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Abstract: Periodontitis is an inflammatory disease associated with biofilm formation and gingival
recession. The practice of nanotechnology in the clinical field is increased overtime due to its potential
advantages in drug delivery applications. Nanoparticles can deliver drugs into the targeted area
with high efficiency and cause less damages to the tissues. In this study, we investigated the antibac-
terial and anti-inflammatory properties of surfactin-loaded k-carrageenan oligosaccharides linked
cellulose nanofibers (CO-CNF) nanoparticles. Three types of surfactin-loaded nanoparticles were
prepared based on the increasing concentration of surfactin such as 50SNPs (50 mg surfactin-loaded
CO-CNF nanoparticles), 100SNPs (100 mg surfactin-loaded CO-CNF nanoparticles), and 200SNPs
(200 mg surfactin-loaded CO-CNF nanoparticles). The results showed that the nanoparticles inhib-
ited the growth of Fusobacterium nucleatum and Pseudomonas aeruginosa. The reduction in biofilm
formation and metabolic activity of the bacteria were confirmed by crystal violet and MTT assay,
respectively. Besides, an increase in oxidative stress was also observed in bacteria. Furthermore,
anti-inflammatory effects of surfactin-loaded CO-CNF nanoparticles was observed in lipopolysac-
charide (LPS)-stimulated human gingival fibroblast (HGF) cells. A decrease in the production of
reactive oxygen species (ROS), transcription factor, and cytokines were observed in the presence of
nanoparticles. Collectively, these observations supported the use of surfactin-loaded CO-CNF as a
potential candidate for periodontitis management.
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1. Introduction

Periodontitis is an oral disease characterized by gingival bleeding, tissue destruction,
gingival pocket formation, and tooth loss. Literature mentioned that periodontitis affects
about 20-50% of the global population [1,2]. It is understood that severe periodontitis is
considered as the sixth most prevalent oral disease worldwide [3]. This disease can be
facilitated by various risk factors. Literature mentioned that risk factors for periodontitis
are classified into modifiable (cigarette smoking, diabetes mellitus, socioeconomic and
demographic variables, psychosocial variables, and stress, etc.) and non-modifiable risk
factors (age and genetics) [4]. However, periodontitis is mainly developed due to the
formation of biofilms by microorganisms, and these biofilms are the organized bacterial
communities and it leads to local inflammation in the gingiva [5]. Species such as Aggre-
gatibacter actinomycetemcomitans, Porphyromonas gingivalis, Eikenella corrodens, F. nucleatum,
Treponema denticola, Streptococcus mutans, and Campylobacter rectus are well-known to cause
periodontitis [6,7]. The organized biofilms are called dental plaque and they are either
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attached to the tooth surface or other microorganisms. Later, the biofilms form under the
gingival surface due to biofilm maturation and subsequent dysbiosis. Besides, organic
acids are produced after sugar metabolism by bacterial plaque and it causes pH reduction
and tooth demineralization [8]. As a result, the periodontal tissues are damaged due to the
host immune reaction that arises in response to microbes [9]. Both the innate and adaptive
immune system plays a crucial role in the progression of periodontitis. The inflammatory
pathway begins with the infiltration of polymorphonuclear (PMN) cells like neutrophils
and natural killer (NK) cells. Complement component C3 is also activated as a result
of the host immune response. It is noted that toll-like receptors (TLR)-2 and TLR-4 are
highly responsive to bacterial products including lipopolysaccharides (LPS). Cytokines
and chemokines are released by subsequent reactions and cause damage to the periodontal
tissues [10,11]. Along with this, the reactive oxygen species (ROS) production and lipid
peroxidation are also increased under periodontitis conditions. It causes fibroblast DNA
damage and affects polymorphonuclear leukocytes by increasing hydrogen peroxide pro-
duction. The ROS production is induced by polymorphonuclear leukocytes upon bacterial
antigen stimulation via oxidative burst [2]. It is noted that periodontitis enhances the risk
of some other diseases such as diabetes, rheumatoid arthritis, obesity, cancer, and cardio-
vascular diseases, etc. [9,12]. So, it is necessary to take care of this disease. Conventionally,
it can be treated by various methods such as scaling, root planing, antibiotic administration,
and surgery [4]. Sometimes, these methods are limited due to root damage, high cost,
side effects, pain, and reduced efficacy [4,13]. Therefore, novel therapeutic approaches are
needed to overcome the limitations of current therapies.

Nanotechnology-based drug delivery systems combined with biological and physical
science can develop nanostructures and this kind of structures have active participation
in the pharmaceutical field. Nanomaterials have a size range between 1 and 100 nm and
exhibit good mechanical and chemical properties [14]. It is noted that biopolymers are
highly suitable for nanoparticles preparation due to their biocompatibility, biodegradability,
and low immunogenicity [15]. Nanocellulose is a biopolymer obtained from cellulose by
mechanical, chemical, and enzymatic treatments. It is categorized into three forms such as
cellulose nanocrystals (CNC), cellulose nanofibers (CNF), and bacterial cellulose (BC) [16].
CNF is renowned for its high surface area to volume ratio, porosity, flexibility, strength,
and biocompatibility, etc. [17]. CNF have a size range between 20 and 100 nm in width
and >10,000 nm in length. Nanocellulose is highly reactive due to its hydroxyl groups.
However, the surface functionalization of the nanocellulose helps to attain the desirable
properties that increase the effectiveness of nanocellulose in drug delivery [18]. In this
study, CNF was modified with k-carrageenan oligosaccharide (CO). Carrageenan is a water-
soluble polysaccharide extracted from red seaweed [19]. k-Carrageenan is a sulfated linear
polysaccharide of D-galactose and 3,6-anhydro-d-galactose [20]. The medical applications
of this compound with regard to immune response, anti-tumor activity, and stem cell
proliferation are being examined [21]. Our previous study reported that the crystallinity,
swelling properties, and degradation temperature of CNF were improved after modifying
with CO [13].

Surfactin is incorporated into CO-CNF to evaluate the antimicrobial and anti-inflammatory
properties. It is an amphiphilic biosurfactant largely extracted from the Bacillus subtilis
species. It is known that surfactin exhibits various pharmacological activities such as anti-
inflammatory, antibacterial, anti-mycoplasmal, antifungal, antiviral, anticancer, and throm-
bolytic activities. It has a polar amino acid head and a hydrocarbon ring [22]. Surfactin has a
cyclic heptapeptide composed of L-Glu, L-Leu, D-Leu, L-Val, L-Asp, D-Leu, and L-Leu and
it is linked to a 3-hydroxy fatty acid group [23]. Surfactin produce antimicrobial activity by
disrupting the bacterial membrane via altering the hydrophobicity of the bacterial surface
and the subsequent inability of the bacteria to attach the solid surfaces [24,25]. Apart from
that, it also interacts with the biological membrane via chelating mono and divalent cations,
altering membrane permeability, and changing membrane solubility. The penetration is
facilitated by the conformational changes of the peptide cycle [26]. As a result, membrane
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integrity will be lost and cause cellular leakage [27]. The inhibitory effect of surfactin
on S. mutans was reported before [28]. Furthermore, synergeistic antimicrobial effects
of surfactin and ampicillin was reported against P. aeruginosa ATCC 27853 [29]. Besides,
Huang et al. (2018) developed surfactin-based nanoparticles loaded with doxorubicin to
overcome multidrug resistance in cancers [30]. The literature stated that surfactin reduce
inflammatory condition via attenuating the activation of nuclear factor (NF)-«B involved
with TLR-4 in LPS-induced macrophages [31].

We have previously explored the antibacterial effect of surfactin-loaded CO-CNF
nanoparticles against two pathogens such as P. gingivalis and S. mutans. This material
has a good release profile and entrapment efficiency. Moreover, it significantly reduced
the biofilm (bacterial layer) formation and metabolic activity of P. gingivalis and S. mu-
tans [13]. In this paper, we extended the study by evaluating the antimicrobial properties
of surfactin-loaded CO-CNF nanoparticles in two other bacteria such as F. nucleatum and
P. aeruginosa. F. nucleatum is an anaerobic gram-negative bacterium that facilitates biofilm
formation due to its adhesive property. It also binds to various mammalian cells and
invades epithelial and endothelial cells [32]. It belongs to the Fusobacteriaceae family and
it acts as a bridging organism to connect other microorganisms and also interact with them.
They can co-aggregate with initial and late colonizers. This may be achieved because of
its long rod-shaped structure. Besides, the bacterium uses its surface molecules for the
attachment. F. nucleatum interacts with host cells via adhesin expression and induces the
production of cytokines such as IL-6 and IL-8. It stimulates the production of tumor necro-
sis factor (TNF)-a by activating the NF-«B pathway by influencing myeloid cells [10,33].
P. aeruginosa is a major respiratory pathogen that is found in the oral cavity and it acts
as a link between pulmonary disease and periodontitis. Studies showed the presence of
P. aeruginosa in the oral microbiota of chronic periodontitis. They are capable of forming
biofilm by producing extracellular enzymes and toxins [34]. Another study also reported
the presence of P. aeruginosa in the subgingival biofilm [35]. Under periodontitis conditions,
the growth and attachment of respiratory pathogens increased and the inhalation of oral
pathogens into the lung cause lung disorders. P. aeruginosa can cause pneumonia and
cystic fibrosis [36,37]. In addition to this, we explored the anti-inflammatory properties of
nanoparticles under LPS-induced inflammatory conditions in human gingival fibroblast
(HGF) cells. They are the most abundant cells in the gingiva and exhibit cytokines produc-
tion in the presence of LPS without LPS tolerance [38]. We hypothesized that the proposed
material has better antibacterial and anti-inflammatory activities to prevent periodontitis
inflammation. The antimicrobial used in this study was surfactin. Three types of surfactin-
loaded nanoparticles were prepared based on surfactin concentration such as 50SNPs
(50 mg surfactin-loaded CO-CNF nanoparticles), 100SNPs (100 mg surfactin-loaded CO-
CNF nanoparticles), and 200SNPs (200 mg surfactin-loaded CO-CNF nanoparticles). Itis a
potent antimicrobial agent and assumed that the incorporation of surfactin into the carrier
(CO-CNF) will produce beneficial effects over periodontitis. Apart from this, materials
such as CNF and CO are well-known to develop drug delivery systems. So, the current
study evaluated the surfactin loaded CO-CNF nanoparticles for the in vitro periodontitis
management. The antibacterial activities were evaluated in F. nucleatum and P. aeruginosa
and the anti-inflammatory activities were evaluated in LPS-induced HGF cells.

2. Materials and Methods
2.1. Materials

Human gingival fibroblast cell line was purchased from Blossom Biotechnologies
Inc., Taipei, Taiwan. Pseudomonas aeruginosa (ATCC 9027) and Fusobacterium nucleatum
(ATCC 10953) were obtained from Bioresource Collection and Research Center, Hsinchu,
Taiwan. poly-L-lysine and fibroblast medium were purchased from Blossom Biotechnolo-
gies Inc., Taipei, Taiwan. k- carrageenan oligosaccharide was obtained from Dah Chung
Trading Co., Ltd., Taipei, Taiwan. Sodium hydroxide (purity > 97.0%), trichloroacetic
acid (purity > 99.0%), N,N’-methylenebisacrylamide (purity 99%), and potassium bro-



Nanomaterials 2021, 11, 356

40f23

mide (purity 100%) were obtained from Sigma-Aldrich, St. Louis, MO, USA. Soybean
curd residue was obtained from Kuang Chuan Dairy Co., Ltd., Taipei, Taiwan. Methanol
(purity > 99.9%) was obtained from Honeywell Burdick & Jackson, Muskegon, MI, USA.
Hydrochloric acid (36.5-38.0%) was got from Panreac AppliChem, Darmstadt, Germany.
Crystal violet (>90.0% anhydrous basis), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (purity 100%), thiobarbituric acid (purity > 98%), dimethyl sulfoxide
(purity > 99.9%), tryptic soy broth, surfactin (purity > 98.0%), and acridine orange (purity
> 98%) were purchased from Sigma-Aldrich, St. Louis, MO, USA. Doxycycline was pur-
chased from Swiss Pharmaceuticals Co., Ltd., Tainan, Taiwan. Nuclear factor-kappa B was
purchased from Asia Bioscience Co. Ltd., Taipei, Taiwan. Prostaglandin E2 ELISA kit and
interleukin-6 ELISA kit were purchased from Taiclone Biotech Corp., Taipei, Taiwan.

2.2. Methods
2.2.1. Preparation of Surfactin-Loaded CO-CNF Nanoparticles

The detailed procedures for particle preparation and characterization were reported in
our previously reported work [13]. Briefly, 100 mL of CO (1 g in 100 mL) solution was mixed
with 100 mL of CNF solution (30 mg/ ml) and stirred at 80 °C for 10 min. Later, potassium
chloride (KCl) was added as a cross-linker and stirred at 80 °C. After 3 h, the particles were
collected by centrifugation, and then sonicated (HOYU Ultrasonic 250, Taipei, Taiwan),
and freeze-dried. The surfactin-loaded CO-CNF nanoparticles were prepared by the
emulsion method. Three types of nanoparticles were prepared in this study such as 50SNPs
(50 mg surfactin-loaded CO-CNF nanoparticles), 100SNPs (100 mg surfactin-loaded CO-
CNF nanoparticles), and 200SNPs (200 mg surfactin-loaded CO-CNF nanoparticles) based
on the concentration of surfactin. 200 uL. of Tween 80 was added to 50 mL of CO-CNF
solution and stirred for 1 h at 60 °C. Afterwards, surfactin (50/100/200 mg in 2 mL
methanol) solution was taken and CO-CNF solution was added to it. As a stabilizer,
8 mL of N,N'-methylenebisacrylamide (MBAA) (1.87 mg/mL) was added. After 2 h of
reaction, the obtained particles were sonicated and free-dried. A schematic representation
of surfactin loaded nanoparticles preparation was given in Figure 1.

100 ml CO solution
o (15 mg/ml)

5

— 1. KCl, 800 rpm, 3hrs MBAA

% , 2. Tween 80 (1.87 mg/ml),
/—- 2hrs

100 ml CNF solution (30 mg/ml) 50 or 100 or 200 mg Surfactin (In methanol)

KCI: Potassium chloride
MBAA:N, N’-Methylenebisacrylamide

Figure 1. Schematic representation of surfactin-loaded nanoparticles preparation.
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2.2.2. Bacteria Culture and Agar Ditch Plate Method

F. nucleatum (ATCC 10953) and P. aeruginosa (ATCC 9027) were cultured at 37 °C in
tryptic soy broth (TSB). The F. nucleatum was cultured in anaerobic conditions (anaerobic jar
under anaerobic gas pack sachet). The gas pack was opened and placed in the jar together
with bacteria culture. The jar was then kept inside the incubator at 37 °C. The purity was
determined by subculturing the bacteria and checking the colony morphology. The Agar
ditch plate method was used to determine the antimicrobial property of the samples.
Samples were dispersed in water and doxycycline (10 mg/mL) was selected as a positive
control throughout the study. 10 pL bacterial (1 x 107 CFU/mL) solution was coated on
agar plates (TSB) and 100 pL of doxycycline, surfactin (10 mg/mL), and nanoparticles
(20 mg/mL) were added to wells that made on the agar that already coated by the respective
bacteria. After incubation (24 h, 37 °C), the zone of inhibition was evaluated [13].

2.2.3. Minimum Bactericidal Concentration (MBC) and Minimum Inhibitory Concentration
(MIC) Evaluation

For determining the MIC and MBC, samples were serially diluted from their initial
concentration (20 mg/mL). In total, 120 uL of bacterial culture (1 x 10> CFUs/mL) were
added to a 96-well plate and incubated (37 °C) with 80 uL of each sample. The F. nucleatum
plate was sealed with paraffin films to avoid contamination. The MIC value was determined
by evaluating the visible growth of microorganisms. For determining the MBC value,
100 pL of culture broth was taken from the well and swabbed into an agar plate. After 24 h
of incubation, the MBC value was measured. The experiment was repeated three times
and the values of MIC and MBC were given in percentage [39].

2.2.4. Inhibition of Bacterial Layer Formation

The wells were washed three times with water after 24 h of incubation of sample
(80 uL) and 120 pL of bacterial species (1 x 107 CFU/mL) and later, 0.1% (v/v) crystal
violet solution (200 pL/mL) was added (kept for 1 h). Afterward, 200 puL of 95% (v/v)
ethanol was added to solubilize the crystal violet. The experiment was repeated three times
and absorbance was determined at 595 nm (ELISA Reader, Thermo Fisher 1510, Dreieich,
Germany). Inhibition of bacterial layer formation is determined by the following equation:
Inhibition of bacterial layer formation (%)

[1 — (Absorbance of cells treated with drugs/absorbance of non treated control cells)] x 100 1)

2.2.5. Bacterial Viability (MTT Assay) and Malondialdehyde (MDA) Content Evaluation

The viability of bacteria (1 x 107 CFU/mL) after sample treatment (80 pL) was
checked by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. The medium was removed after 24 h of incubation and refilled with 100 uL of
MTT (1 mg/mL) for 4 h. Then, the MTT solution was removed and 200 pL of dimethyl
sulfoxide (DMSO) was added. The optical density was checked at 570 nm. MDA assay
was conducted to evaluate the oxidative stress in bacteria. The solution containing treated
samples and 200 uL of MDA reagent were placed in a water bath (Water Bath, BUCHI 461,
Ziirich, Switzerland) at 100 °C for 15 min. The MDA reagent containing a mixture of 47 mL
water, 1 mL HCI, 7.2 g trichloroacetic acid, and 0.18 g thiobarbituric acid. The standard was
1,1,3,3-tetramethoxypropane. After that, n-butanol (300 pL) was added and centrifuged
(1500 g, 10 min). The absorbance of the supernatant was measured at 532 nm [40].
Bacterial viability and MDA content were calculated from Equations (2) and (3).

Absorbance of the sample — Absorbance of the blank

Bacterial viability (%) = x 100 )

MDA level (nmol/mL) =

~ Absorbance of the control — Absorbance of the blank

Absorbance of sample at 532 nm — Absorbance of blank at 532 nm o
Absorbance of standard at 532 nm — Absorbance of blank at 532 nm

®)
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2.2.6. Acridine Orange (AO) Assay

The bacterial death is confirmed by acridine orange assay. Bacteria (350 uL) were
treated with nanoparticles (150 pL) for 24 h and then stained with acridine orange solu-
tion (1 mg/mL). The cells were imaged under a microscope after washing the cells by
centrifugation (3000 rpm, 3 min) [41].

2.2.7. Cell Viability Evaluation

Human gingival fibroblast (HGF) cells were cultured at 37 °C in a fibroblast medium
containing fibroblast growth supplement (5 mL), fetal bovine serum (10 mL), and peni-
cillin/streptomycin (5 mL). The cell line was purchased from Blossom Biotechnologies Inc.,
Taipei, Taiwan (isolated from human gingiva). The cells are known as the main structural
part of the gingiva and were spindle-shaped. MTT assay was performed to analyze the
toxicity of the samples. The MTT is converted into formazan crystals by dehydrogenases
occurring in the mitochondria of living cells. Literature also mentioned that some reducing
agents and enzymes from other organelles and endoplasmic reticulum are also responsible
for this conversion [42]. The cell number was adjusted to 1 x 10% cells/well in a 96-well
plate and incubated for 24 h. Afterwards, 100 pL of samples (50 ug/mL) was added and
incubated for another 24 h. Then, MTT reagent (100 uL) was added and kept in a CO,
incubator for 4 h. Finally, 200 uL of DMSO solution was and the optical density was
determined at 570 nm.

2.2.8. Superoxide Anion Production

After pre-treatment (200 pL of samples (50 pg/mL) and 100 pL of LPS (1 ug/mL)),
the cells (2 x 10° cells/well) were incubated for 24 h in a CO, incubator. The cells were
collected by centrifugation (800x g for 15 min) and 300 pL of NBT solution was added.
After centrifugation (1500 g, 15 min), 200 uL DMSO was added to the cells and the optical
density was determined at 570 nm. The percentage of NBT reduction inhibition percentage
was evaluated by Equation (4).

A —-A
Percentage of NBT reduction inhibition (%) = conigoéontmiample x 100 (4)

2.2.9. Evaluation of Nitric Oxide and Malondialdehyde Production

The cells (1 x 10* cells/well) were pre-treated (20 uL of nanoparticles (50 p1g/mL)
and 10 pL of LPS (1 pg/mL)). After 24 h of incubation, the cell culture medium (50 puL)
was taken and added to a 96-well plate containing 50 uL of Griess reagent. The plate was
incubated for 10 min and the optical density was analyzed at 540 nm. Sodium nitrate
(50 uL) was the standard. The NO production was evaluated by plotting the standard
curve. The MDA analysis was conducted after pre-treatment. The procedures were the
same as in Section 2.2.5.

2.2.10. Cytokines Productions

Cytokines productions were evaluated using ELISA kits. Briefly, after pre-treatment
with samples and LPS, the supernatant was collected, and the level of PGE2, NF-xB
and IL-6, and PGE2 were determined. All procedures were conducted according to the
manufacturer’s instructions. For NF-kB determination, the solution was removed after
incubating 100 pL standard/samples for 1 h. Afterward, detection reagent A (100 pL) and
100 puL detection reagent B were added and incubated for 1 h and 30 min, respectively.
After washing (5 times), the plates were incubated with 90 uL substrate solution for 15 min.
Later, 50 puL of stop solution was added and measured the absorbance at 540 nm. For IL-6
and PGE2 determination, samples/standard and 50 uL biotinylated detection Ab working
solution were added to the plate and kept in an incubator for 45 min at 37 °C. Later, the plate
was incubated with 100 pL of HRP conjugate working solution for 30 min. After washing,
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the plate was incubated with 90 pL of substrate solution for 15 min. Finally, a 50 uL stop
solution was added and the optical density measured at 540 nm.

2.3. Statistical Analysis

Origin Pro 2018 SR1 b9.5.1.195 (OriginLab Corporation, Northampton, MA 01060,
USA) software was used to analyze the data. The results were given as mean =+ standard
deviation (S.D.). Significant differences were determined by one-way ANOVA with p < 0.05
considered as significantly different followed by Tukey multiple comparison tests.

3. Results
3.1. Determination of MIC and MBC

The obtained MIC and MIC values of samples were given in Table 1. CO-CNF and
50SNPs have no minimum inhibitory effects on F. nucleatum up to its 120% concentration.
Both 100SNPs and 200SNPs shared the same MIC value (100%). It was noted that only
200SNPs (120%) showed MBC value for the F. nucleatum. The MIC value of CO-CNF and
50SNPs were similar for P. aeruginosa but only 50SNPs showed MBC value at its maximum
concentration. 100SNPs and 200SNPs inhibited the visible growth of P. aeruginosa at 80%
and 70% concentrations, respectively. The MBC values of 100SNPs and 200SNPs were 100%
and 90%, respectively. It was understood that P. aeruginosa was more sensitive towards
nanoparticles rather than F. nucleatum.

Table 1. Evaluation of the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

of nanoparticles.
Microorganisms MIC (%) MBC (%)
CO-CNF 50SNPs 100SNPs 200SNPs  CO-CNF 50SNPs 100NPs 200SNPs
Fusobacterium nucleatum N N 100 100 N N N 120
Pseudomonas aeruginosa 110 110 80 70 N 120 100 90

The results were given in percentages of the sample concentration (20 mg/mL).
MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration; N:
No value obtained; CO-CNF: k-carrageenan oligosaccharides linked cellulose nanofibers;
50SNPs: 50 mg surfactin-loaded CO-CNF nanoparticles; 100SNPs: 100 mg surfactin-loaded
CO-CNF nanoparticles; 200SNPs: 200 mg surfactin-loaded CO-CNF nanoparticles.

3.2. Agar Well Diffusion Method

Figure 2A,B showed the inhibitory effect of nanoparticles after 24 h of incubation.
It was observed that only 100SNPs (12 mm) and 200SNPs (17 mm) have a zone of inhibitions
(ZI) against the F. nucleatum. However, it was lower than the doxycycline (21 mm) (positive
control). Surfactin and 100SNPs shared similar ZI values. 50SNPs and CO-CNF have no
ZI towards the F. nucleatum. All the groups showed a significant ZI against P. aeruginosa.
A Higher ZI value was seen in doxycycline (25 mm) followed by 200SNPs (18 mm). The ZI
values of CO-CNF, 100SNPs, and 200SNPs were 12, 13, 16 mm, respectively. The ZI value
of surfactin was higher than 50SNPs but lower than 100SNPs.
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Fusobacterium nucleatum Pseudomonas aeruginosa

(A)

(%)
(=]
I

- F. nucleatum
N P. aeruginosa

[ o)
[
1

[5%]
(=}
1

Zone of Inhibition (mm)
S o
1 1

LI .\ .\
DoxycyclineSurfactin  CO-CNF  50SNPs  100SNPs 200SNPs

(B)

Figure 2. (A) Determination of antimicrobial properties of nanoparticles against (a) Fusobacterium nu-
cleatum and (b) Pseudomonas aeruginosa. (B) Zone of inhibition of nanoparticles. Data are expressed
as mean =+ SD (n = 3). The asterisk (*) represents a significant difference (p < 0.05) from the positive
control (doxycycline) analyzed by Tukey’s test. CO-CNF: k-carrageenan oligosaccharides linked
cellulose nanofibers; 50SNPs: 50 mg surfactin-loaded CO-CNF nanoparticles; 100SNPs: 100 mg
surfactin-loaded CO-CNF nanoparticles; 200S NPs: 200 mg surfactin-loaded CO-CNF nanoparticles.

3.3. Biofilm (Bacterial Layer) Formation Inhibition

Hundreds of bacterial species and extracellular matrix constitute the biofilms in the
oral cavity. The percentage of biofilm inhibition against bacteria were given in Figure 3.
As shown in Figure 3 the highest biofilm inhibition for F. nucleatum was observed in
doxycycline-treated groups followed by 200SNPs. More than 40% of biofilm inhibition was
seen in 100SNPs. There was no significant difference between CO-CNF and the control
group. The inhibition capacity of 50SNPs lies between CO-CNF and 100SNPs. The biofilm
inhibition of nanoparticles against P. aeruginosa was also evaluated. It was noted that
doxycycline prevents the highest percentage of biofilm formation followed by 200SNPs.
There was no significant difference between 200SNPs and 100SNPs. The situation was
also similar in the case of CO-CNF and 50SNPs, however the highest percentage of biofilm
inhibition was observed in 50SNPs.
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Fusobacterium nucleatum Pseudomonas aeruginosa

(a) (b)
(A)

100 4

W 7. nucleatum
NN aeruginosa

o %
S S
1 1

Biofilm Inhibition (%)
B
o

20

Control DoxycyclineCO-CNF  50SNPs 100SNPs 200SNPs

(B)

Figure 3. (A)Visualization of biofilm formation by (a) Fusobacterium nucleatum and (b) Pseudomonas aerug-
inosa and (B) quantification of biofilm inhibition in Fusobacterium nucleatum and Pseudomonas aerugi-
nosa. Data are expressed as mean £ S.D. (n = 3). The asterisk (*) represent a significant difference
(p < 0.05) from positive control (doxycycline) analyzed by Tukey’s test. CO-CNF: k-carrageenan
oligosaccharides linked cellulose nanofibers; 50SNPs: 50 mg surfactin-loaded CO-CNF nanoparti-
cles; 100SNPs: 100 mg surfactin-loaded CO-CNF nanoparticles; 200SNPs: 200 mg surfactin-loaded
CO-CNF nanoparticles.

3.4. Metabolic Activity of Bacteria

The viability of bacteria after being treated with nanoparticles was given in Figure 4.
The highest percentage of viability of the F. nucleatum was seen in the control group
followed by CO-CNF and 50SNPs (Figure 4). The viability of the F. nucleatum in the
200SNPs group was higher than doxycycline but both of them were not significantly
different. Like F. nucleatum, The P. aeruginosa viability was increased in the control group
together with CO-CNF (Figure 4). Less than 80% viability was observed in surfactin loaded
nanoparticles, especially in 200SNPs. However, it was significantly higher when compared
to doxycycline.
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Figure 4. Effects of nanoparticles on the metabolic activity of Fusobacterium nucleatum and Pseu-
domonas aeruginosa. Data are expressed as mean + S.D. (n = 3). The asterisk (*) represent signifi-
cant differences (p < 0.05) from positive control (doxycycline) analyzed by Tukey’s test. CO-CNF:
k-carrageenan oligosaccharides linked cellulose nanofibers; 50SNPs: 50 mg surfactin-loaded CO-
CNF nanoparticles; 100SNPs: 100 mg surfactin-loaded CO-CNF nanoparticles; 200S NPs: 200 mg
surfactin-loaded CO-CNF nanoparticles.

3.5. Malondialdehyde (MDA) Production

MDA is known as the marker of lipid peroxidation and it is associated with ROS
generation [43]. Figure 5a showed that MDA production was highly increased by doxycy-
cline treatment in the F. nucleatum. The MDA level was slightly increased from CO-CNF
to 200SNPs group. There was no significant difference was observed between 100SNPs
and 200SNPs. Both in control and CO-CNF groups, the MDA production was decreased,
and it was less than 50SNPs group. The MDA production in the P. aeruginosa group was
highly increased by 200SNPs followed by 100SNPs treatments. The lowest MDA level was
seen in the control group, but it was not significantly different from doxycycline, CO-CNEF,
and 50SNPs.

54

Fusobacterium nucleatum

&) w ~
1 1 1

Malondialdehyde level (nmol/ml)

—
1
o

C

Control Doxycycline CO-CNF ~ 50SNPs  100SNPs  200SNPs
(a)

Figure 5. Cont.
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Figure 5. Effects of nanoparticles on the malondialdehyde level of (a) Fusobacterium nucleatum and (b)
Pseudomonas aeruginosa. Data are expressed as mean £ S.D. (n = 3). The values with different letters
(a—c) represent significantly different (p < 0.05) as analyzed by Tukey’s test. CO-CNF: k-carrageenan
oligosaccharides linked cellulose nanofibers; 50SNPs: 50 mg surfactin-loaded CO-CNF nanoparticles;
100SNPs: 100 mg surfactin-loaded CO-CNF nanoparticles; 200SNPs: 200 mg surfactin-loaded CO-
CNF nanoparticles.

3.6. Acridine Orange Assay

The viability of bacteria after being treated with nanoparticles was confirmed by AO
assay (Figure 6). The green color indicating viable cells and the red color indicating the
dead cells. It was understood that 200SNPs was stronger against F. nucleatum along with
doxycycline. Only a few dead cells were observed in 50SNPs and 100SNPs. More viable
P. aeruginosa was seen in both CO-CNF and the control groups. 50SNPs and 100SNPs have
dead cells but it was less than 200SNPs and doxycycline.

Control Doxycycline CO-CNF

50SNPs 100SNPs 200SNPs
(a)

Figure 6. Cont.
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Figure 6. Acridine orange (AO) assay of (a) Fusobacterium nucleatum and (b) Pseudomonas aeruginosa

treated with different samples. CO-CNF: k-carrageenan oligosaccharides linked cellulose nanofibers;
50SNPs: 50 mg surfactin-loaded CO-CNF nanoparticles; 100SNPs: 100 mg surfactin-loaded CO-CNF
nanoparticles; 200SNPs: 200 mg surfactin-loaded CO-CNF nanoparticles.

3.7. Cell Viability

The toxicity of nanoparticles was checked in HGF cell lines (Figure 7). It was under-
stood that up to 25 ng/mL, all nanoparticles exhibited more than 80 percent of cell viability.
The viability of CO-CNF and 50SNPs treated cells was dropped below 80% from 200 and
100 ug/mL. Both 50SNPs and 200SNPs showed a significant difference from the control
group at 25 ug/mL concentration. However, CO-CNF and 100SNPs showed a signifi-
cant difference from the control group at 100 and 50 pg/mL concentration. Furthermore,
it was understood that the cell viability was dropped with an increasing concentration
of surfactin.

Il co-cNF
120 [ ]s0sNPs
100SNPs
100 - 200SNPs
&
S 80
> *x
=
e
]
- p—
>
= 40
@)
20
0

0 312 625 125 25 50 100 200

Concentration (ug/ml)

Figure 7. Cell viability of human gingival fibroblast cells (1 x 10% cells/well) in the presence of
nanoparticles after 24 h. Data are expressed as mean =+ S.D. (n = 3). The asterisk (*) indicated the
significant differences of the groups from control at p < 0.05 analyzed by the Tukey test. CO-CNF:
k-carrageenan oligosaccharides linked cellulose nanofibers; 50SNPs: 50 mg surfactin-loaded CO-
CNF nanoparticles; 100SNPs: 100 mg surfactin-loaded CO-CNF nanoparticles; 200SNPs: 200 mg
surfactin-loaded CO-CNF nanoparticles.
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3.8. Oxidative Stress

The imbalance between the production of ROS and antioxidant levels leads to oxida-
tive stress and associated inflammation [44]. NO, superoxide anion, and MDA generation
in nanoparticles treated LPS-stimulated HGF cells were given in Figure 8. NO is a free
radical and the level of NO is increased under periodontitis condition by the activity
of bacterial LPS and pro-inflammatory mediators [45]. As shown in Figure 8a, the NO
production was higher in the control group and lower in the normal group. NO produc-
tion in both CO-CNF and 50SNPs was not significantly different from the control group.
NO production was reduced in doxycycline and 100SNPs. However, it was higher when
compared to 200SNPs. Superoxide anion is another ROS responsible for oxidative stress
within the tissues. The production of superoxide anion was highly reduced in doxycycline
and 200SNPs, along with the normal group (Figure 8b). Both 50SNPs and 100SNPs were
not statistically different, and the inhibition percentage was higher than CO-CNFE. MDA is
produced as the result of the peroxidation of polyunsaturated fatty acids and it is recog-
nized as the marker of oxidative stress [44]. As shown in Figure 8c, the MDA level was
highly increased in the control group and reduced in the normal group. The MDA level
in three groups such as doxycycline, 50SNPs, and 100SNPs was not statistically different.
Besides, it was lower than the CO-CNF group. Furthermore, it was observed that the MDA
production was highly reduced in 200SNPs when compared to other groups.

Nitric oxide release (LM)

Normal Control DoxycyclineCO-CNF 50SNPs  100SNPs 200SNPs

(a)

100

80 +

60 -

40

20 +

Inhibition of NBT reduction (%)

C

Control  Normal Doxycycline CO-CNF  50SNPs  100SNPs 200SNPs

(b)
Figure 8. Cont.
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Normal  Control Doxycycline CO-CNF  50SNPs  100SNPs 200SNPs

()

Figure 8. (a) nitric oxide production, (b) inhibition of nitroblue tetrazolium reduction, and (c)
malondialdehyde level in nanoparticles treated lipopolysaccharide (LPS) stimulated human gingival
fibroblast cells. The cells (1 x 10% cells/well) were pre-treated with 20 pL of samples (50 pug/mL) and
10 pL of LPS (1 pg/mL). Data are expressed as mean =+ S.D. (n = 3). The letters (a—c) indicated the
significant differences of the groups at p < 0.05 analyzed by the Tukey test. CO-CNF: k-carrageenan
oligosaccharides linked cellulose nanofibers; 50SNPs: 50 mg surfactin-loaded CO-CNF nanoparticles;
100SNPs: 100 mg surfactin-loaded CO-CNF nanoparticles; 200SNPs: 200 mg surfactin-loaded CO-
CNF nanoparticles.

3.9. Anti-Inflammatory Properties

Periodontitis is an inflammatory disease associated with a high level of pro-inflammatory
cytokines. The levels of NF-kB, PGE2, and IL-6 after treatment with nanoparticles were
given in Figure 9. It was noted that NF-«B expression was increased in the control group
and highly reduced in the normal group (Figure 9a). A slight reduction in NF-«kB expression
was observed upon the increasing concentration of surfactin but they were not significantly
different. Doxycycline showed a notable reduction in NF-kB expression, but it was not
statistically different except for control and normal groups. Like NF-«B, the PGE2 level
was also higher in the control group (Figure 9b). CO-CNF, 50SNPs, and 100SNPs shared
almost equal PGE2 level, but it was significantly higher than doxycycline and 200SNPs.
PGE2 levels in both doxycycline and 200SNPs were not statistically different but doxycy-
cline contained a higher level of PGE2 than 200SNPs. The amount of IL-6 was given in
Figure 9c. A higher level of IL-6 was observed in the control group followed by CO-CNE.
IL-6 level was reduced in both 50SNPs and 100SNPs but it was higher than 200SNPs.
IL-6 level in doxycycline was not statistically different when compared to 200SNPs but it is
lesser than 200SNPs.

NF-xB (pg/ml)

Normal  Control Doxycycline CO-CNF  50SNPs  100SNPs 200SNPs

(a)

Figure 9. Cont.
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Figure 9. Level of (a) nuclear factor (NF)-«B, (b) prostaglandin E2, and (c) interleukin-6 in nanoparti-
cle treated lipopolysaccharide (LPS)-stimulated cells. The cells (1 x 10* cells/well) were pre-treated
with 20 uL of samples (50 pg/mL) and 10 pL of LPS (1 pg/mL). Data are expressed as mean =+ S.D.
(n = 3). The letters (a—c) indicated the significant differences of the groups at p < 0.05 analyzed by
the Tukey test. Abbreviations: CO-CNEF: k-carrageenan oligosaccharides linked cellulose nanofibers;
50SNPs: 50 mg surfactin-loaded CO-CNF nanoparticles; 100SNPs: 100 mg surfactin-loaded CO-CNF
nanoparticles; 200SNPs: 200 mg surfactin-loaded CO-CNF nanoparticles.

4. Discussion

Periodontitis is a chronic inflammatory disease that leads to the loss of gingiva and
alveolar bone. This may happen due to the formation of bacterial biofilms and the produc-
tion of inflammatory mediators [3]. Literature mentioned that about 700 species of bacteria
are residing in the oral cavity and the bacterial colonies are attached to the surface and each
other by producing a sticky extracellular polymeric substance [46]. This biofilm will be
matured to form plaque and cause inflammation. The inflammation begins with the infil-
tration of neutrophils into the affected area [47]. Later, TLR activates innate host response
and leads to the activation of several transcription factors including NF-«B and activator
protein 1 (AP-1) through the mitogen-activated protein kinase (MAK) cascade. This results
in the production of cytokines such as IL-1, IL-6, and TNF-« and chemokines [48].

The combination of nanotechnology and biology created a new scientific area called
nanomedicine or nanobiotechnology. It is noted that the targeted and safe delivery of
drugs into the gingival area can be achieved by using nanoparticles. The current study is
focused on CNF- and CO-based drug delivery system loaded with surfactin. The CO-CNF
nanoparticles were prepared in the presence of KCI (cross-linker). Surfactin was added
to the above solution and the surfactin-loaded CO-CNF was obtained by emulsification.
Here, the CO-CNF is acting as a drug carrier for the potential delivery of surfactin [13].
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The literature stated that nanocellulose has been used as filler in many dental materials.
It is a reinforcing agent and can improve the mechanical properties and are able to form
network structure [49]. The use of carrageenan in the pharmaceutical field is increased
due to its biocompatibility and consolidation behavior. It will help to improve the drug
formulation properties including prolonged drug release [50]. Surfactin is a biosurfactant
that has large application in the clinical field. Previously published articles reported the
inhibition of Klebsiella pnemoniae, Salmonella typhimurium NCTC 74, Staphylococcus aureus
ATCC 6538, and Escherichia coli NCTC 10418 in presence of surfactin [51]. Another study
also reported the inhibition of the production of pro-inflammatory cytokines by surfactin
via blocking the activation of P. gingivalis LPS-triggered NF-kB [52]. A decrease in the
production of IFN-y, IL-6, iNOS, and NO by surfactin in LPS-activated macrophages
were also reported [31]. Another study also confirmed the reduction of pro-inflammatory
cytokines in the presence of surfactin [53].

The current study is focused on the antimicrobial and anti-inflammatory properties of
surfactin loaded CO-CNF nanoparticles. CO-CNF particles were prepared in the presence
of KCL. Our previous study reported that this material has an average size of 330 nm and
the zeta potential was about —42 mV. It was understood that the addition of CO improved
the swelling ability and degradation temperature of the CNE. Surfactin-loaded CO-CNF
was a chain-like structure and exhibited controlled drug release. It has good water holding
capacity and prevented the growth of periodontal pathogens such as S. mutans and P. gin-
givalis [13]. In this paper, we extended our study by evaluating the antimicrobial activity
in another two pathogens named F. nucleatum and P. aeruginosa. Besides, we analyzed
the anti-inflammatory properties in LPS-stimulated HGF cells. MIC and MBC values are
determined to identify the inhibitory concentration of each bacteria. MIC is the lowest con-
centration that will inhibit the visible growth of a microorganism and MBC is the minimum
concentration that prevents the growth of bacteria [54]. Dilution methods are commonly
used for determining the MIC and MBC values [55]. Here, the samples were diluted from
its original concentration (20 mg/mL). Therefore, the MIC and MBC values were expressed
in percentages. Our results suggested that a higher concentration of 200SNPs can inhibit
the growth of F. nucleatum and 100SNPs was also effective. As compared to F. nucleatum,
P. aeruginosa was more sensitive to the nanoparticles, especially 200SNPs. Along with
surfactin-loaded nanoparticle, CO-CNF also prevented the visible growth of P. aeruginosa.
Therefore, it was noted that higher concentration nanoparticles can inhibit the growth of pe-
riodontal pathogens. A previous study reported that the MIC range (mg/L) of amoxicillin
towards F. nucleatum was between <0.016—4, while the MIC range (mg/L) of tetracycline
was 0.016-0.5. The percentage of the susceptibility of tetracycline and amoxicillin towards
A. actinomycetemcomitans was 99.2% and 100%, respectively [56,57]. Another study has
shown that tobramycin and colistin exhibited 72% and 92% susceptibility towards P. aerugi-
nosa [58]. In this study, it was observed that the optimum concentration for MIC and MBC
is depending upon the concentration of surfactin.

The Agar disc diffusion method is a simple and low-cost assay, known as one of
the fundamental techniques to identify the sensitivity of bacteria towards certain drugs.
During this assay, the antimicrobials are diffused into the agar and inhibit the growth and
germination of bacteria [55]. The inhibition zone was determined with the agar well plate
method. It is understood that the susceptibility of the bacteria is closely related to the inhi-
bition zone [59]. Our results showed that only 100SNPs and 200SNPs were strong enough
to inhibit the growth of F. nucleatum. However, P. aeruginosa was more sensitive to all the
nanoparticles. Literature mentioned that antibiotics resistance to microorganisms is increas-
ing each year. Therefore, effective drug formulations are required [60]. The antimicrobial
activity of the nanoparticle is strongly based on the concentration of surfactin. Surfactin
is a surface-active biomolecule that has low toxicity, biodegradability, and can survive in
extreme pH and temperature conditions [51]. It was noted that surfactin produces antimi-
crobial activity by leakage and lysis of lipid membranes of the targeted organisms [61].
However, the nanocarrier provides a suitable environment for the effective delivery of
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therapeutic agents. They increase the rate of dissolution, promote the interaction between
bacterial membranes, and enhance solubility. Because of the high surface area to volume
ratio (small size), they can facilitate the interaction and contacts [62]. It was supported by
a recently published paper, in which the antimicrobial activity of glutathione-stabilized
silver nanoparticles against F. nucleatum was reported. The MBC value of this nanoparticle
for F. nucleatum was >98.50 pug/mL [63].

Microbial biofilms are the association of microbial communities embedded in a com-
plex matrix consisting of organic polymers and saliva. Bacteria are stuck to each other and
then adhered to the surface [64]. Literature mentioned that this bacterial attachment is
influenced by the formation of pellicle via the binding saliva to the enamel [65]. Usually,
the biofilm is formed by autoaggregation and coaggregation. Biofilms stimulate cross-
feeding, nutrients uptake, and remove harmful metabolic products. They can create an
appropriate physiochemical environment and exhibit quorum sensing for their growth.
In addition to this, it protects from toxic substances, host defense mechanisms, and other
competing microorganisms [66]. So, the reduction in biofilm formation is an important
criterion for periodontitis prevention. The current study examined the bacterial layer
formation of F. nucleatum and P. aeruginosa in the presence of nanoparticles (Figure 3).
It was observed that the biofilm formation of both bacteria was highly reduced in the
doxycycline and 200SNPs groups. Bacteria use surface adhesion and biofilm formation for
their survival. Literature mentioned that the antiadhesive property of surfactin is due to
the electrostatic repulsion between bacteria and the surfactin [67]. It was also noted that the
biosurfactants can alter the bacterial surface hydrophobicity [68]. This type of antimicrobial
agent stimulates membrane permeability via damaging the cell membrane. It affects the
formation of flagella and alters the hydrophobicity of the membrane. This will contribute
to the anti-adhesive property of the biosurfactants [69].

The metabolic state of the bacteria can be influenced by the presence of the antibacterial
agent. The action of therapeutic gradually reduced metabolic activity and finally resulted
in bacterial cell death. Here, the metabolic activity of bacteria was analyzed by MTT
assay. The viable cells reduce the MTT into formazan crystals [70]. As shown in Figure 4,
the metabolic activity of F. nucleatum and P. aeruginosa were reduced in the presence of
nanoparticles, especially 200SNPs. Lipid peroxidation is induced by the attack of ROS on
unsaturated lipids and can lead to the formation of MDA [43]. Lipid peroxidation is thought
to be the major reason for oxidative stress and subsequent cell death. As shown in Figure 5,
an increase in MDA production in both bacteria indicating that the nanoparticles can cause
bacterial lysis by inducing oxidative stress. The toxicity of nanoparticles on bacteria was
confirmed by AO assay. The metabolic state of the bacteria can be understood by the green
and red fluorescent emissions. Acridine orange is a cationic dye capable of binding to
negatively charged nucleotides. DNA will interact with AO by intercalation while RNA
will interact by ionic interactions and dye stacking [71]. DNA fragmentation is a marker for
cell death [72]. So, the live/death cells can be visible via AO assay. As shown in Figure 6,
nanoparticles were able to cause cell death of both bacteria in its higher concentration.
Literature suggested the delivery of antibiotics by using nanocellulose based drug delivery
systems. Durable antibacterial properties of allicin were reported when it was conjugated
with NCC. The largest holding capacity and sustained release are obtained due to the 3D
network structure [73]. Along with surfactin, the antibacterial activity of CO was also
reported against S. aureus, E.coli, and Penicillium citrinum, etc. [74].

The cell viability of the nanoparticles was analyzed by MTT assay. It is known as the
gold standard for analyzing cell viability. The viability of the cells can be determined by
understanding the functionality of mitochondria. The major characteristic of periodontitis
is the inflammatory condition in the gingiva. HGF are the most abundant cells in the gingiva
and they produce pro-inflammatory cytokines in the presence of LPS [38]. HGF exhibit
a strong immunomodulatory role in response to stress and diseases [75]. Our studies
have shown that surfactin-loaded nanoparticles maintained more than 80% of human
gingival fibroblast cell viability up to 25 pug/mL. Thus, it was understood that the proposed
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nanoparticles are less toxic to the cells. Our previous study also evaluated the toxicity
of surfactin loaded CO-CNF in RAW 267.4 macrophage cells. All groups showed more
than 80% viability up to 100 pg/mL concentration [13]. Thus, the results indicate that this
material is less toxic to the cells.

Periodontitis is an inflammatory disease characterized by gingival inflammation and
alveolar bone loss. ROS can oxidize a variety of biomolecules and finally result in cell death
because of oxidative stress [76,77]. Literature mentioned that the inflammation and tissue
destruction is due to the excess ROS content in gingival crevicular fluid in association with
low antioxidant levels [77]. Superoxide anion (O,°*~), hydroxyl radical (OHe), hydrogen
peroxide (H,O;), and hypochlorous acid (HOCI) are some of the ROS that are highly active
to induce inflammation [78]. They play a crucial role in autophagy by inducing NF-«B,
JNK, and inflammasome activation [79]. Nitric oxide is generated by the catalysis of nitric
oxide synthase. Previous literature stated that NO facilitates the periodontal disease by
regulating the action of LPS and cytokines [80]. NBT is a water-soluble compound capable
of reacting with cellular superoxide ions and form formazan derivative. Thus, it can
understand the content of ROS [81]. Literature mentioned that the reduction in oxygen
leads to the formation of superoxide anion and it is then dismutated to form hydrogen
peroxide. This hydrogen peroxide can penetrate the cell membrane and generate hydroxyl
radicals [82]. This byproduct is known as the central determinant of oral polymicrobial
synergy and can trigger defensive inflammatory responses. The higher production of ROS
causes changes in the structural integrity of the cells [79]. Lipid peroxidation is the oxidation
of polyunsaturated fatty acid caused by free radical-mediated chain reactions [83]. It was
known that MDA is a marker for oxidative status in the biological system [84]. Our studies
showed that surfactin-loaded nanoparticles can reduce ROS production, thereby preventing
the cells from undergoing oxidative stress.

The local inflammatory process by bacteria will lead to potential tissue damage and
tooth loss. This process is triggered by the infiltration of neutrophils, natural killer cells (NK)
cells, and granulocytes. Later, pro-inflammatory mediators such as TNF-«, IL-1, interferon-y
(IFN-v), IL-4, IL-10, and transforming growth factor 3 (TGF-$) [11]. Literature mentioned
that the expression of pro-inflammatory cytokines may lead to the activation of NF-«B
and this in turn causes the production of inflammatory mediators such as prostaglandins
and MMP [85]. PGE2 is an arachidonic acid-derived inflammatory mediator synthesized
by immune cells, fibroblasts, and other resident gingival cells [86]. IL-6 is an important
cytokine known to stimulate bone resorption and T cell differentiation [87]. Our results
showed that nanoparticles can reduce the production of cytokines levels. The previous
study also stated that surfactin downregulates the production of pro-inflammatory cy-
tokines by attenuating the activation of NF-«kB [31]. The basic physical mechanism behind
the antimicrobial activity is the destruction of the biofilm formation and subsequent re-
duction in the metabolic activity. It was noted that the production of ROS and cytokines
were reduced in LPS-stimulated HGEF cells. Thus, the results indicated that surfactin-
loaded CO-CNF nanoparticle is potentially effective to reduce bacterial biofilm formation
and subsequent inflammation. The biopolymer-based drug delivery systems are more
suitable for periodontal therapy because of its bioadhesive and biodegradable properties.
Efficient delivery of drugs and biocompatibility are the key terms for developing a drug
carrier system. Osorio et al., (2016) developed a PolymP-nActive nanoparticles loaded
with zinc/or calcium. This study was focused on the calcium phosphate deposition [88].
However, this study was more focused on the mineralization rather than antibacterial prop-
erties. Anti-inflammatory properties of minocycline loaded chitosan nanoparticles were
reported. The successful internalization of nanoparticles and reduction in the production of
cytokines were evident this study [89]. In this study we focused on both antibacterial and
anti-inflammatory properties of surfactin-loaded nanoparticles. Our results show that the
proposed biomaterial reduced the biofilm formation and metabolic activity of the bacteria.
Besides, it reduced the production of ROS and cytokines in LPS-induced human gingival
fibroblast cells.
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5. Conclusions

The demand for the treatment for periodontitis is increased every day due to its preva-
lence. Periodontitis is an inflammatory disease initiated by bacterial biofilm formation
and progressed by inflammation. The treatment based on nanotechnology is getting a
lot of attention due to its efficiency and rare side effects. In the present study, we have
evaluated the antibacterial and anti-inflammatory properties of surfactin-loaded CO-CNF
nanoparticles. The antibacterial properties were evaluated against a periodontal pathogen
F. nucleatum and an oral bacteria P. aeruginosa. Our results show that the nanoparticles,
especially 200SNPs, reduced the bacterial viability by inducing oxidative stress, and the
inhibition of bacterial biofilm was also observed in the presence of nanoparticles. Further-
more, the anti-inflammatory properties were evaluated in LPS-stimulated human gingival
fibroblast cells. The results indicated that the nanoparticles can reduce ROS and cytokine
production under an inflammatory condition. Therefore, it can be used as a suitable drug
delivery system for periodontitis treatment. However, further studies are required to
evaluate the complete efficacy of the nanoparticles. In that sense, the animal clinical studies
can proceed in the future based on this study.
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