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Abstract: Dental caries, a preventable disease, is caused by highly-adherent, acid-producing biofilms
composed of bacteria and yeasts. Current caries-preventive approaches are ineffective in controlling
biofilm development. Recent studies demonstrate definite advantages in using natural compounds
such as trans-cinnamaldehyde in thwarting biofilm assembly, and yet, the remarkable difficulty in
delivering such hydrophobic bioactive molecules prevents further development. To address this
critical challenge, we have developed an innovative platform composed of components with a proven
track record of safety. We fabricated and thoroughly characterised porous silicon (pSi) microparticles
to carry and deliver the natural phenyl propanoid trans-cinnamaldehyde (TC). We investigated its
effects on preventing the development of cross-kingdom biofilms (Streptococcus mutans and Candida
albicans), typical of dental caries found in children. The prepared pSi microparticles were roughly
cubic in structure with 70-75% porosity, to which the TC (pSi-TC) was loaded with about 45%
efficiency. The pSi-TC particles exhibited a controlled release of the cargo over a 14-day period.
Notably, pSi-TC significantly inhibited biofilms, specifically downregulating the glucan synthesis
pathways, leading to reduced adhesion to the substrate. Acid production, a vital virulent trait for
caries development, was also hindered by pSi-TC. This pioneering study highlights the potential to
develop the novel pSi-TC as a dental caries-preventive material.

Keywords: acidogenicity; biofilm; caries; trans-cinnamaldehyde

1. Introduction

The oral cavity is home to several bacteria and fungi, which include both beneficial
and harmful species. However, the formation of a highly adherent plaque biofilm with an
increase in pathogenic species (dysbiosis) results in costly diseases such as dental caries [1,2].
Fluoride compounds are the most-used caries-preventive agents due to their effects on
the remineralisation of dental hard tissues. Unfortunately, fluorides only have limited
effectiveness against biofilms [3]. More importantly, fluoride-resistant microbial strains
have already emerged, adding to the global challenge of antimicrobial resistance [4]. On
the other hand, antiseptics such as chlorhexidine potentially amplify dysbiosis by their
broad-spectrum microbicidal effects [5,6]. Therefore, there is a critical need to develop
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novel, non-microbicidal strategies that can inhibit biofilm development and caries-related
virulence [7].

Trans-Cinnamaldehyde (TC) is a bioactive flavonoid with antimicrobial activity against
several bacterial and fungal species [8-13]. We recently demonstrated that TC reduced
biofilm development in Gram-positive bacteria such as Streptococcus mutans [11] and Ente-
rococcus faecalis [12] monocultures. TC can destroy the polysaccharide component of the
cell wall thereby affecting the cell membrane integrity and cell division. However, we and
others have reported that a sub-inhibitory concentration of TC inhibits quorum sensing
in bacteria and thereby inhibits several quorum sensing-mediated virulence phenomena
(including adhesion, biofilm formation, and the reduced production of extracellular poly-
meric matrices) in Gram-positive bacteria such as Streptococcus mutans and Enterococcus
faecalis [8-13]. However, the major challenge in using TC is its hydrophobicity, which
impedes its availability in biofilms, requiring rather high concentrations (500 pg/mL) for
the biofilm-inhibitory effects [11]. Therefore, it is critical to develop novel delivery methods
that can enhance the biofilm-inhibitory effects of TC.

Micro and nanoparticles are efficient methods of increasing the availability of water-
insoluble or sparingly soluble bioactive molecules. Such particles can be fine-tuned to allow
for the controlled release of the drug and elicit target-specific action, while dramatically
reducing the concentration of the drugs required for their action [14]. Porous silicon
(pSi) particles are a combination of oxygen (53.3%) and silicon (46.8%) [15,16]. They are
considered excellent drug carriers due to their favourable properties including large surface
area, easily modifiable surface, and tunable pore size [17]. Additionally, the remarkable
biocompatibility of pSi and its tunable resorbability mean it is an ideal candidate for drug
delivery, making it useful in a variety of medical applications [18]. Despite such promising
properties, pSi remains to be exploited as a carrier of natural antibiofilm molecules. Once
developed, this drug delivery platform can be readily incorporated into varnishes and pit
and fissure sealants in high-risk areas to prevent cariogenic biofilm development.

Streptococcus mutans is the primary driver of the caries process as it produces acids
which cause demineralization of the dental hard tissues [19]. Being acidogenic and aciduric,
it shifts the homeostasis towards a cariogenic environment at the tooth-biofilm interface [20].
Such a problem is also common at the interface between the tooth and restorations, resulting
in secondary caries. Emerging evidence strongly suggests that cross-kingdom synergy
between S. mutans and the yeast Candida albicans results in an increase in the cariogenic
virulence of plaque [21-23] and this cross-kingdom biofilm is typical of dental caries in
toddlers and pre-school children [24]. While some studies have addressed the inhibition
of such cross-kingdom biofilms, no natural compound-based strategy with an enhanced
delivery approach has been developed to inhibit the development and virulence of this
cross-kingdom biofilm.

Therefore, the aim of this study was to encapsulate TC in pSi particles and examine its
efficiency in preventing the development of cross-kingdom biofilms (S. mutans + C. albicans).
We tested the hypothesis that TC-eluting pSi particles (pSi-TC) can prevent the development
of biofilms and inhibit its caries-related virulence phenotype (acid production).

2. Materials and Methods
2.1. Synthesis and Characterization of pSi Particles

Porous silicon wafers were prepared by the electrochemical etching of crystalline
silicon wafers (p++ type boron-doped crystalline, 0.0012 O)-cm resistivity) in a custom-
made Teflon cell. The etching was performed under a current density of 200 mA /cm? for
30 min in hydrofluoric acid solution in ethanol (3:1 HF: ethanol, v/v) to create a porous
structure. This porous layer was detached from the bulk wafer with a second etching in
3.1% HF in ethanol, at a current intensity of 4 mA /cm? for 4 min. The detached layer was
rinsed with ethanol and subjected to sonication for 5 min at 25 Hz in an ultrasonic bath.
All particles were thermally oxidized for 1 h at 400 °C to slow the particle resorption in
aqueous solution.
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The microparticles were sterilized with 70% ethanol for 10 min before drying under
sterile airflow. The pSi particles were analyzed by scanning electron microscopy (SEM)
(Analytic FEI Quanta FEG 200) to determine the particle size and pore diameter. An
acceleration voltage of 20.00 kV was used at a pressure of 0.5 Torr. Global porosity was
determined by interferometric reflectance spectroscopy (IRS), using white light at normal
incidence, with reflected light collected by a charge-coupled device (CCD) spectrometer.
Particle oxidation was controlled by Raman spectroscopy using a Witec Confocal Raman
Microscope System alpha 300R (Witec, Ulm, Germany) to register the Raman spectra.
Excitation in the confocal Raman microscopy was assured by a frequency-doubled Nd:
YAG laser (Newport, Evry, France) at 532 nm wavelength (Figure 1).
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Figure 1. Schematic illustrating the synthesis of the pSi-TC microparticles.

2.2. Characterization of Trans-Cinnamaldehyde Loaded pSi Particles

We performed Fourier Transformed Infrared spectroscopy (FTIR) to determine if there
was any chemical interaction between the pSi and TC. The TC-loaded pSi particles were
taken and washed with deionized water three times and then dried the obtained particles
for analysis. The spectra were collected over a range of 4000-400 cm~! with 30 scans per
sample. The data acquisition was performed by OPUS 7.5 (Bruker, Germany) software.

2.3. Trans-Cinnamaldehyde Loading and Release Kinetics

The pSi particles were loaded with trans-cinnamaldehyde (Sigma Aldrich, St. Louis,
MO, USA) by passive soaking for 24 h under gentle shaking at room temperature. For
loading, a 1:1 dilution of trans-cinnamaldehyde (v/v) in ethanol was used. After 24 h
of incubation in loading solution, the pSi particles were rinsed in ethanol and stored in
70% ethanol solution to prevent particle degradation. Loading efficiency was assessed by
UV-visible spectroscopy at a wavelength of 290 nm.

To follow the trans-cinnamaldehyde release, the particles were dried to remove the
ethanol and then incubated in Phosphate Buffer Saline (PBS) (Gibco, Thermo Fisher,
Waltham, MA, USA) at 37 °C. Release experiments were conducted by incubating 25 mg
of TC loaded with 10 mL of PBS, i.e., 2.5 mg particles/mL of PBS. Supernatants were
collected after one, four, eight, and fourteen days. The recovered samples were analyzed by
High-Performance Liquid Chromatography (Waters 600E HPLC, Waters, Milford, MA, USA)
with the following parameters: a 254 nm UV detector and an elution with 0.1 formic acid
solution in acetonitrile at 0.5 mL/min debit. Various concentrations of TC in ethanol were
used for calibration to determine the retention time (RT). For the elucidation of various
kinetics models, they were tested for best fit after applying data obtained from the release
study. The best-fit kinetic model was selected by comparing their R? adjusted (Rzad]-) values.
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The model that exhibited the R? adj value closest to one was considered the best-fitted kinetic
model [25].

2.4. Microbial Strains and Culture Conditions

Streptococcus mutans UA159 and Candida albicans ATCC 90028 were acquired from the
American Type Culture Collection (ATCC). S. mutans was maintained in Columbia Blood
Agar (CBA) at 37 °C in anaerobic conditions (85%N3, 5%CO;, 10%H;), while C. albicans
was maintained in Sabouraud Dextrose Agar (SDA) at 37 °C in aerobic conditions. For all
the experiments, S. mutans and C. albicans were grown overnight in Tryptic Soy Broth (TSB)
at 37 °C in a 5% CO, incubator. Before each experiment, the microbial count was adjusted
to 2 x 10° for S. mutans and 2 x 10* for C. albicans [26].

2.5. Microbial Growth

The effect of pSi-TC on the growth of S. mutans and C. albicans monocultures was
determined by the broth microdilution assay [27]. The stock solution was prepared by
dissolving pSi-TC in TSB. A working concentration of 1.15 mg/mL of pSi-TC was added to
sterile 96-well polystyrene plates and serially diluted up to 0.009 mg/mL. A total of 10 pL
of the inoculum was added to each well. Untreated standard cell suspensions with TSB
were maintained as control. Pilot studies confirmed that pSi particles alone had no effect
on microbial growth. The plates were then incubated at 37 °C in a 5% CO, incubator for
24 h. The microbial growth was determined by measuring the absorbance (ODsgs5) of the
planktonic cells using a DTX 880 Multimode Detector (Beckman Coulter, Brea, CA, USA).

2.6. Biofilm Formation

The effect of pSi-TC on biofilm formation was determined directly by the well-
established Crystal Violet (CV) assay. pSi-TC (100 uL) was added to TSB + 1% sucrose with
10 uL of the standard cell suspension for each of S. mutans and C. albicans and incubated
at 37 °C in a 5% CO; incubator for 24 h. Then, the planktonic cells were removed, and
the biofilms were carefully washed twice with PBS and stained with 0.1% crystal violet.
After washing with PBS, the CV stain absorbed by the biofilm biomass was retained by
adding 95% ethanol, transferred to another 96-well plate, and the absorbance (ODsyg) was
measured using a multimode detector.

2.7. Biofilm Microbial Composition

The plate count method was used to determine the proportion of S. mutans and
C. albicans in the pSi-TC treated biofilms. Dual-species biofilms were developed on sterile
hydroxyapatite discs (Clarkson Chromatography, PA, USA) in the presence of 0.25 mg/mL
of pSi-TC based on the results of the aforementioned experiment. The treated and untreated
biofilms were mechanically disrupted and dispersed in 1 mL of PBS by uniform vortexing
for 1 min.

The resultant microbial suspension was then serially diluted in TSB, and a 50 uL
aliquot was plated on Sabouraud Dextrose Agar (SDA) and Columbia Blood Agar (CBA)
for C. albicans and S. mutans, respectively, and incubated in an anaerobic chamber and
aerobic incubator, respectively, at 37 °C for 24 h. The number of viable cells was determined
by counting the Colony Forming Units (CFU), which were transformed into logj values.

2.8. Acid Production

Dual-species biofilms were developed in the presence of 0.25 mg/mL of pSi-TC.
Then, the pH of the spent media was determined using a pH electrode (CyberScan pH
500, Thermo Scientific, Waltham, MA, USA), as described previously [28]. Prior to each
measurement, the electrode was rinsed with deionized water and sterilized with 70%
ethanol (v/v).
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2.9. Scanning Electron Microscopic (SEM) Imaging

To directly visualize the biofilm-preventive effect of pSi-TC, biofilms were developed
in the presence of pSi-TC. After 24 h of incubation, the discs were washed with PBS and
fixed with 2.5% glutaraldehyde, following dehydration in ethanol series (75%, 85%, and
95% 100%). Then, the discs were gold sputter-coated and observed using SEM (Hitachi
VP-SEM SU1510) to assess the biofilm architecture [29].

2.10. Gene Regulation Studies

The effect of pSi-TC on the biofilm and virulence-related genes was studied using
Quantitative real-time Polymerase Chain Reaction analysis (QRT-PCR). Biofilms were
developed in the presence of pSi-TC for 24 h. Untreated biofilms served as the negative
control. After incubation, the planktonic and loosely adhered cells were removed by
washing the biofilms twice with PBS. The biofilms were then removed by scraping and
centrifuged at 10,000x g for 10 min.

RNA was extracted as per the manufacturer’s instructions and the quantity of RNA
was assessed using Nanodrop. An iScript™ ¢DNA synthesis kit was used to reverse
transcribe RNA to cDNA, following which the qRT-PCR analysis was performed. The
primers used for C. albicans and S. mutans are listed in Table S1. 16srRNA and ACT1
were used as the housekeeping gene for S. mutans and C. albicans respectively. The 2-2A¢T
method was used for calculating the gene expression changes relative to the control [11].

2.11. Statistical Analysis

Statistical analysis of the data was performed using Prism version 8.0.2 (GraphPad,
San Diego, CA, USA). One-way ANOVA multiple comparison analysis was performed
to compare the significance between the control and treatment groups, while the Mann-
Whitney U-test was applied to the compare the mean pH values between the groups.
p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Characterization of pSi Particles

The antimicrobial and anti-biofilm efficacy of essential oils is masked in low con-
centrations as they are relatively unstable and easily degradable [30]. Thus, to enhance
their anti-microbial efficiency by increasing the bioavailability of TC, we loaded them
onto the pSi-particles. Porous silicon and its derivative particles are biocompatible and
biodegradable [18]. pSi-derived microparticles and nanoparticles are considered “penetra-
tion enhancing agents”, which enhance the membrane penetration potential of hydrophobic
drugs that simultaneously increases their bioavailability [31]. These properties of pSi make
it an ideal carrier for the delivery of sparingly soluble essential oils [31-33]. In this work,
we first synthesised P-type porous silicon wafers that were ultrasonicated to yield the pSi-
particles. The acquired pSi particles were then evaluated for particle size, pore diameter,
and porosity.

SEM examination revealed a mean pore diameter of 31 & 11 nm with a homogeneous
distribution on the surface (Figure 1). The particles were roughly cubic, with a mean
edge size of 27 £ 19 um. Interferometric reflectance spectroscopy (IRS) showed that the
global porosity ranged between 70-75%, with the whole particles harbouring a porous
structure. The prepared pSi particles were then thermally oxidized to prevent the surface
degradation in aqueous media [30]. An increase in oxidation efficiency was confirmed by
following the augmentation of broad O-Si-O peaks under Raman spectroscopy at 320 cm ™!
(scissoring vibration) and at 468 cm~! (bending vibration) (Figure 2). This oxidation
procedure increased the stability and solubility of the particles [16,34].
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Figure 2. (Left panel) SEM images of pSi-TC particles (A) showing a cubic shape (x130), (B) side
view, showing porous structure (x10,000). (C) top view, revealing the homogeneous porous structure;
magnification x100,000 (D) cross-section view of Cubic shaped pSi-TC nanoparticles. (Right panel,
E): (i) Raman spectra acquired before and after oxidation of pSi samples (non-oxidized and oxidized,
respectively). Oxidation is indicated by the appearance of Si-O-Si peaks (ii) IRS of pSi samples (before
particle formation by sonication).

3.2. Drug Loading and Release Kinetics

The assessment of TC loading by UV-Vis spectroscopy revealed an average TC loading
of 45% in pSi particles (w/w). In addition, the maximal possible loading determined
according to porosity (70-75%), molecular weight (MWcinnam = 132 g/mol), density
(dcinnam = 1.05), and dilution of pSi-TC particles. According to this, the maximal theo-
retical loading was found to be 0.3 g TC/g of particles.

HPLC was used to track the drug release kinetics in PBS over 14 days of analysis at
four time points (Figure 3). Samples of supernatants collected after day 1, day 4, day 8 and
day 14 were analyzed by HPLC for TC concentration based on the determined Retention
Time, and according to the area under the curve. HPLC calibration allowed to determine
Retention Time RT = 3.51 min for TC and RT = 3.40 min for cinnamic acid, with the
calibration curve according to the concentration. This concentration can be proportionally
related to the area under the curve according to Beer-Lambert law, thus permitting the
assessment of even small concentrations.

The TC concentrations recovered at the different time points were C4; = 10 mg/L,
Caqs =3.5mg/L, Cy4g =23 mg/L and Cq14 = 1.2 mg/L, as measured with the 3.51 min peak.
Another peak was observed at 3.40 min, corresponding to cinnamic acid, a degradation
product of cinnamaldehyde (oxidized form of cinnamaldehyde). The concentration of
cinnamic acid increased over time, while the cinnamaldehyde concentration decreased.
Thus, the drug release kinetics showed a sustained and controlled release of TC from
the pSi over a period of 14 days. Nevertheless, from the kinetics modelling (Figure 4)
it has been observed that the pSi-TC exhibited Korsmeyer-Peppas kinetic as the best-fit
model (Rzadj) =0.998, n = 0.228, which confirmed that the pSi-TC formulation followed a
pseudo-Fickian transport [35].
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Figure 3. HPLC analysis of trans-cinnamaldehyde release over time. (a) Analysis of supernatants
with representative chromatograms after one, four, eight, and fourteen days. The peak at 3.40 min and
3.51 min correspond to cinnamic acid and trans-cinnamaldehyde respectively. Trans-cinnamaldehyde
release is maximal after one day, and decreases over time, with a slight release still visible after
14 days. (b) Cumulative drug release pattern of pSi-TC NPs, depicting that pSi-TC NPs able to deliver
TC over a 14-day period of sustained release manner.
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Figure 4. Graphs showing different drug release kinetic models for pSi-TC nanoparticles during the
14 days.

3.3. FTIR-Spectra of Trans-Cinnamaldehyde Loaded pSi Particles

The surface functional groups and chemical interaction of pSi and the pSi-TC were
evaluated by FTIR spectroscopy (Figure 4). The broad band at 1083.19 cm ™! is attributed to
Si-O-Si asymmetric stretching; the sharp peaks at 796 cm 1, 964.99 cm !, and 470.82 cm ™!
correspond to the O-5i bond, observed in the spectrum of pristine pSi particles [36]. In
the pure TC spectrum, 3008 cm ! is ascribed to the aromatic C-H bond; 2924 cm~! due
to the =C—H bond; 2854 cm ! is assigned to the C-H bond of the carbonyl groups [25].
It was observed that in the TC-loaded pSi particles, all the peaks remained intact, and
the 3008 cm ™! and 2924 cm™~! peaks were suppressed because of the high-intensity pSi
particles (Figure 5). Thus, from the FTIR-spectra it is evident that pSi-particles are stable
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after the TC loading and there is no strong covalent chemical bond between the pSi and TC,
thereby facilitating drug release.

Transmitance

1 1 1 1 1

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm!)

Figure 5. FTIR spectrum of pSi, TC and TC-loaded pSi.

3.4. Sub-Inhibitory Concentration of pSi-TC Potently Inhibits Biofilms and Acid Production

Microbial growth studies showed that 0.5 and 1.15 mg/mL pSi-TC inhibited S. mutans
by 78% and 85%, respectively, and 97% and 98%, respectively, for C. albicans (Figure 6a).
Concentrations below 0.5 mg/mL exhibited minimal growth inhibition of both species. It
has been shown previously that cinnamaldehyde at >0.5 mg/mL and 0.6 mg/mL is lethal
to S. mutans [37] and C. albicans [38,39], respectively. The as-prepared pSi particles had no
effect on planktonic cells (Figure S1). Most pathogens develop an antimicrobial resistance
to conventional antimicrobials as these drugs target the growth of the microbes rather
than the virulence pathways [40]. Furthermore, thwarting biofilm assembly could be a
more promising approach to caries prevention than indiscriminate microbicidal activity.
Therefore, we interrogated if sub-inhibitory concentrations of pSi-TC, i.e., concentrations
below 0.5 mg/mL, could inhibit biofilms.
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Figure 6. Effect of pSi-TC on (a) planktonic S. mutans and C. albicans cultures. Concentrations ranging
from 1.15-0.009 mg/mL were tested and showed a reduction in growth at 0.5 and 1.15 mg/mL for
both S. mutans and C. albicans when compared to the control, (b) heatmap representing the biomass
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of S. mutans, C. albicans mono-species and in combination, showing significant reduction in biomass
when compared to control (c) microbial composition of the dual-species biofilm: Logjy changes in
a number of C. albicans and S. mutans after treatment, shows a significant reduction in cell number,
(d) pH of the spent media showing the reduced acid accumulation when compared to control, denoted
by neutral pH when treated with pSi-TC. *** denotes p < 0.0005, ** denotes p < 0.005, * denotes
p < 0.01, ns denotes not significant p > 0.05.

Notably, 0.25 mg/mL significantly reduced biofilm development (p < 0.05) in com-
parison to the control, whereas in S. mutans and C. albicans mono-species biofilms, a 50%
biomass reduction was observed at concentrations of 0.25 mg/mL and 0.009 mg/mL, re-
spectively (Figure 6b). Additionally, pSi-TC resulted in a 4.3 log reduction in C. albicans and
a 1.5 log reduction in S. mutans (Figure 6¢) within the biofilms developed on hydroxyapatite
discs. Taken together, these results indicate that the reduction in biofilm biomass by pSi-TC
is due to a reduction in the cell numbers, as the cells were no longer held together by the
biofilm matrix. This hypothesis is supported by the microscopic images, wherein biofilms
developed in the presence of biofilm inhibitory concentrations of pSi-TC for dual- (Figure 7)
and mono-species biofilms (Figure 7) showed scarce and scattered S. mutans and C. albicans
cells with no dense aggregates or matrix. On the other hand, the control group showed
dense aggregates of cross-kingdom biofilms, held together by the extracellular matrix.

S. mutans i

C. albicas

pSi — TC treated

Figure 7. Scanning Electron Microscopic examination of biofilms of S. mutans, C. albicans and Dual-
species biofilms with and without treatment with pSi-TC, showing dense biofilm aggregates with a
thick biofilm matrix in the untreated control, while pSi-TC treated biofilms show scattered microbial
cells and an overall reduction in the number of cells, indicating no biofilm formation.

In cariogenic biofilms, a low pH due to acid production causes tooth demineralization
which eventually leads to irreversible cavity formation [41]. In oral microbial communi-
ties, S. mutans can efficiently ferment a wide range of sugars via the glycolytic pathway,
thereby releasing lactic acid. Such acid production is further enhanced in presence of
C. albicans [41-43]. Our results showed a moderate, but significant increase (p < 0.005) in
the pH of the spent media, indicating decreased acid production within biofilms that were
exposed to pSi-TC (Figure 6d). pSi-TC also reduced lactic acid production by 25.11% in
dual-species biofilms (Figure S2).
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The concentration of TC in 0.25 mg/mL of pSi-TC is 87.5 ug/mL. This is an important
finding since a six-fold reduction in the TC concentration was sufficient to inhibit dual-
and mono-species biofilms of S. mutans compared to 500 pg/mL of TC needed to inhibit
S. mutans biofilms and acid production as reported previously [11]. The improvement in
the antibiofilm and anti-virulence efficacy of TC may be attributed to its reduced hydropho-
bicity when encapsulated in pSi-particles, thereby increasing its availability in biofilms.
Furthermore, oxygenating the pSi particles has been shown to increase the wettability of
hydrophobic compounds [15,16]. Therefore, it is apparent that the controlled drug-releasing
mechanism and close microbial interactions of pSi-TC are effective against dual-species
cross-kingdom biofilms containing S. mutans and C. albicans. Taken together, our pheno-
typic results clearly demonstrate that pSi-TC prevented biofilm development and inhibited
its caries-related virulence phenotype (acid production).

3.5. Gene Expression Analysis

To understand the underlying mechanism of these biofilm-inhibitory and acid producti
on-reducing responses of pSi-TC, gene expression analysis was performed (Figure 8). qRT-
PCR analysis showed that pSi-TC significantly downregulated (p < 0.05) the S. mutans
genes that regulate inter-species communication and biofilm development (~1.5 fold)
(LuxS), genes governing heat and acid-induced stress (>2.5 fold) (DnaK and AtpD) [11],
and oxidative stress tolerance (two-fold) (Nox1) [44]. The LuxS/AI-2 signalling is a major
quorum-sensing pathway in S. mutans and controls interspecies biofilm formation, acid
tolerance, and stress tolerance mechanisms [45], which were significantly downregulated
(p < 0.05), corroborating strongly with our phenotypic results.
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Figure 8. Gene expression in S. mutans and C. albicans after treatment with pSi-TC.

Notably, pSi-TC also significantly downregulated the genes that encode for Glucosyl
transferases (>2.5 fold) (Figure 8). The genes G#fB and GtfC contribute markedly to glucan
production, which forms the bulk of the EPS matrix. In addition, these genes also regulate
biofilm development and facilitate bacterial adhesion to the salivary pellicle and micro-
colony formation, which further enhance the adhesion of C. albicans to the biofilms [46,47].
In fact, it has been shown that a G#fB mutant strain of S. mutans was unable to syner-
gize with C. albicans, preventing the development of serious carious lesions in animal
models [42]. Furthermore, C. albicans also produces glucans, which are regulated by Bgl2,
Phr1 and Phr2 genes, all of which were significantly downregulated by pSi-TC [48-50].
C. albicans also activates S. mutans GtfB to produce more glucans, forming a well-organized
biofilm model [45]. By reducing the number of C. albicans cells by >4 log in dual-species
biofilms, it is likely that pSi-TC prevented the synergism between S. mutans and C. albicans
by inhibiting the glucan synthesis which leads to decreased adhesion to the substrate.
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While we did not characterise the cytotoxicity in this study, there is ample evidence
from us and others, to support that pSi and TC are both remarkably safe compounds. The
biocompatibility of pSi to several cell types has been demonstrated previously by us [51-53]
and others [54]. In fact, pSi is considered so cytocompatible, that it is a recommended
scaffold for the adhesion and proliferation of stem cells. Well-established evidence also
shows that pSi is non-toxic, bioresorbable, and biodegradable. It degrades into silicic acid,
which is a major form of silicon in the human body [51,55]. Similarly, TC is a food-derived
constituent and is categorised by the U.S. FDA as Generally Recognised as Safe (GRAS).
We [11] and others [56] have previously reported the excellent biocompatibility of TC to
macrophages at concentrations significantly greater than those used in this work.

A limitation of this work was that we used a representative cross-kingdom biofilm
that is typical of early childhood caries. While the use of microbes from two kingdoms
strengthens the validity of the results, it does not recapitulate the complexity of the oral
ecosystem and the caries microbiome, considering that oral biofilm houses more than
700 microbial species. Thus, further studies will interrogate the effects of pSi-TC on complex
biofilm models in the presence of salivary conditions to better replicate the host environment.
Such studies will provide insights into how pSi-TC can modulate microbial ecology.

4. Conclusions
This pioneering in vitro study demonstrated that:

1.  Porous silicon particles are an innovative and effective approach to carrying and
releasing TC.

2. pSi-TC successfully inhibited the development of cross-kingdom biofilms of S. mutans
and C. albicans and its acid production.

The newly developed pSi-TC holds remarkable promise to be further developed as a
caries-preventive agent.
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on S. mutans and C. albicans; Figure S2: Effect of pSi-TC on lactic acid accumulation.

Author Contributions: Conceptualization, H.K. and PN.; Data curation, A.J., SK., VR, S.G. and N.E;
Formal analysis, P-Y.C.-D., N.E,, A.P.S. and PN.; Funding acquisition, A.J. and P.N.; Investigation,
AJ,SK,VR,S.G,NF and EC.; Methodology, S.G., P-Y.C.-D., N.F,, HK,, A.PS. and F.C.; Project
administration, PN.; Supervision, A.PS. and FC.; Writing—original draft, A.J., SK.,, VR, S.G,,
P-Y.C.-D., HK. and P.N.; Writing—review and editing, SK., VR, P-Y.C.-D., HK., APS,, FC. and
P.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded through an Innovation in Oral Care Award, conducted
by the International Association for Dental Research and sponsored by GlaxoSmithKline Consumer
Healthcare to P.N.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available through a personal request to the
corresponding authors.

Acknowledgments: The authors sincerely thank Becky Cheung and Joyce Yau, Central Research
Laboratory, Faculty of Dentistry and Soumen Ghosh, Department of Chemistry, The University of
Hong Kong for their technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.


https://www.mdpi.com/article/10.3390/pharmaceutics14071428/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14071428/s1

Pharmaceutics 2022, 14, 1428 12 of 14

References

1. Vachirarojpisan, T.; Shinada, K.; Kawaguchi, Y.; Laungwechakan, P.; Somkote, T.; Detsomboonrat, P. Early childhood caries in
children aged 6-19 months. Community Dent. Oral Epidemiol. 2004, 32, 133-142. [CrossRef]

2. Bowen, W.H.; Burne, R.A.; Wu, H.; Koo, H. Oral Biofilms: Pathogens, Matrix, and Polymicrobial Interactions in Microenviron-
ments. Trends Microbiol. 2018, 26, 229-242. [CrossRef] [PubMed]

3. Bijle, M.N.; Neelakantan, P.; Ekambaram, M.; Lo, E.; Yiu, C. Effect of a novel synbiotic on Streptococcus mutans. Sci. Rep. 2020,
10, 7951. [CrossRef] [PubMed]

4. Cai, Y,; Liao, Y,; Brandt, BW.; Wei, X.; Liu, H.; Crielaard, W.; van Loveren, C.; Deng, D.M. The Fitness Cost of Fluoride Resistance
for Different Streptococcus mutans Strains in Biofilms. Front. Microbiol. 2017, 8, 1630. [CrossRef] [PubMed]

5. Chatzigiannidou, I.; Teughels, W.; van de Wiele, T.; Boon, N. Oral biofilms exposure to chlorhexidine results in altered microbial
composition and metabolic profile. NPJ Biofilms Microbiomes 2020, 6, 13. [CrossRef]

6. Bonez, P.C.; Dos Santos Alves, C.E; Dalmolin, T.V.; Agertt, V.A.; Mizdal, C.R.; Flores, V.; Marques, J.B.; Santos, R.C.; Anraku de
Campos, M.M. Chlorhexidine activity against bacterial biofilms. Am. J. Infect. Control. 2013, 41, e119-e122. [CrossRef]

7. Ten Cate, ].M. Novel anticaries and remineralizing agents: Prospects for the future. . Dent. Res. 2012, 91, 813-815. [CrossRef]

8.  Kot, B.; Sytykiewicz, H.; Sprawka, I.; Witeska, M. Effect of trans-Cinnamaldehyde on Methicillin-Resistant Staphylococcus aureus
Biofilm Formation: Metabolic Activity Assessment and Analysis of the Biofilm-Associated Genes Expression. Int. . Mol. Sci.
2019, 21, 102. [CrossRef]

9.  Ahmed, S.AK.S,; Rudden, M.; Smyth, T.J.; Dooley, J.; Marchant, R.; Banat, . M. Natural quorum sensing inhibitors effectively
downregulate gene expression of Pseudomonas aeruginosa virulence factors. Appl. Microbiol. Biotechnol. 2019, 103, 3521-3535.
[CrossRef]

10. Ribeiro, M.; Malheiro, J.; Grenho, L.; Fernandes, M.H.; Simées, M. Cytotoxicity and antimicrobial action of selected phytochemicals
against planktonic and sessile Streptococcus mutans. Peer] 2018, 6, e4872. [CrossRef]

11. Balasubramanian, A.R.; Vasudevan, S.; Shanmugam, K.; Lévesque, C.M.; Solomon, A.P.; Neelakantan, P. Combinatorial effects of
trans-cinnamaldehyde with fluoride and chlorhexidine on Streptococcus mutans. J. Appl. Microbiol. 2021, 130, 382-393. [CrossRef]
[PubMed]

12.  Alj, I; Matinlinna, J.P,; Lévesque, C.M.; Neelakantan, P. Trans-Cinnamaldehyde Attenuates Enterococcus faecalis Virulence and
Inhibits Biofilm Formation. J. Antibiot. 2021, 10, 702. [CrossRef] [PubMed]

13. Taguchi, Y.; Hasumi, Y.; Abe, S.; Nishiyama, Y. The effect of cinnamaldehyde on the growth and the morphology of Candida
albicans. Med. Mol. Morphol. 2013, 46, 8-13. [CrossRef]

14. Kohane, D.S. Microparticles and nanoparticles for drug delivery. Biotechnol. Bioeng. 2007, 96, 203-209. [CrossRef] [PubMed]

15. Bimbo, L.M.; Mdkil4, E.; Laaksonen, T.; Lehto, V.P; Salonen, J.; Hirvonen, J.; Santos, H.A. Drug permeation across intestinal
epithelial cells using porous silicon nanoparticles. Biomaterials 2011, 32, 2625-2633. [CrossRef] [PubMed]

16. Salonen, J.; Kaukonen, A.M.; Hirvonen, J.; Lehto, V.P. Mesoporous Silicon in Drug Delivery Applications. J. Pharm. Sci. 2008, 97,
632-653. [CrossRef]

17.  Trewyn, B.G,; Giri, S.; Slowing, LL; Lin, V.S. Mesoporous silica nanoparticle based controlled release, drug delivery, and biosensor
systems. Chem. Commun. 2007, 3236-3245. [CrossRef]

18. Dutilleul, P.C.; Périére, D.D.; Cuisinier, FJ.; Cunin, E; Gergely, C. Porous silicon scaffolds for stem cells growth and osteod-
ifferentiation. In Porous Silicon for Biomedical Applications; Santos, H.A., Ed.; Woodhead Publishing: Cambridge, UK, 2014;
pp- 486-506.

19. Hamada, S.; Slade, H.D. Slade, Biology, immunology, and cariogenicity of Streptococcus mutans. Microbiol. Rev. 1980, 44, 331-384.
[CrossRef]

20. Du, Q.,; Fu, M,; Zhou, Y,; Cao, Y.; Guo, T.; Zhou, Z; Li, M.; Peng, X.; Zheng, X.; Li, Y.; et al. Sucrose promotes caries progression by
disrupting the microecological balance in oral biofilms: An in vitro study. Sci. Rep. 2020, 10, 2961. [CrossRef]

21. Bowen, W.H.; Koo, H. Biology of Streptococcus mutans-derived glucosyltransferases: Role in extracellular matrix formation of
cariogenic biofilms. Caries Res. 2011, 45, 69-86. [CrossRef]

22. Ellepola, K.; Truong, T.; Liu, Y.; Lin, Q.; Lim, TK,; Lee, YM.; Cao, T.; Koo, H.; Seneviratne, C.J. Multi-omics Analyses Reveal
Synergistic Carbohydrate Metabolism in Streptococcus mutans-Candida albicans Mixed-Species Biofilms. Infect. Immun. 2019,
87, €00339-19. [CrossRef] [PubMed]

23.  Belli, W.A.; Marquis, R.E. Adaptation of Streptococcus mutans and Enterococcus hirae to acid stress in continuous culture. Appl.
Environ. Microbiol. 1991, 57, 1134-1138. [CrossRef] [PubMed]

24. Huffines, ].T.; Scoffield, ].A. Disruption of Streptococcus mutans and Candida albicans synergy by a commensal streptococcus. Sci.
Rep. 2020, 10, 19661. [CrossRef] [PubMed]

25. Haidary, M.S.; Awaz, B.M.; Emma, P.C.; Nihad, K.A.; Ahmad, M.R. Effect of coatings and surface modification on porous silicon
nanoparticles for delivery of the anticancer drug tamoxifen. Microelectron. Eng. 2016, 161, 1-6. [CrossRef]

26. Kim, D,; Sengupta, A.; Niepa, TH.R; Lee, B.H.; Weljie, A.; Freitas-Blanco, V.S.; Murata, R.M.; Stebe, K.J.; Lee, D.; Koo, H. Candida

albicans stimulates Streptococcus mutans microcolony development via cross-kingdom biofilm-derived metabolites. Sci. Rep. 2017,
7,41332. [CrossRef]


http://doi.org/10.1111/j.0301-5661.2004.00145.x
http://doi.org/10.1016/j.tim.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/29097091
http://doi.org/10.1038/s41598-020-64956-8
http://www.ncbi.nlm.nih.gov/pubmed/32409686
http://doi.org/10.3389/fmicb.2017.01630
http://www.ncbi.nlm.nih.gov/pubmed/28894441
http://doi.org/10.1038/s41522-020-0124-3
http://doi.org/10.1016/j.ajic.2013.05.002
http://doi.org/10.1177/0022034512455032
http://doi.org/10.3390/ijms21010102
http://doi.org/10.1007/s00253-019-09618-0
http://doi.org/10.7717/peerj.4872
http://doi.org/10.1111/jam.14794
http://www.ncbi.nlm.nih.gov/pubmed/32707601
http://doi.org/10.3390/antibiotics10060702
http://www.ncbi.nlm.nih.gov/pubmed/34208134
http://doi.org/10.1007/s00795-012-0001-0
http://doi.org/10.1002/bit.21301
http://www.ncbi.nlm.nih.gov/pubmed/17191251
http://doi.org/10.1016/j.biomaterials.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21194747
http://doi.org/10.1002/jps.20999
http://doi.org/10.1039/b701744h
http://doi.org/10.1128/mr.44.2.331-384.1980
http://doi.org/10.1038/s41598-020-59733-6
http://doi.org/10.1159/000324598
http://doi.org/10.1128/IAI.00339-19
http://www.ncbi.nlm.nih.gov/pubmed/31383746
http://doi.org/10.1128/aem.57.4.1134-1138.1991
http://www.ncbi.nlm.nih.gov/pubmed/1829347
http://doi.org/10.1038/s41598-020-76744-5
http://www.ncbi.nlm.nih.gov/pubmed/33184348
http://doi.org/10.1016/j.mee.2016.03.051
http://doi.org/10.1038/srep41332

Pharmaceutics 2022, 14, 1428 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Rodriguez-Tudela, J.L.; Barchiesi, E; Bille, J.; Chryssanthou, E.; Cuenca-Estrella, M.; Denning, D.; Donnelly, ]J.P.; Dupont, B.;
Fegeler, W.; Moore, C.; et al. Method for the determination of minimum inhibitory concentration (MIC) by broth dilution of
fermentative yeasts. Clin. Microbiol. Infect. 2003, 9, i—viii. [CrossRef]

Monteiro, D.R.; Gorup, L.E; Silva, S.; Negri, M.; de Camargo, E.R; Oliveira, R.; Barbosa, D.B.; Henriques, M.; Gorup, L.F; Silva, S.;
et al. Silver colloidal nanoparticles: Antifungal effect against adhered cells and biofilms of Candida albicans and Candida glabrata.
J. Biofouling. 2011, 27, 711-719. [CrossRef]

Rajasekar, V.; Darne, P.; Prabhune, A.; Kao, R.; Solomon, A.P.; Ramage, G.; Samaranayake, L.; Neelakantan, P. A curcumin-
sophorolipid nanocomplex inhibits Candida albicans filamentation and biofilm development. Colloids Surf B Biointerfaces 2021,
200, 111617. [CrossRef]

Eidt, G.; Andrade, C.G.; Negrini, T.C.; Arthur, R.A. Role of Candida albicans on enamel demineralization and on acidogenic
potential of Streptococcus mutans in vitro biofilms. J. Appl. Oral Sci. 2019, 27, 1-8. [CrossRef]

McInnes, S.J.P.; Voelcker, N.H. Porous silicon-polymer composites for cell culture and tissue engineering applications. In Porous
Silicon for Biomedical Applications; Santos, H.A., Ed.; Woodhead Publishing: Cambridge, UK, 2014; pp. 420—469.

Majeed, H.; Bian, Y.-Y.; Ali, B.; Jamil, A.; Majeed, U.; Khan, Q.F,; Igbal, K.].; Shoemaker, C.F; Fang, Z. Essential oil encapsulations:
Uses, procedures, and trends. RSC Adv. 2015, 5, 58449-58463. [CrossRef]

Ruiz-Rico, M; Pérez-Esteve, E.; Bernardos, A.; Sancendn, F; Martinez-Mafiez, R.; Marcos, M.D.; Barat, ].M. Enhanced antimicrobial
activity of essential oil components immobilized on silica particles. Food Chem. 2017, 233, 228-236. [CrossRef] [PubMed]
Bernardos, A.; Marina, T.; Zacek, P,; Pérez-Esteve, E.; Martinez-Mafiez, R.; Lhotka, M.; Koutimska, L.; Pulkrabek, J.; Kloucek, P.
Antifungal effect of essential oil components against Aspergillus niger when loaded into silica mesoporous supports. J. Sci. Food
Agric. 2015, 95, 2824-2831. [CrossRef] [PubMed]

Dancil, K.-PS.; Greiner, D.P; Sailor, M.J. A Porous Silicon Optical Biosensor: Detection of Reversible Binding of IgG to a Protein
A-Modified Surface. J. Am. Chem. Soc. 1999, 121, 7925-7930. [CrossRef]

Sreeharsha, N.; Rajpoot, K.; Tekade, M.; Kalyane, D.; Nair, A.B.; Venugopala, K.N.; Tekade, R.K. Development of Metronidazole
Loaded Chitosan Nanoparticles Using QbD Approach-A Novel and Potential Antibacterial Formulation. Pharmaceutics 2020, 12,
920. [CrossRef]

He, Z.; Huang, Z.; Jiang, W.; Zhou, W. Antimicrobial Activity of Cinnamaldehyde on Streptococcus mutans Biofilms. Front.
Microbiol. 2019, 10, 2241. [CrossRef]

Khan, S.N.; Khan, S.; Igbal, J.; Khan, R.; Khan, A.U. Enhanced Killing and Antibiofilm Activity of Encapsulated Cinnamaldehyde
against Candida albicans. Front. Microbiol. 2017, 8, 1641. [CrossRef]

Ferhout, H.; Bohatier, ].; Guillot, J.; Chalchat, ].C. Antifungal Activity of Selected Essential Oils, Cinnamaldehyde and Carvacrol
against Malassezia furfur and Candida albicans. |. Essent. Oil Res. 1999, 11, 119-129. [CrossRef]

Prestinaci, F.; Pezzotti, P; Pantosti, A. Antimicrobial resistance: A global multifaceted phenomenon, Pathog. Glob. Health 2015,
109, 309-318. [CrossRef]

Falsetta, M.L.; Klein, M.L; Colonne, PM.; Scott-Anne, K.; Gregoire, S.; Pai, C.H.; Gonzalez-Begne, M.; Watson, G.; Krysan, D.].;
Bowen, W.H.; et al. Symbiotic relationship between Streptococcus mutans and Candida albicans synergizes virulence of plaque
biofilms in vivo. Infect. Immun. 2014, 82, 1968-1981. [CrossRef]

Lobo, C.I.V; Rinaldi, T.B.; Christiano, C.M.S.; de Sales Leite, L.; Barbugli, P.A.; Klein, M.I. Dual-species biofilms of Streptococcus
mutans and Candida albicans exhibit more biomass and are mutually beneficial compared with single-species biofilms. J. Oral
Microbiol. 2019, 11, 1581520. [CrossRef]

Sheng, J.; Marquis, R.E. Malolactic fermentation by Streptococcus mutans. FEMS Microbiol. Lett. 2007, 2721, 96-201.

Poole, L.B.; Higuchi, M.; Shimada, M.; Calzi, M.L.; Kamio, Y. Streptococcus mutans H,O,-forming NADH oxidase is an alkyl
hydroperoxide reductase protein. Free. Radic. Biol. Med. 2000, 28, 108-120. [CrossRef]

Wen, Z.T.; Burne, R.A. LuxS-mediated signaling in Streptococcus mutans is involved in regulation of acid and oxidative stress
tolerance and biofilm formation. J. Bacteriol. 2004, 186, 2682-2691. [CrossRef] [PubMed]

Shanmugam, K.; Sarveswari, H.B.; Udayashankar, A.; Swamy, S.S.; Pudipeddi, A.; Shanmugam, T.; Solomon, A.P.; Neelakantan, P.
Guardian genes ensuring subsistence of oral Streptococcus mutans. Crit. Rev. Microbiol. 2020, 46, 475-491. [CrossRef] [PubMed]
Biswas, S.; Biswas, I. Regulation of the glucosyltransferase (gtfBC) operon by CovR in Streptococcus mutans. J. Bacteriol. 2006, 188,
988-998. [CrossRef]

Taff, H.T.,; Nett, ].E.; Zarnowski, R.; Ross, K.M.; Sanchez, H.; Cain, M.T.; Hamaker, J.; Mitchell, A.P.; Andes, D.R. A Candida
Biofilm-Induced Pathway for Matrix Glucan Delivery: Implications for Drug Resistance. PLoS Pathog. 2012, 8, e1002848.
[CrossRef]

Vediyappan, G.; Rossignol, T.; d’Enfert, C. Interaction of Candida albicans biofilms with antifungals: Transcriptional response and
binding of antifungals to beta-glucans, Antimicrob. Agents Chemother. 2010, 54, 2096-2111. [CrossRef]

Fonzi, W.A. PHR1 and PHR?2 of Candida albicans encode putative glycosidases required for proper cross-linking of beta-1,3- and
beta-1,6-glucans. J. Bacteriol. 1999, 181, 7070-7079. [CrossRef]

Collart-Dutilleul, P.Y.; Secret, E.; Panayotov, L; Deville de Périere, D.; Martin-Palma, R.J.; Torres-Costa, V.; Martin, M.; Gergely, C.;
Durand, J.O.; Cunin, F.; et al. Adhesion and proliferation of human mesenchymal stem cells from dental pulp on porous silicon
scaffolds. ACS Appl Mater Interfaces. 2014, 12, 1719-1728. [CrossRef]


http://doi.org/10.1046/j.1469-0691.2003.00789.x
http://doi.org/10.1080/08927014.2011.599101
http://doi.org/10.1016/j.colsurfb.2021.111617
http://doi.org/10.1590/1678-7757-2018-0593
http://doi.org/10.1039/C5RA06556A
http://doi.org/10.1016/j.foodchem.2017.04.118
http://www.ncbi.nlm.nih.gov/pubmed/28530570
http://doi.org/10.1002/jsfa.7022
http://www.ncbi.nlm.nih.gov/pubmed/25428206
http://doi.org/10.1021/ja991421n
http://doi.org/10.3390/pharmaceutics12100920
http://doi.org/10.3389/fmicb.2019.02241
http://doi.org/10.3389/fmicb.2017.01641
http://doi.org/10.1080/10412905.1999.9701086
http://doi.org/10.1179/2047773215Y.0000000030
http://doi.org/10.1128/IAI.00087-14
http://doi.org/10.1080/20002297.2019.1581520
http://doi.org/10.1016/S0891-5849(99)00218-X
http://doi.org/10.1128/JB.186.9.2682-2691.2004
http://www.ncbi.nlm.nih.gov/pubmed/15090509
http://doi.org/10.1080/1040841X.2020.1796579
http://www.ncbi.nlm.nih.gov/pubmed/32720594
http://doi.org/10.1128/JB.188.3.988-998.2006
http://doi.org/10.1371/journal.ppat.1002848
http://doi.org/10.1128/AAC.01638-09
http://doi.org/10.1128/JB.181.22.7070-7079.1999
http://doi.org/10.1021/am4046316

Pharmaceutics 2022, 14, 1428 14 of 14

52.

53.

54.

55.

56.

Soussi, I.; Mazouz, Z.; Collart-Dutilleul, PY.; Echabaane, M.; Martin, M.; Cloitre, T.; M’ghaieth, R.; Cuisinier, FJ.G.; Cunin, E;
Gergely, C.; et al. Electrochemical and optical investigation of dental pulp stem cell adhesion on modified porous silicon scaffolds.
Colloids Surf B Biointerfaces 2019, 1, 489-497. [CrossRef]

Collart-Dutilleul, P.Y.; Panayotov, L; Secret, E.; Cunin, F; Gergely, C.; Cuisinier, F.; Martin, M. Initial stem cell adhesion on porous
silicon surface: Molecular architecture of actin cytoskeleton and filopodial growth. Nanoscale Res Lett. 2014, 10, 564. [CrossRef]
[PubMed]

Park, ].H.; Gu, L.; von Maltzahn, G.; Ruoslahti, E.; Bhatia, S.N.; Sailor, M.]. Biodegradable luminescent porous silicon nanoparticles
for in vivo applications. Nat. Mater. 2009, 8, 331-336. [CrossRef]

Jurki¢, L.M.; Cepanec, L; Paveli¢, S.K.; Paveli¢, K. Biological and therapeutic effects of ortho-silicic acid and some ortho-silicic
acid-releasing compounds: New perspectives for therapy. Nutr. Metab. 2013, 8, 2. [CrossRef] [PubMed]

Kim, M.E; Na, J.Y,; Lee, ].S. Anti-inflammatory effects of trans-cinnamaldehyde on lipopolysaccharide-stimulated macrophage
activation via MAPKSs pathway regulation. Immunopharmacol. Immunotoxicol. 2018, 40, 219-224. [CrossRef] [PubMed]


http://doi.org/10.1016/j.colsurfb.2019.06.003
http://doi.org/10.1186/1556-276X-9-564
http://www.ncbi.nlm.nih.gov/pubmed/25386101
http://doi.org/10.1038/nmat2398
http://doi.org/10.1186/1743-7075-10-2
http://www.ncbi.nlm.nih.gov/pubmed/23298332
http://doi.org/10.1080/08923973.2018.1424902
http://www.ncbi.nlm.nih.gov/pubmed/29355056

	Introduction 
	Materials and Methods 
	Synthesis and Characterization of pSi Particles 
	Characterization of Trans-Cinnamaldehyde Loaded pSi Particles 
	Trans-Cinnamaldehyde Loading and Release Kinetics 
	Microbial Strains and Culture Conditions 
	Microbial Growth 
	Biofilm Formation 
	Biofilm Microbial Composition 
	Acid Production 
	Scanning Electron Microscopic (SEM) Imaging 
	Gene Regulation Studies 
	Statistical Analysis 

	Results and Discussion 
	Characterization of pSi Particles 
	Drug Loading and Release Kinetics 
	FTIR-Spectra of Trans-Cinnamaldehyde Loaded pSi Particles 
	Sub-Inhibitory Concentration of pSi-TC Potently Inhibits Biofilms and Acid Production 
	Gene Expression Analysis 

	Conclusions 
	References

