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Introduction: Recent studies have demonstrated a positive role of hyaluronic
acid (HA) on periodontal clinical outcomes. This in-vitro study aimed to
investigate the impact of four different HAs on interactions between
periodontal biofilm and immune cells.

Methods: The four HAs included: high-molecular-weight HA (HHA, non-cross-
linked), low-molecular-weight HA (LHA), oligomers HA (OHA), and cross-linked
high-molecular-weight HA (CHA). Serial experiments were conducted to verify
the influence of HAs on: (i) 12-species periodontal biofilm (formation and pre-
existing); (ii) expression of inflammatory cytokines and HA receptors in
monocytic (MONO-MAC-6) cells and periodontal ligament fibroblasts (PDLF)
with or without exposure to periodontal biofilms; (iii) generation of reactive
oxygen species (ROS) in MONO-MAC-6 cells and PDLF with presence of biofilm
and HA.

Results: The results indicated that HHA and CHA reduced the bacterial counts in
a newly formed (4-h) biofilm and in a pre-existing five-day-old biofilm. Without
biofilm challenge, OHA triggered inflammatory reaction by increasing IL-1B and
IL-10 levels in MONO-MAC cells and IL-8 in PDLF in a time-dependent manner,
whereas CHA suppressed this response by inhibiting the expression of IL-10 in
MONO-MAC cells and IL-8 in PDLF. Under biofilm challenge, HA decreased the
expression of IL-1B (most decreasing HHA) and increased IL-10 levels in MONO-
MAC-6 cells in a molecular weight dependent manner (most increasing CHA).
The interaction between HA and both cells may occur via ICAM-1 receptor.
Biofilm stimulus increased ROS levels in MONO-MAC-6 cells and PDLF, but only
HHA slightly suppressed the high generation of ROS induced by biofilm
stimulation in both cells.

Conclusion: Overall, these results indicate that OHA induces inflammation, while
HHA and CHA exhibit anti-biofilm, primarily anti-inflammatory, and antioxidant
properties in the periodontal environment.
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1 Introduction

Hyaluronic acid (HA), also known as hyaluronan, is a natural
polysaccharide molecule, first isolated by Karl Meyer and John
Palmer in 1934, and it is the only type of glycosaminoglycans
(GAGs) that is not sulphated (Meyer and Palmer, 1934). HA
consists of repeating disaccharide units of N-acetyl-glucosamine
and glucuronic acid. Depending on the number of composed units,
it has a wide range of molecular weight (MW), from a few dimers to
millions of Daltons (Da) (Fraser et al., 1997). HA can be divided
into high-MW HA (>1000 kDa) and low-MW HA (<500 kDa).
Low-MW HA can further fragment into shorter oligomers (Jiang
etal, 2011). Furthermore, HA exists in many formulations based on
chemical modification of interunit chemical groups, including
cross-linked and non-cross-linked (Choi et al., 2015).

HA occurs in many parts of the human body, including
the skin, skeleton, joints (Fraser et al, 1997), and oral tissues
(Martins et al., 2003). It is one of the primary components of the
extracellular matrix (ECM) that regulates normal tissue integrity
and development. Through interaction with cell surface receptors,
HA plays important roles in inflammation and regeneration
(Garantziotis and Savani, 2019). Some well-known HA receptors
include homing cell adhesion molecule CD44, toll-like receptors
2/4 (TLR2/4), receptor for hyaluronan-mediated motility
(RHAMM), and intercellular adhesion molecule-1 (ICAM-1),
involved in cell growth, adhesion, motility together with their
downstream signaling pathways (Jiang et al., 2011). HA has been
suggested to have diverse biological functions depending on its
MW and composition. For instance, HA fragments are believed to
be pro-inflammatory and promote angiogenesis in many diseases,
whereas high molecular weight HA (HHA) is considered to be
more anti-oxidant, anti-inflammatory and anti-angiogenic
(Litwiniuk et al., 2016). Due to these properties, HA is now
widely used in tissue regeneration as well as in anti-aging and
anti-inflammatory agents (Vasvani et al,, 2020). In dentistry, HA
has been reported to have a beneficial effect on clinical outcomes
as an adjunct to non-surgical and surgical periodontal treatment
(Bertl et al., 2015; Eliezer et al., 2019).

Periodontitis is characterized as a microbial-associated, host-
mediated inflammation leading to periodontal attachment loss,
tissue destruction, and ultimately tooth loss (Kinane et al., 2017).
Keystone pathogens such as Porphyromonas gingivalis
(Hajishengallis et al., 2012) along with accessory pathogens
initially over-activate the inflammatory response and cause
periodontal tissue destruction (Hajishengallis, 2014). However,
the microbiome and host inflammatory response, involving
networks of cytokines, chemokines and growth factors, are in
bidirectional imbalance during disease propagation, and their
interaction determines disease regression (Curtis et al., 2020).
One of the hallmarks of periodontitis is the complex cell
infiltration including polymorphonuclear neutrophils (PMNs),
granulocytes, monocytes, and lymphocyte infiltration (Kinane
et al., 2017). Macrophages contribute significantly to tissue
homeostasis and defense by polarizing into M1 and M2
phenotypes. M1-type cells are activated by interferon gamma
(IFN-vy) and lipopolysaccharides (LPS) and secrete pro-
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inflammatory cytokines such as interleukin (IL)-1f, IL-6; whereas
M2-type cells respond to IL-4 and IL-13 and participate in
resolution of inflammation as evidenced by high levels of IL-10
and transforming growth factor-f (TGF-B) (Sun et al, 2021).
Periodontal ligament fibroblasts (PDLF) are the most abundant
cells in the periodontal ligament, which anchors teeth to alveolar
bone for support and protection (Beertsen et al., 1997). Aside from
its crucial role in periodontal tissue remodeling and homeostasis,
PDLF also performs an immunomodulatory role during
periodontitis progression by generating immune mediators such
as chemokine IL-8. PDLF overexpression of proinflammatory
cytokines may lead to amplification of the local inflammation by
constantly triggering the immune response (El-Awady et al., 2010).

Clinical studies have demonstrated that the adjunctive
application of high molecular weight (MW) HA after
instrumentation has favorable effects on clinical outcomes and
prevents the recolonization of periodontal pathogens (Eick et al,
2013). In vitro findings also revealed that high-MW HA (both cross-
linked and non-cross-linked) enhanced the surface roughness of
dentine discs with a high survival rate and spreading of PDLF
(Mueller et al., 2017). Cells involved in periodontal tissue
regeneration, such as PDLF, palatal and gingival fibroblasts, showed
high cell viability and boosted proliferation when exposed to high-
MW HA, suggesting high biocompatibility of HA for periodontal use
(Fujioka-Kobayashi et al., 2017; Asparuhova et al., 2019).

However, considering the diverse functions associated with
different molecular weights (MW) of HA, the specific impact of
varying MWs of HA on the periodontal environment, as well as its
potential mechanisms, remains unclear. The aim of this in-vitro
study was to investigate the potential effects of different MWs of
HA, as well as different formulations (cross-linked vs. non-cross-
linked), on interactions between periodontal biofilm and
immune cells.

2 Methods
2.1 HA preparation

Four different HA were used in this study: three non-cross-
linked HAs (Bloomage Biotech, Jinan, China) of varying MW: 6
kDa HA oligomers (OHA), low-MW 400 kDa HA (LHA), high-
MW 1000 kDa HA (HHA) and one cross-linked high-MW 1000
kDa HA (CHA, Regedent AG, Zurich, Switzerland) containing 18
mg/ml HA.

A concentration of 4 mg/ml HA was used in all cell
experiments. In biofilm experiments, for the 4-h biofilm
formation, concentrations of 2 and 8 mg/ml HA were used, and
in the case of 5-day pre-cultured biofilm, 18 mg/ml HA
were applied.

2.2 Microorganisms and cultivation

Twelve bacterial species of bacteria were included in the
biofilm experiments:
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. Streptococcus gordonii ATCC 10558

. Actinomyces naeslundii ATCC 12104

. Fusobacterium nucleatum ATCC 25586
. Campylobacter rectus ATCC 33238

. Parvimonas micra ATCC 33270

. Eikenella corrodens ATCC 23834

. Prevotella intermedia ATCC 2561

. Capnocytophaga gingivalis ATCC 33624
. Porphyromonas gingivalis ATCC 33277
. Tannerella forsythia ATCC 43037

. Filifactor alocis ATCC 33099

. Treponema denticola ATCC 35405
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Except for T. denticola [cultured in mycoplasma broth (BD,
Franklin Lake, NJ)], the other 11 strains were maintained on
Schaedler agar plates (Oxoid, Basingstoke, UK) supplemented
with 5% sheep blood, in the case of T. forsythia additionally with
10 mg/l N-acetylmuramic acid. All strains were cultured at 37°C in
the respective atmosphere: S. gordonii and A. naeslundii with 10%
CO,, and the others in an anaerobic incubator.

2.3 Activity on periodontal bacteria
and biofilm

2.3.1 Determination of minimum
inhibitory concentration

The MIC values of different HAs were determined against the
above-mentioned bacterial species except for T. denticola ATCC
35405. Two-fold dilution series ranging from 0 to 20 mg/ml were
prepared for different HAs. The microorganisms were then
suspended in a two-fold concentrated Wilkins-Chalgren broth
(Oxoid) and combined with varying concentrations of the
different HAs at a 1:1 ratio. After incubating anaerobes for 24 h
and aerobes for 18 h, the MIC values were determined as the lowest
concentration with visible growth inhibition.

2.3.2 Biofilm assays

Two aspects of the 12-species periodontal biofilm were
explored: (1) influence on biofilm formation and (2) influence on
pre-existing biofilm.

(1) Influence on biofilm formation: wells of a 48-well plate
were covered with 25 pl/well 1.5% bovine serum albumin
(BSA)/0.67% mucin solution at room temperature for 1 h to
generate a proteinaceous surface layer. Then, 50 pl/well of
the different HA solutions (2 mg/ml and 8 mg/ml) was
used), were added for another 30 min incubation.
Thereafter, microbial suspension mixed with nutrient
broth (Wilkins-Chalgren broth) in a volume ratio of 1:9
was added, 450 ul per well, meaning the final concentration
of HA were 0.2 and 0.8 mg/ml respectively. Subsequently,
the plate was incubated anaerobically at 37°C. The
microbial suspension consisted of one part S. gordonii,
two parts A. naeslundii, eight parts T. denticola, and four
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parts the other nine species, all of which were suspended in
0.9% NaCl at McFarland 4. After 4 h, the biofilms were
scraped from the well surface after careful washing and
resuspended in 0.9% NaCl. The biofilm suspension was
serially diluted and sub-cultured on agar plates for colony
forming units (CFU) assessment after one week of

anaerobic incubation.

(2) Influence on pre-existing biofilm: wells of the 48-well plate
were coated with protein solution as described above, and
450 ul/well of microbial suspension mixed with Wilkins—
Chalgren broth (volume: 1:9, as stated above) was added.
The plates were then cultured in an anaerobic incubator for
5 days, at day 3, the medium was replaced by fresh one
supplemented with P. gingivalis, T. forsythia, and T.
denticola. At day 5, the nutrient broth was carefully
removed, and the biofilm was gently washed. Then, 50
ul//well HAs at 18 mg/ml (according to the concentration
of CHA) was added to the biofilm for 1 min, followed by
450 ul/well Wilkins-Chalgren broth. After 1 h of anaerobic
incubation, the biofilms were scraped from the well surface
and resuspended in 0.9% NaCl into aliquots: one part for
CFU, one part for biofilm mass quantification via crystal
violet staining (Merritt et al., 2005), and one part for biofilm
metabolic activity via Alamar blue staining as previously
described (Pettit et al., 2005).

2.3.3 Live/dead staining

Based on the significant results of biofilm formation in the HHA
and CHA groups, the 4-h biofilms treated with HHA and CHA (8
mg/ml) were stained using LIVE/DEAD® BacLight Bacterial
Viability Kits (Molecular Probes, Life technologies, USA)
according to the manufacturer’s instructions. The images were
then taken using a Zeiss LSM 710 confocal microscope (Carl
Zeiss) with oil immersion in two fluorescence channels (green
and red). Green staining indicates live cells while red staining
indicates dead cells. Imarisviewer software (Bitplane, IMARIS
10.0.0) was used for additional visualization.

2.4 Cell culture

The human monocytic cell line MONO-MAC-6 obtained from
DMSZ (Braunschweig, Germany) was cultivated in RPMI 1640
medium supplemented with 10% double-heat-inactivated fetal
bovine serum (FBS), 1 mM non-essential amino acids, 1 mM
sodium pyruvate and 10 pg/ml human insulin (Invitrogen;
Carlsbad, CA, USA).

Human PDLF were isolated from freshly extracted and donated
premolar teeth from systemically healthy young adults undergoing
orthodontic therapy. The individuals had been informed about the
use of teeth for research purposes and completed a written consent
form. According to the criteria of the Cantonal Ethical Committee
(KEK), there is no need for additional approval if the biomaterials
are classified as “irreversibly anonymized”. The primary cell culture
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procedure was applied as previously described (Lin et al., 2020).
Briefly, tissues from the mid-third of the teeth were washed three
times with PBS before being minced into 1-mm? cubes. The cubes
were then grown on average in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen; Carlsbad, CA, USA) supplemented
with 10% FBS supplemented with an antibiotic-antimycotic
solution (Gibco, Thermo Fischer, MA, USA) containing 100
units/ml penicillin, 100 pg/ml streptomycin, and 0.25 pg/ml of
amphotericin B as the final concentration. Cells from at least three
donors were maintained.

Before being exposed to test substances, all cell strains were
grown at 37°C with 5% CO, and starved overnight in 0.5% FBS/
DMEM or 0.5% FBS/RPMI 1640 being also the “regular medium”
in the experiments.

2.4.1 MTT assay

The cell viability was assessed using the MTT assay (Mosmann,
1983). PDLF were seeded in 96-well-plates at a density of 1x10° cells
per well and allowed to reach confluency for at least 24 hours. On
the second day, the cells were gently washed twice with PBS,
followed by a change to 100 ul/well HAs-medium (different HAs
with a concentration ranging from 0 to 4 mg/ml in 0.5% FBS-
DMEM). In the case of MONO-MAC-6 cells the cells were
resuspended in HAs-medium (HAs in 0.5% FBS-RPMI). After 4
h treatment in HAs-medium, 10 pl/well MTT solution (final
concentration, 0.5 mg/ml) was added for additional 2 h-
incubation. The dark blue formazan crystals formed within viable
cells were solubilized using lysis buffer (20 ul of 3% SDS and 100 of
acid-propanol) and well mixed before measuring absorbance at 570
nm relative to the reference wavelength of 630 nm with a microplate
reader (Agilent, CA, USA). The data was presented as a percentage
(%) of control (untreated cells).

2.4.2 Release of inflammatory cytokines and HA
receptors in MONO-MAC-6 cells and PDLF

In general, MONO-MAC-6 cells and PDLF were divided into
two groups: (a) biofilm stimulated group (BS group): cultivated with
different HAs-media under biofilm stimulations; (b) non-
stimulated group (NS group): only HAs-medium. Quantitative
PCR (qPCR) and ELISA were used to assess the inflammatory
cytokine expression levels between the BS and NS groups, while
qPCR was used to detect HA receptors.

First, a 48-h periodontal biofilm was created as previously
indicated. For MONO-MAC-6 cells in BS groups, cells in HAs-
medium (4 mg/ml different HAs in regular medium) were seeded
into the wells with the formed biofilms after removing the microbial
nutrient medium and properly washing. The cells in the NS group
were seeded directly into the wells and cultured under the same
conditions. For PDLF, the 48-h biofilms were harvested, adjusted to
McFarland 4 and exposed to ultrasonication for 20 min and then
centrifuged at 4000 g for 5 min to extract the biofilm supernatant.
PDLF were seeded into wells to generate a monolayer for 24 h. On
the second day, the medium was exchanged to HAs-medium (4 mg/
ml), with or without 10% biofilm supernatant.
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For ELISA, the cell suspensions were collected after certain
incubation times (2 h, 4 h) and centrifuged at 8000 g before
supernatants were obtained and stored at -80°C. The IL-1B and
IL-10 protein levels were measured in the MONO-MAC-6 cells
supernatants, and IL-8 in the PDLF supernatants using ELISA kits
(R&D Systems Europe Ltd., Abingdon, UK) as instructed. For the
mRNA expression, total RNA was extracted from both cells after 2 h
of incubation using the innuPREP RNA Mini Kit 2.0 (Analytic Jena
GmbH, Germany). The GoScriptTM Reverse Transcription System
(Promega, Madison, WI, USA) was then used to reverse cDNA
from 1000 ng RNA. GoTaq® qPCR Master Mix (Promega) was
used along with the QuantStudio 3 RT-PCR System (Thermo
Fischer, Waltham, MA, USA) to perform qPCR. GAPDH was

2 AACT ethod was

used to normalize gene expression, and the
used to assess the relative expression of the respective gene (Livak
and Schmittgen, 2001). The IL1B and IL10 mRNA expression levels
were measured in MONO-MAC-6 cells, and IL8 in PDLF; the HA
receptor genes (CD44, RHAMM, TLR2, TLR4, and ICAMI)
expressions were determined in both cells; the primers are

indicated in Table 1.

2.4.3 Reactive oxygen species assay

The MONO-MAC-6 cells or PDLF were incubated for 1 h in
HAs-medium (4 mg/ml) or regular medium with or without biofilm
stimulation before total ROS generation was quantified. The ROS
assay was carried out using the Cellular ROS assay kit (Red
Fluorescence) (Abcam, Cambridge, UK) following the
manufacture’s instruction with a Varioskan'" LUX multimode
microplate reader (Thermo Fisher Scientific, USA). The
wavelengths of excitation and emission were 520 nm and
605 nm, respectively.

2.5 Statistical analysis

All experiments were repeated in at least two independent
experiments with each quadruplicate. The data was displayed as
mean and standard deviation (SD), and a log10 transformation was
performed for CFU analysis.

The graphs were created with GraphPad Prism 9 (Graphpad
Software, Bosten, MA, USA). SPSS 28.0 (IBM, Chicago, IL, USA)
was used for statistical analysis. Following a Shapiro-Wilk test for
normality, the one-way analysis of variance (one-way ANOVA)
with post-hoc Tukey was conducted. The focus was on comparing
the respective HA group with the control group and comparing the
CHA with the HHA group. A p-value below 0.05 was considered
statistically significant.

3 Results
3.1 Periodontal bacteria and biofilm

According to the MIC test, a concentration up to 10 mg/mL did
not impede visible bacterial growth of all tested bacterial species.
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TABLE 1 Primer sequences used for qPCR.

10.3389/fcimb.2024.1414861

Gene Forward/ Primer sequences 5'-3’ References
Reverse primers
IL8 F GAG AGT GAT TGA GAG GTG GAC CAC (Parisi et al., 2022)
R CAC AAC CCT CTG CAC CCA GTT T
ILIB F TAC GAA TCT CCG ACC ACC ACT ACA G
R TGG AGG TGG AGA GCT TTC AGT TCA TAT G (Fernandez-Botran and Vetvicka, 2000)
IL10 F GCC TAA CAT GCT TCG AGA TC
R CTC ATG GCT TTG TAG ATG CC
(Chhabra et al., 2008)
TLR2 F GGG TCA TCA TCA GCC TCT CC
R AGG TCA CTG TTG CTA ATG TAG GTG
(Sabroe et al., 2002)
TLR4 F CAG AGT TGC TTT CAA TGG CAT C
R AGA CTG TAA TCA AGA ACC TGG AGG
(Sabroe et al., 2002)
ICAM1 F AGC GGC TGA CGT GTG CAGTAA T
R TCT GAG ACC TCT GGC TTC GTC A
(Ma et al., 2021)
CD44 F GAC CTC TGC AAG GCT TTC AAT A # M59040.1
R CAA AGG CAT TGG GCA GGT CT
RHAMM F AGG ACC AGT ATC CTT TCA GAA ATC # BC017793.1
R AGT GCA GCA TTT AGC CTT GC
GAPDH F GAC AGT CAG CCG CAT CTT CT (Shen et al., 2010)
R TTA AAA GCA GCC CTG GTG AC

Two aspects of periodontal biofilm were investigated in terms of
the potential effects of different MW as well as of the cross-linked
structure of HA: biofilm formation and biofilm destruction.

3.1.1 Early biofilm formation

To assess the impact on biofilm formation, surfaces were coated
with HA solutions (each 2 mg/ml and 8 mg/ml) prior adding the
microbial suspension for biofilm formation.

As demonstrated in Figure 1A, only the 8 mg/mL HHA and
CHA solution resulted in a significant reduction (-0.51 log10 by
HHA and -0.78 log10 by CHA) of CFU compared to the control
(both p<0.001). Comparing HHA and CHA, lower CFU counts
were always found after the coating of 2 and 8 mg/ml CHA vs.
the respective concentration of HHA (by -0.33 log10, p=0.009
and by -0.27 logl0, p=0.028).

Considering the reducing effect of 8 mg/ml HHA and CHA,
live/dead staining was performed on 4 h-biofilms where the surfaces
were coated with 8 mg/ml of HHA and CHA. The confocal images
in Figure 1B indicated that both HHA and CHA groups resulted in
lower density and thickness of the 4-h biofilms compared to the
control group, with CHA having the lowest values.

Frontiers in Cellular and Infection Microbiology

3.1.2 Mature biofilm destruction

To evaluate the effect of HA on mature biofilm, 18 mg/ml HAs,
simulating the concentration of the commercial product was
applied to the pre-existing five-day biofilm for 1 min.

As shown in Figure 2A, HAs did not significantly influence the
CFU counts in the 5 d-biofilm. Regarding biofilm mass, only HHA and
CHA induced a significant reduction (each p<0.001, Figure 2B). CHA
seemed to reduce more biofilm mass than HHA, but there was no
statistical significance. The metabolic activity of the biofilm increased
in LHA and HHA group (each p<0.001, Figure 2C). The metabolic
activity was less in CHA than in HHA group (p<0.001), Figure 2C.

3.2 Immune interaction between MONO-
MAC-6 cells and biofilm stimulation

The effect of different HAs on the inflammatory response of a
monocytic cell line (MONO-MAC-6) with or without a periodontal
biofilm challenge was investigated in four aspects: relative
expression of inflammatory cytokines, expression of HA
receptors, and oxidative stress.
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FIGURE 1

Impact of coating with 2 mg/ml and 8 mg/ml hyaluronic acid (HA) (OHA: 6 kDa, non-cross-linked; LHA: 400 kDa, non-cross-linked; HHA: 1000
kDa, non-cross-linked; CHA: 1000 kDa, cross-linked) on early (4 h) periodontal biofilm formation: (A) colony forming units (CFU; mean and SD).

** p<0.01 vs. control group, A//A/\ p<0.05/0.01 vs. respective concentration HHA. (B) Confocal laser scanning microscopy images using live/dead
staining assay (green live cells, red dead cells). (A) Control biofilm (ii) Biofilm treated with 8 mg/ml HHA. (iii) Biofilm treated with 8 mg/ml CHA.

Scale bar = 10 pm.

To confirm sufficient cell viability in the experimental
conditions, the MTT test was performed on MONO-MAC-6 cells
being exposed to 4 mg/ml HA for 4 h. The viability of MONO-
MAC-6 cells did not remarkably decrease, it remained more than
75% throughout (data not shown in detail).

3.2.1 Expression of IL-1p and IL-10 in MONO-
MAC-6 cells

To assess inflammatory cytokine expression, we investigated the
expression of both IL-1f and IL-10 at the protein and mRNA levels
in MONO-MAC-6 cells. MONO-MAC-6 cells in HAs-medium (4
mg/ml) or without HA (control group) were exposed to periodontal
biofilm (BS) or not (NS) for 2 h and 4 h for protein detection and 2
h for mRNA detection.

3.2.1.1 Protein expression

At the protein level, in the absence of HA, MONO-MAC-6 cells
released more IL-1B (Figures 3A, B, both p<0.001 at 2 h and 4 h)
and less IL-10 (Figures 3D, E, p<0.001 at both 2 h and 4 h) when
challenged with periodontal biofilm for 2 h and 4 h, compared to
those without biofilm.

In the NS group (Figures 3A, D), higher IL-1 and IL-10 levels
were observed over time in the OHA group, with a significant
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difference noted at 2 h for IL-1f (p<0.001), and at 4 h for IL-10
(p<0.001). However, LHA slightly decreased the amount of IL-10 at
both 2 and 4 h compared to the control (p<0.001 at 2 h). No
significant changes were observed in MONO-MAC-6 release of IL-
1B and IL-10 for the HHA group; the CHA group decreased the IL-
10 levels at 2 h (p<0.001 vs. control, and p<0.001 vs. HHA) and at 4
h (p=0.044 vs. control).

In the BS group (Figure 3B), at 2 h, the level of IL-1f decreased
in an MW-dependent manner with HHA having the lowest
expression (p=0.001 for LHA, HHA and CHA groups vs. BS
control). A similar trend was observed among the HA groups
after 4 h, but only HHA reached statistical significance (p=0.001).
Regarding IL-10 levels in the BS group (Figure 3E), HA increased
the IL-10 expression in a MW-dependent behavior, with CHA had
the highest increasing effect at both 2 h and 4 h, p<0.001 vs. control
and p=0.003 vs. HHA.

3.2.1.2 mRNA expression

At the mRNA level (Figures 3C, F) indicated that biofilm
stimulation primarily upregulated the gene expression of IL1B
(333-fold change for IL1B, p=0.029) and by trend of IL10 (5.0-
fold change, p=0.108). In the presence of HA, OHA significantly
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FIGURE 2

Impact of 18 mg/ml for 1 min hyaluronic acid (HA) (OHA: 6 kDa,
non-cross-linked; LHA: 400 kDa, non-cross-linked; HHA: 1000 kDa,
non-cross-linked; CHA: 1000 kDa, cross-linked) on the destruction
of pre-formed five-day periodontal biofilm: (A) Colony forming units
(CFU) counts, (B) quantity, and (C) metabolic activity The CFU values
were subjected to a logl0 transformation. The results are presented
as Mean + SD, */** p<0.05/p<0.01 vs. control group, A/\ p<0.01
vs. HHA.

elevated the mRNA expression of both IL1B and IL-10 in NS groups
by 266-fold change and 10.2-fold change respectively (both p<0.001
vs. NS control). In BS groups, HA did neither influence the IL1B
expression nor the IL10 mRNA levels.
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3.2.2 Expression of HA receptors in MONO-MAC-
6 cells

The mRNA expression of five major HA receptor genes (CD44,
RHAMM, TLR2, TLR4, and ICAM1) was investigated in MONO-
MAC-6 cells. The cells were stimulated with or without biofilm and
were treated with or without HA. Different HAs (4 mg/ml) for each
mRNA expression assay were used, with an incubation time of 2 h.
However, among the studied receptors, only ICAM1 was affected by
the stimuli (Figure 4), the expression of the other four receptor
genes (CD44, RHAMM, TLR2, and TLR4) were not influenced by
either HA or biofilm stimulation (data not shown).

Biofilm stimulation increased ICAM1 mRNA expression in
MONO-MAC-6 cells by 8.9-fold (p=0.028) without supplemented
HA (Figure 4). In NS groups under HA conditions, OHA
significantly increased ICAM1 mRNA expression by 9.5-fold
change (p<0.001), while HHA slightly increased ICAM1 mRNA
expression by 2.5-fold change (p=0.011). In terms of CHA, it did
not cause an upregulation compared to control, the mRNA
expression was lower than that induced by HHA (p<0.006).

In BS group, all HA groups decreased by trend ICAM1 mRNA
(not statistically significant).

3.2.3 Oxidative stress in MONO-MAC-6 cells

The total ROS level was quantified to investigate whether the
biofilm burden caused oxidative stress in MONO-MAC-6 cells, and
to evaluate the effect of HA as potential antioxidant under these
conditions. Medium without or containing 4 mg/mL of HAs was
applied to the cells and those were exposed to the biofilm or not for
1 h, before subsequently the ROS level was measured.

According to Figure 5, biofilm stimulation significantly
increased ROS levels compared to NS groups in the
corresponding medium condition [p<0.01 in all groups (with and
without HAs)]. In NS groups, the addition of HA to MONO-MAC-
6 cells did not significantly affect the ROS levels (p>0.05 in all
groups vs. control). In the BS groups, only the HHA treatment
showed a statistically significant reduction in ROS vs. BS
control (p=0.039).

3.3 Immune interaction between PDLF and
biofilm stimulation

The inflammatory response of PDLF with and without biofilm
lysate stimulation was investigated. As before several aspects were
examined, including expression of inflammatory chemokine, HA
receptors, and oxidative stress.

As before the cell viability was tested under the experimental
conditions, it was always more than 75%.

3.3.1 Expression of IL-8 in PDLF

Protein and mRNA expressions of IL-8 were evaluated in PDLF.
Cells were cultured in either regular medium or HAs-medium (4
mg/ml) and were exposed in part to biofilm supernatants. The
release of IL-8 protein was measured after 2 h and 4 h, while the
expression of IL-8 mRNA was measured after 2 h.
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Effect of 4 mg/ml hyaluronic acid (HA) (OHA: 6 kDa, non-cross-linked; LHA: 400 kDa, non-cross-linked; HHA: 1000 kDa, non-cross-linked; CHA:
1000 kDa, cross-linked) on protein (A, B, D, E) and mRNA (C, F) expression of interleukin-1f [IL-1B (A, B), ILB (C)] and interleukin-10 [IL-10 (D, E),
IL10 (F)] in a monocytic cell line (MONO-MAC-6 cells) with (B, C, E, F) or without (A, D, E, F) periodontal biofilm after 2 h and 4 h (only protein

levels) of stimulation. NS, non-biofilm-stimulated; BS, biofilm-stimulated. Mean + SD, */** p<0.05/p<0.01 vs. control, A\ p<0.01 vs. HHA group.

The release of IL-8 protein in PDLF increased over time in the
corresponding medium in both NS and BS groups (Figures 6A, B).
In the absence of HA, biofilm significantly increased IL-8 protein
and mRNA expression vs. NS group (each p<0.001, Figures 6B, C).

In the NS groups, OHA increased IL-8 protein expression at 4 h
(p<0.001). At the mRNA level, OHA and HHA increased IL8
mRNA expression with 3.7-fold and 3.6-fold change, respectively
(both p<0.001). In contrast to HHA, CHA caused by trend a
downregulation of IL8 mRNA expression to 0.1-fold of control
(p=0.402) which is 0.03-fold of HHA (p<0.001).

In the BS group, there were no significant differences observed
between HA groups and controls at the protein level after 2 h and 4
h (Figure 6B) and at the mRNA level after 2 h (Figure 6C). CHA
slightly increased IL-8 protein level compared to HHA at 2 h
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FIGURE 4

Effect of 4 mg/ml hyaluronic acid (HA) (OHA: 6 kDa, non-cross-
linked; LHA: 400 kDa, non-cross-linked; HHA: 1000 kDa, non-
cross-linked; CHA: 1000 kDa, cross-linked) on the mRNA expression
levels of a HA receptor gene — ICAM1 in a monocytic cell line
(MONO-MAC-6 cells) with or without biofilm after 2 h stimulation.
NS, non-biofilm stimulated; BS, biofilm-stimulated. Mean + SD, */**
p<0.05/p<0.01 vs. control, /\ p<0.05 vs. HHA group.

Frontiers in Cellular and Infection Microbiology

30 BS
J * '
0

AA
*k
AA
*k
4h

D HHA &2 CHA

10.3389/fcimb.2024.1414861

m
a——
S o o

ok

iL10
Relative Gene Expression
o &

b4
°

A

*: vs. Control A: CHAvs. HHA

(p=0.002). Also, the IL8 mRNA expression was increased by CHA
by 1.5-fold compared to HHA (p=0.023).

3.3.2 Expression of HA receptors in PDLF

As in MONO-MAC-6-cells, HA receptor genes (CD44,
RHAMM, TLR2, TLR4 and ICAM1) were also examined in PDLF
after 2 h exposure to biofilm supernatants in medium without or
with HAs (4 mg/ml).

As before for the MONO-MAC-6-cells, there were only
differences between the groups found for the ICAM mRNA
expression. Following only the ICAM results are presented (Figure 7).

The biofilm supernatant increased ICAM1 mRNA expression in
PDLF, causing a 30.6-fold upregulation without HA. In the NS
group, OHA increased ICAM1 mRNA expression by 5.6-fold
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FIGURE 5

Effect of 4 mg/ml hyaluronic acid (HA) (OHA: 6 kDa, non-cross-
linked; LHA: 400 kDa, non-cross-linked; HHA: 1000 kDa, non-
cross-linked; CHA: 1000 kDa, cross-linked) on the total amount of
reactive oxygen species (ROS) in a monocytic cell line (MONO-
MAC-6 cells) with or without periodontal biofilm after 2 h of
stimulation. NS, non-biofilm-stimulated; BS, biofilm-stimulated.
Mean + SD, */** p<0.05/p<0.01 vs. control, A\ p<0.05 vs. HHA
group and # p<0.05 vs. the corresponding group in NS cells.
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change (p<0.001). In the BS group, LHA, HHA, CHA seemed to
decrease in ICAM1 mRNA expression, although it was not
statistically significant.

3.3.3 Oxidative stress in PDLF
The total level of ROS was measured in PDLF after 1 h exposure
to HA medium (4 mg/ml) and biofilm stimulation (Figure 8).
Biofilm stimulation significantly increased ROS generation in
PDLF (p<0.001). In the NS group, there was no statistical
significance observed among all groups. In the BS group, the
addition of HA resulted in statistical significance only in the
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Effect of 4 mg/ml hyaluronic acid (HA) (OHA: 6 kDa, non-cross-
linked; LHA: 400 kDa, non-cross-linked; HHA: 1000 kDa, non-
cross-linked; CHA: 1000 kDa, cross-linked) on the mRNA expression
levels of a HA receptor gene — ICAM1 in periodontal ligament
fibroblasts (PDLF). with or without biofilm after 2 h stimulation. NS,
non-biofilm-stimulated; BS, biofilm-stimulated, Mean + SD, *
p<0.05 vs. control.
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HHA group (p=0.046) in reducing the high level of ROS induced
upon biofilm stimulation.

4 Discussion

The objective of this study was to investigate the potential effects
of different molecular weights (MW) of HA, as well as two different
formulations (cross-linked vs. non-cross-linked), on the interaction
between periodontal biofilm and immune cells. This study is the
first to report the potential anti-biofilm, anti-oxidative, and anti-
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FIGURE 8

Effect of 4 mg/ml hyaluronic acid (HA) (OHA: 6 kDa, non-cross-
linked; LHA: 400 kDa, non-cross-linked; HHA: 1000 kDa, non-
cross-linked; CHA: 1000 kDa, cross-linked) on the total amount of
reactive oxygen species (ROS) in periodontal ligament fibroblasts
(PDLF) with or without periodontal biofilm after 1 h of stimulation.
NS, non-stimulated; BS, biofilm-stimulated. Mean + SD, * p<0.05 vs.
control and # p<0.05 vs. the corresponding group in NS cells.
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inflammatory properties of various HAs when directly challenged
by a 12-species periodontal biofilm. The results underscore that HA
influenced the periodontal biofilm itself and modulated the immune
response of oral cells, with the effect depending on the MW and
chemical modification (cross-linked or non-cross-linked).

Our primary objective was to investigate the effect of different
HAs on the 12-species periodontal biofilms. None of the tested HAs
(up to 10 mg/ml) clearly inhibited the growth of the included 11 oral
species. Data on MIC values of HA alone on planktonic bacteria are
scarce. However, higher concentrations of 40 mg/ml were found to be
growth inhibitory against 3-hemolytic streptococci, Staphylococcus
aureus, S. epidermidis (Carlson et al., 2004). However, our results
differ from those of other studies that determined an MIC of 4 mg/ml
against P. gingivalis (Alharbi and Alshehri, 2022).

Conversely, the two types of high-MW HA inhibited the
formation of the tested 12-species periodontal biofilm in a
concentration-dependent manner, with CHA showing the
strongest effect in the present study. This anti-biofilm formation
ability of HAs aligns with the findings from other studies.

For example, HA inhibited single biofilm formation,
demonstrating a more sensitive effect on the biofilm produced by
Staphylococcus aureus than Haemophilus influenzae and Moraxella
catarrhalis (Drago et al, 2014). In general, a hydrophilic and
negatively charged surface prevents bacteria adhesion (Delaviz
et al,, 2015). In this study, the negatively charged HA may form a
hydrophilic layer on the mucin-BSA-coated surface, which may
prevent planktonic bacteria from attaching to the proteinaceous
surface, thereby inhibiting the initial stage of biofilm formation
(Hannig and Hannig, 2009; Fallacara et al., 2018). The extent of the
formed hydrophilic layer is correlated with the MW size (Fallacara
et al,, 2018) which may explain that only the high-MW HAs (HHA
and CHA) act inhibitory. Regarding the stronger effect of CHA, its
cross-linked structure provides a network of layers that slows down
diffusion and serves as a more stable barrier (De Boulle et al., 2013).

Another essential aspect is the impact of HA on destruction of a
pre-existing biofilm. The analysis revealed that both HHA and CHA
reduced the biomass. This effect could potentially be attributed to
their ability to dissolve the biofilm matrix, as there were no changes
observed in the CFU counts or reductions in the metabolic activity
of the biofilm microorganisms. Similarly, Champion et al.
demonstrated that high-MW HA affected the biomass but not the
bacterial counts of already-formed P. aeruginosa biofilm
(Champion et al,, 2022). Investigating the potential destruction of
biofilm matrix might be of interest in upcoming studies.

The in-vitro findings on the anti-biofilm effect of HA might
support clinical data on oral bacteria, where applying high MW HA
gel in the peri-implant sulcus for 45 days reduced the relative
abundance of peri-implantitis-related microorganisms, particularly
Prevotella and Campylobacter (Soriano-Lerma et al., 2020).

Periodontal disease is not solely caused by biofilm itself, it
results also from the host immune response to the microbes (Cekici
et al, 2014). In the dynamic development of periodontitis,
macrophages play an essential role in immune regulation and
phagocytosis by differentiating to different phenotypes (Sun et al,
2021). The M1 phenotype promotes killing of bacteria and increases
inflammation by producing high levels of pro-inflammatory
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cytokines like IL-1B and TNF-o. In contrast, the M2 phenotype
induces tissue regeneration by releasing anti-inflammatory
cytokines like IL-10 and TGF-B (Orekhov et al., 2019). The M1/
M2 ratio was found to be increased in periodontitis (Yu et al., 2016).
This may be supported by the present in-vitro study with highly
elevated levels of IL-1P and decreased levels of IL-10 in MONO-
MAC-6 cells after biofilm stimulation.

The effects of HA on macrophages are closely related to its MW.
As investigated with murine macrophages, regardless of the initial
polarization state of macrophages, macrophages underwent
phenotypic alterations based on MW of HA, which was a pro-
inflammatory response for lower MW HA and oligos of HA (no
more than 5 kDa) and a pro-resolving response for higher MW HA
(3000 kDa), while the response to intermediate-MW HA (60 kDa —
800 kDa) was difficult to ascertain (Rayahin et al., 2015). In a similar
study, high-MW HA (1500 kDa) caused a concentration-dependent
reduction in IL-1B in murine macrophages stimulated with LPS,
while low-MW HA (100 kDa and 500 kDa) caused an increase in
IL-1PB. But at both 500 kDa and 1500 kDa MW, HA increased IL-10
in LPS-stimulated macrophages (Lee et al., 2021). In the present
study, we found that without biofilm stimulation, OHA induced
both IL-1P and IL-10 in MONO-MAC-6 cells, while with biofilm
stimulation, high-MW HA (HHA and CHA) decreased IL-1 and
increased IL-10. Together with our findings, it suggests that OHA
promotes inflammation whereas high-MW HA decreases
inflammation induced by bacterial stimulus.

The contrasting response to inflammation in MONO-MAC-6
cells to the different molecular weights (MWs) of HA may
correspond with varying affinities to the receptors, which
subsequently affect the downstream signaling pathways (Yang
et al.,, 2012). CD44, TLR2/4, RHAMM and LYE-1, ICAM-1 have
been reported as the receptors of HA (Vasvani et al, 2020).
However, except for ICAM-1, we did not find any difference in
the mRNA expression of these receptors in MONO-MAC-6 cells
with or without biofilm stimulation in this study. Both HHA and in
particular, OHA increased ICAM1 mRNA expression, which
suggested that HA fragments and high-MW HA had a higher
affinity to ICAM-1 in MONO-MAC-6 cells. The role of ICAM-1
in HA signaling is underlined by an in-vitro study with LPS-
stimulated human U937 macrophages [51]. The decreasing effect
of high-MW HA on pro-inflammatory cytokines as IL-1f, IL-6 and
TNF-o was mitigated when an anti-ICAM-1 antibody was applied
prior to HA incubation (Yasuda, 2007). The HA binding to ICAM-1
down-regulated p65 NF-kB phosphorylation without affecting
MAPK pathways (Yasuda, 2007).

Periodontal ligament fibroblasts (PDLF) are also a crucial and
prominent cell type in periodontal homeostasis and regeneration
due to their ability to produce multiple cytokines in response to
bacterial insults, including the proinflammatory chemokine IL-8
(El-Awady et al., 2010). IL-8 is among the most abundant
chemokines in periodontitis which functions as attracting PMNs
to infectious area and affecting bone metabolism (Sahingur and
Yeudall, 2015). High IL-8 levels were found in vivo in periodontitis
patients (Chen et al, 2015) and in vitro in bacteria-stimulated
periodontal fibroblasts (Makkar et al., 2022). In the present study,
biofilm stimulation enormously increased the level of IL-8 in PDLF
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as well. The PDLF cells respond differently to HA depending on its
MW. In this study, OHA promoted the production of IL-8 in
resting PDLF time-dependently. Nakatani et al. revealed that HA
oligomers increased matrix metalloproteinase-1 in PDLF via
P38MAPK signaling pathway (Nakatani et al., 2009). These and
our findings suggest that OHA may promote periodontal tissue
degradation under the pathologic conditions. High-MW HA (1300
kDa) was reported to downregulate IL-8 in P. gingivalis-stimulated
gingival fibroblasts (Chen et al,, 2019). This study found a
downregulation by HHA (1000 kDa) with or without biofilm
stimulation, although the effect was not statistically significant.

As with the MONO-MAC-6 cells, an influence of HA on its
receptor expression was only found for ICAM-1. Most expression
was stimulated by the periodontal biofilm. The increased expression
of ICAM-1 in periodontal fibroblasts was shown for P. gingivalis, a
member of our multi-species biofilm (Liu et al., 2014). In the presence
of biofilm, not any HA could significantly influence the expression
underlying the overwhelming role of bacteria. Our data indicated that
in the absence of bacterial stimuli, OHA increased the expression of
ICAM-1 and thus may support inflammation in the periodontium. In
periodontal junctional epithelium, a gradient expression of ICAM-1
together with the high releasing of IL-8 are thought to be an
important mechanism for guiding PMNs to infected areas, for
example: the bottom of sulcus, where they are directly challenged
by bacteria and their components (Tonetti et al.,, 1998).

ROS generation plays a critical role in numerous diseases,
including periodontitis. ROS kills bacteria in high amounts, but
when overactivated, it becomes cytotoxic to host cells, leading to
tissue destruction (Sies et al., 2022). Several studies have shown a
direct correlation between elevated oxidative stress and periodontitis
(Sczepanik et al., 2020). Our data showed that periodontal biofilm
induced oxidative stress in host immune cells as evidenced by the
higher ROS levels in both MONO-MAC-6 and PDLE. Addition of
antioxidants to conventional approaches may be an option for the
prevention and treatment of periodontitis (Sczepanik et al., 2020). In
the present study, HHA slightly retarded the high ROS generated by
biofilm stimulation. High-MW HA was shown to have antioxidant
capacity by scavenging excessive ROS (Soltés et al., 2006). Clinically,
adjunctive application of high-MW HA led to a higher increase in
antioxidant markers in saliva when compared to non-surgical
periodontal therapy without adjunct (Olszewska-Czyz et al.,, 2022).

It is worth to note that in the context of two immune cell types,
the two high-MW HA affect differently on inflammatory response
including cytokine expression and ROS generation. Without
biofilm stimulation, CHA reduced IL-10 levels in MONO-MAC-6
cells and IL-8 levels in PDLF indicating a potential inhibitory effect
of CHA on immune cells. In biofilm-stimulated MONO-MAC-6
cells, CHA reduced IL-1p levels less than HHA but increased IL-10
levels more. According to the manufacturer’s information, CHA
contains the crosslinker 1,4-butanediol diglycidyl ether (BDDE).
BBDE is one of the most used cross-linker in commercial HA
products (De Boulle et al., 2013). It might be responsible for the
higher level of IL-1beta in CHA compared to HHA. BBDE has been
shown to induce higher levels of pro-inflammatory cytokines, such
as TNF-o. and IL-1f than other crosslinkers in human keratinocyte
cell line and human dermal fibroblast cell line (Jeong et al., 2021).
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Higher levels of ROS were observed in CHA group than in HHA
group. The crosslinked structure appeared to be a feasible way to
protect the long HHA chains from rapid degradation by free ROS
(De Boulle et al., 2013).

In summary, within the tested 12-species periodontal biofilm, both
high-MW HAs exhibited anti-biofilm capacity against early-stage and
mature biofilms, with CHA demonstrating the most significant effect.
Concerning periodontal immune cells and their interaction with
biofilm, OHA might initiate a pro-inflammatory response in both
MONO-MAC-6 cells and PDLF, whereas CHA inhibited it. When
challenged with biofilm, HHA and CHA reduced pro-inflammatory
IL-1B, while CHA increased the level of the anti-inflammatory IL-10.
Expression of ICAM-1 is involved in the interaction between HA,
biofilm, and MONO-MAC-6 as well as PDLF cells.

Nevertheless, this study has limitations. While this study is the
first to demonstrate the anti-biofilm effects of HHA and CHA on the
12-species periodontal biofilm with defined strains, we acknowledge
that we did not investigate the complexity as it occurs in vivo, nor the
effect on the virulent factors of periodontal pathogens. Furthermore,
the current study did not examine in detail how HA is involved in the
M1/M2 switch of macrophages or in the potential signaling
pathways. Despite the promising effect of HA on biofilm and
immune cells, the effect of the biofilm and immune cells on HA
was not examined. Future studies on this topic are of interest.

Overall, this study explored the effects of different types of HA,
including variations in molecular weight (MW) and cross-link
formulations, on periodontal biofilm, immune cells, and their
interactions. The findings suggest that utilizing different types of
HA at specific times and conditions during periodontal treatment
may enhance the benefits of HA and improve clinical outcomes.
However, further evidence is needed, and additional studies should
focus on this aspect.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies involving
humans because According to the criteria of the Cantonal Ethical
Committee (KEK), there is no need for additional approval if the
biomaterials are classified as “irreversibly anonymized”. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

XZ: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Writing — original draft,
Writing - review & editing. AS: Resources, Supervision, Writing —

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1414861
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zhu et al.

review & editing. SE: Conceptualization, Data curation,
Investigation, Methodology, Project administration, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for
theresearch, authorship, and/or publication of this article. The
studywas funded by the Department of Periodontology of the
Universityof Bern. XZ is supported by the Chinese Scholarship
Council. Open access funding by the University of Bern.

Acknowledgments

The authors appreciate Bloomage Biotech, Jinan, China, for
generously providing the chemical compounds of HA, and
Regedent AG, Zurich, Switzerland, for providing the cross-linked HA.

References

Alharbi, M. S., and Alshehri, F. A. (2022). High molecular weight hyaluronic acid
reduces the expression of virulence genes fimA, mfal, hagA, rgpA, and kgp in the oral
pathogen Porphyromonas gingivalis. Pharmaceutics 14, 1628. doi: 10.3390/
pharmaceutics14081628

Asparuhova, M. B., Kiryak, D., Eliezer, M., Mihov, D., and Sculean, A. (2019).
Activity of two hyaluronan preparations on primary human oral fibroblasts. J.
Periodontal Res. 54, 33-45. doi: 10.1111/jre.12602

Beertsen, W., Mcculloch, C. A. G., and Sodek, J. (1997). The periodontal ligament: a
unique, multifunctional connective tissue. Periodontology 2000 13, 20-40. doi: 10.1111/
j.1600-0757.1997.tb00094.x

Bertl, K., Bruckmann, C,, Isberg, P. E., Klinge, B., Gotfredsen, K., and Stavropoulos,
A. (2015). Hyaluronan in non-surgical and surgical periodontal therapy: a systematic
review. J. Clin. Periodontol 42, 236-246. doi: 10.1111/jcpe.12371

Carlson, G. A., Dragoo, J. L., Samimi, B., Bruckner, D. A., Bernard, G. W., Hedrick,
M,, et al. (2004). Bacteriostatic properties of biomatrices against common orthopaedic
pathogens. Biochem. Biophys. Res. Commun. 321, 472-478. doi: 10.1016/
j.bbrc.2004.06.165

Cekici, A., Kantarci, A., Hasturk, H., and Van Dyke, T. E. (2014). Inflammatory and
immune pathways in the pathogenesis of periodontal disease. Periodontology 2000 64,
57-80. doi: 10.1111/prd.12002

Champion, M., Portier, E., Vallee-Réhel, K., Linossier, I, Balnois, E., Vignaud, G.,
et al. (2022). Anti-biofilm activity of a hyaluronan-like exopolysaccharide from the
marine Vibrio MO245 against pathogenic bacteria. Mar. Drugs 20, 728. doi: 10.3390/
md20110728

Chen, X., Huang, J., Zhong, L., and Ding, C. (2015). Quantitative assessment of the
associations between interleukin-8 polymorphisms and periodontitis susceptibility. J.
Periodontology 86, 292-300. doi: 10.1902/jop.2014.140450

Chen, M., Li, L., Wang, Z,, Li, P,, Feng, F., and Zheng, X. (2019). High molecular
weight hyaluronic acid regulates P. gingivalis-induced inflammation and migration in
human gingival fibroblasts via MAPK and NF-«B signaling pathway. Arch. Oral. Biol.
98, 75-80. doi: 10.1016/j.archoralbio.2018.10.027

Chhabra, A., Chakraborty, N. G., and Mukherji, B. (2008). Silencing of endogenous
IL-10 in human dendritic cells leads to the generation of an improved CTL response
against human melanoma associated antigenic epitope, MART-1 27-35. Clin. Immunol.
(Orlando Fla.) 126, 251-259. doi: 10.1016/j.clim.2007.11.011

Choi, S. C, Yoo, M. A, Lee, S. Y., Lee, H. ], Son, D. H,, Jung, ], et al. (2015).
Modulation of biomechanical properties of hyaluronic acid hydrogels by crosslinking
agents. J. Biomed. Materials Res. Part A 103, 3072-3080. doi: 10.1002/jbm.a.35437

Curtis, M. A,, Diaz, P. I, and Van Dyke, T. E. (2020). The role of the microbiota in
periodontal disease. Periodontology 2000 83, 14-25. doi: 10.1111/prd.12296

De Boulle, K., Glogau, R., Kono, T., Nathan, M., Tezel, A., Roca-Martinez, J.-X., et al.
(2013). A review of the metabolism of 1,4-butanediol diglycidyl ether-crosslinked
hyaluronic acid dermal fillers. Dermatologic Surg. 39, 1758-1766. doi: 10.1111/
dsu.12301

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2024.1414861

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Delaviz, Y., Santerre, J. P., and Cvitkovitch, D. G. (2015). “11 - Infection resistant
biomaterials,” in Biomaterials and Medical Device - Associated Infections, eds. L. Barnes
and I. R. Cooper (Oxford: Woodhead Publishing), 223-254. doi: 10.1533/
9780857097224.2.223

Drago, L., Cappelletti, L., De Vecchi, E., Pignataro, L., Torretta, S., and Mattina, R.
(2014). Antiadhesive and antibiofilm activity of hyaluronic acid against bacteria
responsible for respiratory tract infections. APMIS 122, 1013-1019. doi: 10.1111/
apm.12254

Eick, S., Renatus, A., Heinicke, M., Pfister, W., Stratul, S. L., and Jentsch, H. (2013).
Hyaluronic acid as an adjunct after scaling and root planing: a prospective randomized
clinical trial. J. Periodontol 84, 941-949. doi: 10.1902/j0p.2012.120269

El-Awady, A. R,, Messer, R. L. W., Gamal, A. Y., Sharawy, M. M., Wenger, K. H., and
Lapp, C. A. (2010). Periodontal ligament fibroblasts sustain destructive immune
modulators of chronic periodontitis. J. Periodontology 81, 1324-1335. doi: 10.1902/
j0p.2010.100054

Eliezer, M., Imber, J.-C., Sculean, A., Pandis, N., and Teich, S. (2019). Hyaluronic
acid as adjunctive to non-surgical and surgical periodontal therapy: a systematic review
and meta-analysis. Clin. Oral. Investigations 23, 3423-3435. doi: 10.1007/s00784-019-
03012-w

Fallacara, A., Baldini, E., Manfredini, S., and Vertuani, S. (2018). Hyaluronic acid in
the third millennium. Polymers 10, 701. doi: 10.3390/polym10070701

Fernandez-Botran, R., and Vetvicka, V. (2000). Advanced Methods in Cellular
Immunology (1st ed.). CRC Press, 101-114. doi: 10.1201/9781420039238

Fraser, J. R. E., Laurent, T. C,, and Laurent, U. B. G. (1997). Hyaluronan: its nature,
distribution, functions and turnover. J. Internal Med. 242, 27-33. doi: 10.1046/j.1365-
2796.1997.00170.x

Fujioka-Kobayashi, M., Miiller, H.-D., Mueller, A., Lussi, A., Sculean, A., Schmidlin,
P. R, et al. (2017). In vitro effects of hyaluronic acid on human periodontal ligament
cells. BMC Oral. Health 17 (1), 44. doi: 10.1186/s12903-017-0341-1

Garantziotis, S., and Savani, R. C. (2019). Hyaluronan biology: a complex balancing
act of structure, function, location and context. Matrix Biol. 78-79, 1-10. doi: 10.1016/
j.matbio.2019.02.002

Hajishengallis, G. (2014). Immunomicrobial pathogenesis of periodontitis:
keystones, pathobionts, and host response. Trends Immunol. 35, 3-11. doi: 10.1016/
j.it.2013.09.001

Hajishengallis, G., Darveau, R. P., and Curtis, M. A. (2012). The keystone-pathogen
hypothesis. Nat. Rev. Microbiol. 10, 717-725. doi: 10.1038/nrmicro2873

Hannig, C., and Hannig, M. (2009). The oral cavity—a key system to understand
substratum-dependent bioadhesion on solid surfaces in man. Clin. Oral. Investigations
13, 123-139. doi: 10.1007/s00784-008-0243-3

Jeong, C. H,, Kim, D. H., Yune, J. H., Kwon, H. C,, Shin, D. M., Sohn, H,, et al. (2021).
In vitro toxicity assessment of crosslinking agents used in hyaluronic acid dermal filler.
Toxicol In Vitro 70, 105034. doi: 10.1016/j.tiv.2020.105034

frontiersin.org


https://doi.org/10.3390/pharmaceutics14081628
https://doi.org/10.3390/pharmaceutics14081628
https://doi.org/10.1111/jre.12602
https://doi.org/10.1111/j.1600-0757.1997.tb00094.x
https://doi.org/10.1111/j.1600-0757.1997.tb00094.x
https://doi.org/10.1111/jcpe.12371
https://doi.org/10.1016/j.bbrc.2004.06.165
https://doi.org/10.1016/j.bbrc.2004.06.165
https://doi.org/10.1111/prd.12002
https://doi.org/10.3390/md20110728
https://doi.org/10.3390/md20110728
https://doi.org/10.1902/jop.2014.140450
https://doi.org/10.1016/j.archoralbio.2018.10.027
https://doi.org/10.1016/j.clim.2007.11.011
https://doi.org/10.1002/jbm.a.35437
https://doi.org/10.1111/prd.12296
https://doi.org/10.1111/dsu.12301
https://doi.org/10.1111/dsu.12301
https://doi.org/10.1533/9780857097224.2.223
https://doi.org/10.1533/9780857097224.2.223
https://doi.org/10.1111/apm.12254
https://doi.org/10.1111/apm.12254
https://doi.org/10.1902/jop.2012.120269
https://doi.org/10.1902/jop.2010.100054
https://doi.org/10.1902/jop.2010.100054
https://doi.org/10.1007/s00784-019-03012-w
https://doi.org/10.1007/s00784-019-03012-w
https://doi.org/10.3390/polym10070701
https://doi.org/10.1201/9781420039238
https://doi.org/10.1046/j.1365-2796.1997.00170.x
https://doi.org/10.1046/j.1365-2796.1997.00170.x
https://doi.org/10.1186/s12903-017-0341-1
https://doi.org/10.1016/j.matbio.2019.02.002
https://doi.org/10.1016/j.matbio.2019.02.002
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1007/s00784-008-0243-3
https://doi.org/10.1016/j.tiv.2020.105034
https://doi.org/10.3389/fcimb.2024.1414861
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zhu et al.

Jiang, D., Liang, J., and Noble, P. W. (2011). Hyaluronan as an immune regulator in
human diseases. Physiol. Rev. 91, 221-264. doi: 10.1152/physrev.00052.2009

Kinane, D. F., Stathopoulou, P. G., and Papapanou, P. N. (2017). Periodontal
diseases. Nat. Rev. Dis. Primers 3, 17038. doi: 10.1038/nrdp.2017.38

Lee, B. M,, Park, S. J., Noh, L, and Kim, C.-H. (2021). The effects of the molecular
weights of hyaluronic acid on the immune responses. Biomaterials Res. 25.
doi: 10.1186/540824-021-00228-4

Lin, Z., Nica, C,, Sculean, A., and Asparuhova, M. B. (2020). Enhanced wound
healing potential of primary human oral fibroblasts and periodontal ligament cells
cultured on four different porcine-derived collagen matrices. Materials 13, 3819.
doi: 10.3390/mal3173819

Litwiniuk, M., Krejner, A., Speyrer, M. S., Gauto, A. R., and Grzela, T. (2016).
Hyaluronic acid in inflammation and tissue regeneration. Wounds 28 (3), 78-88.

Liu, J., Duan, J., Wang, Y., and Ouyang, X. (2014). Intracellular adhesion molecule-1
is regulated by Porphyromonas gingivalis through nucleotide binding oligomerization
domain-containing proteins 1 and 2 molecules in periodontal fibroblasts. J. Periodontol
85, 358-368. doi: 10.1902/jop.2013.130152

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Ma, W, Gil, H. ., Liu, X, Diebold, L. P., Morgan, M. A., Oxendine-Burns, M. J., et al.
(2021). Mitochondrial respiration controls the Prox1-Vegfr3 feedback loop during
lymphatic endothelial cell fate specification and maintenance. Sci. Adv. 7 (18),
eabe7359. doi: 10.1126/sciadv.abe7359

Makkar, H., Atkuru, S., Tang, Y. L., Sethi, T., Lim, C. T, Tan, K. S, et al. (2022).
Differential immune responses of 3D gingival and periodontal connective tissue equivalents
to microbial colonization. J. Tissue Eng. 13, 204173142211116. doi: 10.1177/
20417314221111650

Martins, R. C. L., Werneck, C. C., Rocha, L. A. G, Feres-Filho, E. J., and Silva, L.-C. F.
(2003). Molecular size distribution analysis of human gingival glycosaminoglycans in
cyclosporin- and nifedipine-induced overgrowths. J. Periodontal Res. 38, 182-189.
doi: 10.1034/j.1600-0765.2003.02004.x

Merritt, J. H., Kadouri, D. E., and O’Toole, G. A. (2005). Growing and analyzing
static biofilms. Curr. Protoc. Microbiol. 1B.1.1-1B.1.17 doi: 10.1002/
9780471729259.mc01b01s00

Meyer, K., and Palmer, J. W. (1934). The polysaccharide of the vitreous humor. J.
Biol. Chem. 107, 629-634. doi: 10.1016/S0021-9258(18)75338-6

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55-63.
doi: 10.1016/0022-1759(83)90303-4

Mueller, A., Fujioka-Kobayashi, M., Mueller, H.-D., Lussi, A., Sculean, A., Schmidlin,
P. R, et al. (2017). Effect of hyaluronic acid on morphological changes to dentin
surfaces and subsequent effect on periodontal ligament cell survival, attachment, and
spreading. Clin. Oral. Investigations 21, 1013-1019. doi: 10.1007/s00784-016-1856-6

Nakatani, Y., Tanimoto, K., Tanaka, N., Tanne, Y., Kamiya, T., Kunimatsu, R., et al.
(2009). Effects of hyaluronan oligosaccharide on the expression of MMP-1 in
periodontal ligament cells. Arch. Oral. Biol. 54, 757-763. doi: 10.1016/
j.archoralbio.2009.05.005

Olszewska-Czyz, 1., Kralik, K., Tota, M., and Prpic, J. (2022). The influence of
hyaluronic acid adjunctive therapy of periodontitis on salivary markers of oxidative
stress: randomized, controlled clinical trial. Antioxidants 11, 135. doi: 10.3390/
antiox11010135

Orekhov, A. N., Orekhova, V. A., Nikiforov, N. G., Myasoedova, V. A., Grechko, A.
V., Romanenko, E. B, et al. (2019). Monocyte differentiation and macrophage
polarization. Vessel Plus 3, 10. doi: 10.20517/2574-1209.2019.04

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2024.1414861

Parisi, L., Rihs, S., La Scala, G. C., Schnyder, I., Katsaros, C., and Degen, M. (2022).
Discovery and characterization of heterogeneous and multipotent fibroblast
populations isolated from excised cleft lip tissue. Stem Cell Res. Ther. 13, 469.
doi: 10.1186/s13287-022-03154-x

Pettit, R. K., Weber, C. A., Kean, M. J., Hoffmann, H., Pettit, G. R,, Tan, R, et al. (2005).
Microplate Alamar blue assay for Staphylococcus epidermidis biofilm susceptibility testing.
Antimicrob. Agents Chemother. 49, 2612-2617. doi: 10.1128/AAC.49.7.2612-2617.2005

Rayahin, J. E.,, Buhrman, J. S., Zhang, Y., Koh, T. J., and Gemeinhart, R. A. (2015).
High and low molecular weight hyaluronic acid differentially influence macrophage
activation. ACS Biomater Sci. Eng. 1, 481-493. doi: 10.1021/acsbiomaterials.5b00181

Sabroe, I, Jones, E. C., Usher, L. R., Whyte, M. K. B., and Dower, S. K. (2002). Toll-
like receptor (TLR)2 and TLR4 in human peripheral blood granulocytes: a critical role
for monocytes in leukocyte lipopolysaccharide responsesl. J. Immunol. 168 (9), 4701-
4710. doi: 10.4049/jimmunol.168.9.4701

Sahingur, S. E., and Yeudall, W. A. (2015). Chemokine function in periodontal
disease and oral cavity cancer. Front. Immunol. 6. doi: 10.3389/fimmu.2015.00214

Sczepanik, F. S. C., Grossi, M. L., Casati, M., Goldberg, M., Glogauer, M., Fine, N,,
et al. (2020). Periodontitis is an inflammatory disease of oxidative stress: we should
treat it that way. Periodontology 2000 84, 45-68. doi: 10.1111/prd.12342

Shen, Y., Li, Y., Ye, F., Wang, F., Lu, W., and Xie, X. (2010). Identification of suitable
reference genes for measurement of gene expression in human cervical tissues. Anal.
Biochem. 405, 224-229. doi: 10.1016/j.ab.2010.06.029

Sies, H., Belousov, V. V., Chandel, N. S., Davies, M. J., Jones, D. P., Mann, G. E., et al.
(2022). Defining roles of specific reactive oxygen species (ROS) in cell biology and
physiology. Nat. Rev. Mol. Cell Biol. 23, 499-515. doi: 10.1038/s41580-022-00456-7

Soltés, L., Mendichi, R., Kogan, G., Schiller, J., Stankovska, M., and Arnhold, J.
(2006). Degradative action of reactive oxygen species on hyaluronan.
Biomacromolecules 7, 659-668. doi: 10.1021/bm050867v

Soriano-Lerma, A., Magan-Fernandez, A., Gijon, J., Sanchez-Fernandez, E., Soriano,
M., Garcia-Salcedo, J. A., et al. (2020). Short-term effects of hyaluronic acid on the
subgingival microbiome in peri-implantitis: a randomized controlled clinical trial. J.
Periodontology 91, 734-745. doi: 10.1002/jper.19-0184

Sun, X,, Gao, J., Meng, X,, Lu, X,, Zhang, L., and Chen, R. (2021). Polarized
macrophages in periodontitis: characteristics, function, and molecular signaling.
Front. Immunol. 12. doi: 10.3389/fimmu.2021.763334

Tonetti, M. S., Imboden, M. A., and Lang, N. P. (1998). Neutrophil migration into the
gingival sulcus is associated with transepithelial gradients of interleukin-8 and ICAM-1.
J. Periodontology 69, 1139-1147. doi: 10.1902/j0p.1998.69.10.1139

Vasvani, S., Kulkarni, P., and Rawtani, D. (2020). Hyaluronic acid: a review on its
biology, aspects of drug delivery, route of administrations and a special emphasis on its
approved marketed products and recent clinical studies. Int. J. Biol. Macromol 151,
1012-1029. doi: 10.1016/j.ijbiomac.2019.11.066

Yang, C,, Cao, M,, Liu, H, He, Y., Xu, J,, Du, Y,, et al. (2012). The high and low
molecular weight forms of hyaluronan have distinct effects on CD44 clustering. J. Biol.
Chem. 287, 43094-43107. doi: 10.1074/jbc.M112.349209

Yasuda, T. (2007). Hyaluronan inhibits cytokine production by lipopolysaccharide-
stimulated U937 macrophages through down-regulation of NF-xB via ICAM-1.
Inflammation Res. 56, 246-253. doi: 10.1007/s00011-007-6168-5

Yu, T., Zhao, L., Huang, X., Ma, C., Wang, Y., Zhang, J., et al. (2016). Enhanced
activity of the macrophage M1/M2 phenotypes and phenotypic switch to M1 in
periodontal infection. J. Periodontology 87, 1092-1102. doi: 10.1902/jop.2016.160081

frontiersin.org


https://doi.org/10.1152/physrev.00052.2009
https://doi.org/10.1038/nrdp.2017.38
https://doi.org/10.1186/s40824-021-00228-4
https://doi.org/10.3390/ma13173819
https://doi.org/10.1902/jop.2013.130152
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1126/sciadv.abe7359
https://doi.org/10.1177/20417314221111650
https://doi.org/10.1177/20417314221111650
https://doi.org/10.1034/j.1600-0765.2003.02004.x
https://doi.org/10.1002/9780471729259.mc01b01s00
https://doi.org/10.1002/9780471729259.mc01b01s00
https://doi.org/10.1016/S0021-9258(18)75338-6
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1007/s00784-016-1856-6
https://doi.org/10.1016/j.archoralbio.2009.05.005
https://doi.org/10.1016/j.archoralbio.2009.05.005
https://doi.org/10.3390/antiox11010135
https://doi.org/10.3390/antiox11010135
https://doi.org/10.20517/2574-1209.2019.04
https://doi.org/10.1186/s13287-022-03154-x
https://doi.org/10.1128/AAC.49.7.2612-2617.2005
https://doi.org/10.1021/acsbiomaterials.5b00181
https://doi.org/10.4049/jimmunol.168.9.4701
https://doi.org/10.3389/fimmu.2015.00214
https://doi.org/10.1111/prd.12342
https://doi.org/10.1016/j.ab.2010.06.029
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1021/bm050867v
https://doi.org/10.1002/jper.19-0184
https://doi.org/10.3389/fimmu.2021.763334
https://doi.org/10.1902/jop.1998.69.10.1139
https://doi.org/10.1016/j.ijbiomac.2019.11.066
https://doi.org/10.1074/jbc.M112.349209
https://doi.org/10.1007/s00011-007-6168-5
https://doi.org/10.1902/jop.2016.160081
https://doi.org/10.3389/fcimb.2024.1414861
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	In-vitro effects of different hyaluronic acids on periodontal biofilm-immune cell interaction
	1 Introduction
	2 Methods
	2.1 HA preparation
	2.2 Microorganisms and cultivation
	2.3 Activity on periodontal bacteria and biofilm
	2.3.1 Determination of minimum inhibitory concentration
	2.3.2 Biofilm assays
	2.3.3 Live/dead staining

	2.4 Cell culture
	2.4.1 MTT assay
	2.4.2 Release of inflammatory cytokines and HA receptors in MONO-MAC-6 cells and PDLF
	2.4.3 Reactive oxygen species assay

	2.5 Statistical analysis

	3 Results
	3.1 Periodontal bacteria and biofilm
	3.1.1 Early biofilm formation
	3.1.2 Mature biofilm destruction

	3.2 Immune interaction between MONO-MAC-6 cells and biofilm stimulation
	3.2.1 Expression of IL-1β and IL-10 in MONO-MAC-6 cells
	3.2.1.1 Protein expression
	3.2.1.2 mRNA expression

	3.2.2 Expression of HA receptors in MONO-MAC-6 cells
	3.2.3 Oxidative stress in MONO-MAC-6 cells

	3.3 Immune interaction between PDLF and biofilm stimulation
	3.3.1 Expression of IL-8 in PDLF
	3.3.2 Expression of HA receptors in PDLF
	3.3.3 Oxidative stress in PDLF


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


