H|” C41H3,046 939.1109 +2.2

“ Values taken from GNPS analysis. > Compounds observed in the extract before AgNP formation. ¢ Compounds shared in the extracts.

In the present study, the AgNPs were inside the material and
were incorporated into the monomer, as described by other
researchers.”*® Several reports in the literature indicate that the
antibacterial and antibiofilm efficacy of AgNP-incorporated
materials depends on the release of silver ions and their
direct contact with bacteria.***®

According to the SEM images (Fig. 8), notable differences
were observed between the PMMA groups with and without
AgNPs. A comparison of biofilm images showed changes in
biofilm growth on self-curing PMMA, which was observed to be
dispersed in the absence of sucrose. However, these biofilms
developed homogeneously with areas of greater structural
maturity and more homogeneous growth with a sucrose
supplementation of 0.6% in the culture medium, suggesting
that its presence favors the growth and structure of biofilms.*
This significantly higher accumulation of S. mutans is related to

© 2025 The Author(s). Published by the Royal Society of Chemistry

elevated levels of polysaccharides, such as glucans, which are
the main constituents of the S. mutans biofilm matrix, providing
a three-dimensional scaffold and attachment sites to support
this bacterial coaggregation. The reduced biofilm formation on
nanoparticle polymers may be due to the inability of bacteria to
use these polyols as substrates for the synthesis of biofilm
matrices.*>* Since the SEM images only showed the biofilm
volume, a Live/Dead™ BacLight bacterial viability kit was used
to evaluate the effect of PMMA and PMMA/AgNP composites.
Fig. 8 shows the presence of a higher biovolume of live-cell
bacteria (green) in PMMA without the addition of AgNPs. This
biofilm showed an increase in dead cells (red) in PMMA with 10
pg mL~" AgNPs, mainly for the NicTone group with 10 pg mL "
AgNPs and these results correlate with those identified in the
MTT assay, showing the presence of a greater biovolume of live
bacterial cells.

Nanoscale Adv., 2025, 7, 2068-2082 | 2075
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Fig. 6 Structures of the identified compounds in Pelargonium x hortorum leaf extracts.

Cytotoxicity assay

The cytotoxic effect of biosynthesized AgNPs was identified in
previous studies with a dose-dependent response, with
moderate cytotoxicity, with the mean cytotoxic dose (CCsg)
being found at a concentration of 4.5 ug mL ™, as described in
previous reports.*> For the HGF assays, from the cell viability
test, 10 ug mL~' AgNPs were incorporated into the PMMA, as
this was the concentration at which statistically significant
differences were found in both brands analyzed. A decrease in
cell viability was observed for the NicTone groups with 0 and 10
ug mL™" in direct contact, and for the Opti-Cryl group with 10
pg mL ™" in indirect contact (p < 0.05); however, the viability
percentage in these groups was greater than 80%, which means

2076 | Nanoscale Adv,, 2025, 7, 2068-2082

that they did not present cytotoxicity.>* Furthermore, in all other
groups, a hormesis effect was observed (Fig. 9A). These results
are consistent with those of Sun et al,, who confirmed the
biocompatibility of PMMA with AgNPs at the cellular level using
MTT and in vivo assays in experiments with rabbits and mice.*
In contrast, Pinheiro et al. found greater cytotoxicity in groups
with AgNPs incorporated into or immersed in PMMA.* For this
reason, the nanoparticle incorporation technique plays an
important role in the cellular response; in our study, the inde-
pendent analysis of AgNPs showed a 50% decrease in cell
viability at 4.5 ug mL ™32 compared to incorporating 10 ug mL ™"
in self-curing PMMA, which maintained it above 80%. When the
polymers are immersed in PMMA, the decrease in cell viability
is greater in the first 24 h, because AgNPs exhibit high diffusion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in aqueous media;** however, when incorporated during the
polymerization process, the metallic silver is possibly encap-
sulated in the polymer, reducing the percentage of release into
the medium and thus promoting cell viability.>*

Oxidative stress

The reactive oxygen species (ROS) experiment showed a slight
increase in the production of free radicals in the study groups
without statistically significant results (p > 0.05) (Fig. 9B). While
in the evaluation of nuclear morphology using DAPI and fluo-
rescence microscopy, continuity of the cell nuclei can be
observed for the negative control groups (HGF), in the PMMA
and self-healing PMMA-AgNP groups, a change in morphology
was observed, with more circular shapes and a decrease in size,
as well as some reniform nuclei compared to the negative
control group; in the positive control group (H,0,) a complete
fragmentation of the nuclei was observed (Fig. 9C).

Oxidative stress can cause chromosomal damage, nuclear
abnormalities, and cytogenetic alterations. Some researchers
have reported that reniform nuclei have a cytological cause,
while others consider that genotoxic effects may induce nuclear
morphological changes.***® Furthermore, excessive production
of ROS within cellular mitochondria can potentially interfere

Live Dead Merge

¥

Fig. 8 Scanning electron microscopy and confocal fluorescence microscopy of S. mutans biofilms. Scanning electron microscopy at 6500 x
magnification shows the growth of the biofilm on the acrylic resin; a higher production of extracellular polysaccharides can be observed in the
presence of 0.6% sucrose, which favors their formation; the incorporation of AgNPs allows the reduction of the density of the bacterial growth
structure as observed in the NicTone group at 10 pg mL ™. Confocal microscopy images of biofilms stained with a Live/Dead™ BacLight bacterial
viability kit show live cells in green and dead cells in red, indicating a greater presence of dead biofilms in the NicTone 10 ng mL™* AgNPs group

(magnification 40x and scale bar 20 pm).
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Fig. 9 Biological assays of PMMA and PMMA-AgNP composites in direct and indirect contact with HGF. Groups: Opti-Cryl and NicTone, AgNPs
concentrations of 0 and 10 pg mL™. (A) Cytotoxicity determined by MTT assay. Optical density 570 nm. Abs. range (0.211-1.857). Each value in
the graph represents the percentage of the mean and S.D. One-way ANOVA was performed, followed by post hoc Tukey's test; (*) represents
concentrations with a significant difference p < 0.001, n = 9. (B) Oxidative stress induced by the intracellular ROS fluorometric assay. Negative
control: sterile medium; positive control, H,O, 2 mM. Optical density Aex = 490/Acm = 520 nm. Abs. range (3.788-3.814). Each value in the graph
represents the mean and S.D. One-way ANOVA was performed for p > 0.05, and n = 9. (C) 63x micrograph of nuclear morphology by DAPI
staining using fluorescence microscopy. (1) Negative control: HGF in the culture medium; (B) positive control (H,O, at 2 mM), (3) NicTone 0 pg
mL; (4) NicTone 10 pg mL; (5) Opti-Cryl 0 pg mL; (6) Opti-Cryl 10 pg mL~%. The arrowheads indicate (I) normal morphology, (Il) fragmented
nuclei, (Ill) reniform nuclei, and (IV) shrunken nuclei (n = 3). (D) and (E) Western blotting showing the relative protein expression of anti-COX-1,
anti-COX-2, and B-actin, and image analysis of western blot bands was performed by densitometry. Negative control: untreated cells (IL7);

positive control: cells induced in a proinflammatory state (IL*) (n = 3).

with the proper mediation of cytochrome c release, which then
triggers the activation of caspase-3, and consequently, can
induce cell apoptosis.””

Tests for genotoxicity analysis are performed by different
methods, such as the determination of DNA/protein cross-
linking coefficients, mitochondrial enzymatic activity, cell
proliferation, DNA break repair, mitotic index, comet assay,
identification of damage, chromosomal aberrations and alter-
ations in nuclear morphology.*® However, there are few studies
reported in the literature to determine the genotoxicity of
PMMA; Acosta-Torres et al. did not find alterations related to
nuclear alterations when analyzing polymers with and without
AgNPs,** while others researchers identified genotoxic effects
after 24 h of exposure to MMA vapour.*

Proinflammatory response and residual monomers

The toxic and inflammatory processes of PMMA reported in
articles relate this response to the polymerization effect result-
ing from the exothermic reaction of the methacrylates in the
material and the resulting residual monomers; this release can
induce genetic mutations, causing cell cycle delay and cell
death.® Campaner et al. and Bacali et al. identified the presence
of TNF-o as an inflammatory cellular response in PMMA in

2078 | Nanoscale Adv., 2025, 7, 2068-2082

direct and indirect contact.®®®* It was also found that the addi-
tion of 2% AgNPs to PMMA had an anti-inflammatory effect.**
In relation to the release of pro-inflammatory cytokines in HGF,
a significant release of cytokines has been reported in indirect
contact with PMMA.®* On the other hand, Trubiani et al. re-
ported that after 24 h of contact with PMMA, the release of
interleukin-6 (IL-6) and interleukin-8 (IL-8) was identified, with
lower levels observed when the samples were polished, favoring
a reduction in the gingival inflammatory process.®>

To assess the inflammatory response in our study, HGFs
were induced into a proinflammatory state with IL-1-B, which
among its many functions, induces the production of IL-6.
Cyclooxygenases (COX) 1 and 2, which are key enzymes
involved in the synthesis of prostaglandins (PG), were detected.
The COX-1 isoform maintains a normal physiological produc-
tion of prostaglandins, while COX-2 is produced by cytokines
and endotoxins responsible for inflammatory processes.®® Our
results showed that PMMA with 10 pug mL™' AgNPs both in
direct and indirect contact did not show COX-1 related changes
(Fig. 9D); however, in synergy with a pro-inflammatory state, an
increase in COX-2 expression was identified in the case of direct
contact with PMMA with 10 ug mL™" AgNPs (p < 0.05) (Fig. 9E).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Residual monomers of Opti-Cryl and NicTone self-curing PMMA. AgNP concentrations of 0 and 10 g mL™%. Each value in the graph
represents a percentage and S.D. One-way ANOVA was performed, along with post hoc Tukey; (*) represents concentrations with significant
differences (p < 0.001, n = 3). (B) Flexural strength in the 3-point test for the PMMA and PMMA—-AgNP composites. Standard (ISO 20795-2 values,
minimum 50 Mpa). Each value in the graph represents the mean and S.D. One-way analysis of variance (ANOVA) was performed. p > 0.05, n = 10.
(C) Flexural moduli of PMMA and PMMA-AgNP composites. Standard (ISO 20795-2, minimum 1500 Mpa). Each value in the graph represents the

mean and S.D. One-way ANOVA was performed. p > 0.05, n = 10.

In relation to the residual monomer in Fig. 104, the release
amount does not change in the two brands analyzed with and
without AgNPs, considering that both commercial self-curing
PMMA comply with the provisions of the ISO-20975-2 STAN-
DARD,* in Section 5.2, because the maximum mass fraction of
the residual monomer is less than 5.0%. In the specific case of
Opti-Cryl, the standard deviation was large, although the addi-
tion of AgNPs did not change the system. This difference may be
because the experimental group was not completely soluble in
tetrahydrofuran (THF);*” however the solvent swells the sample
sufficiently to extract any possible residual monomer, which
does not affect the analysis of the residual monomer. Another
possible explanation is that the sample contains a mixture of
acrylates or different monomers that cross-link more strongly.

Mechanical properties

In the results of the mechanical tests of strength and flexural
modulus, values above the norm were observed for Opti-Cryl
and NicTone with 0 pg mL™~" (control groups; Fig. 10). In Opti-
Cryl with 10 pg mL™" AgNPs, an increase was observed
compared to its control group and in NicTone with 10 ug mL ™"
of AgNPs a slight decrease was observed, although no statisti-
cally significant differences were found (p > 0.05) (Fig. 10B and
C).

Campos et al. reported a flexural strength of 67.89 =+
8.54 MPa for Opti-Cryl, which is above the ISO standard; when
AgNPs were incorporated into the material, they reported
improved mechanical properties (69.02 + 6.14 MPa);** our
results show higher values (from 90 MPa) in the two brands of
PMMA studied, even before the incorporation of AgNPs.

Research has shown that the mixing method can affect the
dispersion of nanoparticles in a matrix. Furthermore, the type
of NPs incorporated, their size, shape and concentration can
determine the interaction with the polymer matrix.*** In our
results, both mechanical tests for the NicTone group with 10 pg
mL ™' AgNPs showed a slight decrease in comparison with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

control group (0 pg mL™"). This can be explained by the
dispersion of AgNPs in the polymer matrix, which reduced the
reaction of the monomer and consequently the physical prop-
erties.®® However, these values were above the standard, so we
can deduce that the proposed technique of adding AgNPs to the
monomer avoids agglomeration sites that could negatively
affect the physical properties of the nanocomposite.

It can be observed that the biological activity and mechanical
characteristics of PMMA-AgNP composites are slightly affected,
depending on the concentration and the incorporation tech-
nique of the AgNPs utilized. The cytotoxicity assays indicated
that higher concentrations of AgNPs, up to 10 ug mL™", can be
integrated into PMMA composites without affecting the cell
viability (below 80%). This suggests that the developed bio-
composite can retain non-cytotoxic behavior, even under
conditions that cause slight cell viability loss. This compatibility
can be explained by the encapsulation of the AgNPs that
occurred during the polymerization process, diminishing the
chances of inward-cell exposure to the particles, and therefore,
toxic interactions with the cells are minimized.**

Interestingly, the same method of encapsulation may also be
responsible for the mechanical properties observed. For
instance, addition of 10 ug mL~" AgNPs resulted in a mild
decrease in flexural strength in the NicTone group but an
improvement in the Opti-Cryl group. These variations could be
attributed to AgNP dispersions and interactions in the poly-
meric matrix.®® Inadequate dispersion can lead to microstruc-
tural inconsistencies, which reduces the monomer-polymer
interaction and slightly compromises the mechanical proper-
ties, as observed in NicTone. In contrast, improved dispersion,
as observed in Opti-Cryl, can enhance the reinforcing effect of
AgNPs, leading to better mechanical performance.®*

The encapsulation of AgNPs also seems to provide a poten-
tial reduction in trade-off between cytotoxicity and mechanical
integrity. High concentrations of AgNPs have been linked with
cytotoxicity in aqueous environments,* but a polymeric matrix
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such as PMMA can hinder their release and enable diffusion
over time. Our results show that not only we can achieve cell
viability, but we also maintain mechanical properties above ISO
standards.

Conclusions

A greater decrease in bacterial adhesion was observed with the
incorporation of AgNPs into NicTone brand PMMA at 10 pg
mL . At this concentration, cellular bioassays did not show
cytotoxicity or ROS expression, but a genotoxicity response was
observed with reniform nuclei, confirming that it is necessary to
continue with more specific experiments to determine the
mechanisms of inflammation or alteration in host cells. The
present study demonstrates that the incorporation of AgNPs
into PMMA matrices improves certain functional properties of
the material, particularly its antimicrobial behaviour and
mechanical performance; it was observed that the effect of
AgNPs depends significantly on their concentration. This
behaviour influences both the mechanical properties of the
compound and its interaction with biological cells, highlighting
the importance of optimizing the concentrations to avoid
adverse effects such as cytotoxicity or embrittlement of the
material. Overall, the cell bioassays analyzed in this research
did not show any significant inflammatory effect with the
PMMA-AgNP nanocomposite, suggesting that it could be
a potential candidate for dental applications.
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