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Abstract

Dental materials are susceptible to dental plaque formation, which increases the risk of biofilm-

associated oral diseases. Physical-chemical properties of dental material surfaces can affect 

salivary pellicle formation and bacteria attachment, but relationships between these properties 

have been understudied. We aimed to assess the effects of surface properties and adsorbed salivary 

pellicle on Streptococcus gordonii adhesion to traditional dental materials. Adsorption of salivary 

pellicle from one donor on gold, stainless steel, alumina and zirconia was monitored with a quartz 

crystal microbalance with dissipation monitoring (QCM-D). Surfaces were characterized by X-ray 

photoelectron spectroscopy, atomic force microscopy and water contact angles measurement 

before and after pellicle adsorption. Visualization and quantification of Live/Dead stained bacteria 

and scanning electron microscopy were used to study S. gordonii attachment to materials with and 

without pellicle. The work of adhesion between surfaces and bacteria was also determined. 

Adsorption kinetics and the final thickness of pellicle formed on the four materials were similar. 

Pellicle deposition on all materials increased surface hydrophilicity, surface energy and work of 

adhesion with bacteria. Surfaces with pellicle had significantly more attached bacteria than 

surfaces without pellicle, but the physical-chemical properties of the dental material did not 

significantly alter bacteria attachment. Our findings suggested that the critical factor increasing S. 
gordonii attachment was the salivary pellicle formed on dental materials. This is attributed to 

increased work of adhesion between bacteria and substrates with pellicle. New dental materials 
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should be designed for controlling bacteria attachment by tuning thickness, composition and 

structure of the adsorbed salivary pellicle.
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1. Introduction

Dental materials are susceptible to dental plaque formation, which increases the risk of 

biofilm-associated oral diseases. Dental plaque biofilm is formed by a complex microbial 

community tightly bound to solid substrates including enamel and various dental materials 

[1,2]. Biofilm formation on orthodontic brackets and surrounding enamel can cause white 

spot lesions and/or dental caries. More than 73.5 % of orthodontic patients develop at least 

one new enamel white spot lesion at the time of bracket debonding [3]. Plaque accumulation 

on dental crowns may increase the occurrence of dental caries and periodontitis. The 

frequency of periodontitis in patients who have gone through crown restoration was reported 

as 14.4 % at 5 years [4]. Biofilm growth will shift the composition of the predominant 

species and alter the microecological balance with the host, which will further lead to 

disease onset [1,5]. Therefore, the development of dental materials with low susceptibility to 

bacterial attachment is of clear importance.

Some critical factors influencing dental plaque biofilm formation include surface charge, 

surface roughness (Ra), wettability, surface energy and substratum stiffness [6–10]. Most 

bacterial cells are negatively charged, thus negatively charged surfaces are generally more 

resistant to bacterial colonization [8]. Superhydrophobic and superhydrophilic surfaces can 

both prevent biofilm formation [11,12]. An increase in surface roughness promotes bacterial 

attachment due to the increase in contact area between the material surface and bacterial 

cells [10]. Microorganisms generally adhere more to a substrate with high surface energy 

than to a substrate with low surface energy [13]. Among these factors, surface roughness and 

surface energy have been regarded as the most important factors affecting biofilm formation 

[9]. Though many factors modulating the intrinsic properties of materials/bacteria interfaces 

have been investigated, correlations between surface properties and bacterial adhesion are 

yet not well understood [14].

Dental material surfaces are constantly exposed to saliva, which forms a surface 

conditioning film known as the acquired salivary pellicle. Acquired pellicle is a thin 

acellular film formed by selective adsorption of salivary proteins and glycoproteins on any 

type of surface upon exposure to saliva [15]. The initial conditioning stage of biofilm 

formation is the adhesion of the acquired pellicle [15,16]. Bacterial adherence to teeth or 

dental materials surfaces is mediated by the specific binding of bacterial surface adhesins to 

pellicle protein ligands [17]. Properties of the pellicle such as adsorbed mass [18], formation 

rate [19], morphology [20] and viscoelasticity [21] are dependent on the nature of the 

substratum on which it forms, but few studies have quantitatively compared the pellicle 

adsorption and its effect on bacterial attachment onto different dental materials.
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Quartz crystal microbalance with dissipation monitoring (QCM-D) is a technique that 

enables real-time monitoring of adsorption/desorption and molecular interactions events of 

proteins and other analytes onto sensor surfaces. The combined measurements of changes in 

frequency and dissipation is used to calculate real-time changes in mass and viscoelasticity 

of the adsorbed protein layer [22–25]. QCM-D has been scarcely used to study development 

of varied salivary pellicle, its interactions with dental materials and/or oral rinsing solutions 

[21,26,27]. Previous work studying pellicle adsorption on dental materials or bacterial 

attachment using QCM-D [21,28–30] either did not establish relationships between salivary 

pellicle adsorption and bacterial attachment [21,29,30] or was limited to the investigation of 

a single dental/oral material (e.g. hydroxyapatite [26,27]).

Hence, our work aimed to unravel intrinsic physical-chemical properties of the substrates, 

salivary pellicles and bacteria that control and govern the oral bacterial attachment on dental 

materials, so that known relationships between these properties can instruct the design of 

new materials. Specifically, we assessed the effects of surface properties and adsorbed 

salivary pellicle on Streptococcus gordonii attachment to traditional dental materials, 

including two metals (gold, stainless steel) and two ceramics (aluminum oxide, zirconium 

oxide). S. gordonii is a primary colonizer of oral surfaces [31]. We used QCM-D and 

complementary characterization techniques to evaluate thickness, roughness, hydrophobicity 

and surface energy of the dental materials and the pellicle which formed on them. We also 

determined the work of adhesion between the different substrates and bacteria. Our first 

hypothesis was that the salivary pellicle thicknesses and adsorption kinetics are significantly 

different on different traditional dental materials. Our second hypothesis was that the work 

of adhesion between bacteria and adsorbed pellicle is significantly higher than between 

bacteria and material surfaces without pellicle, and thus the adsorbed pellicle increased 

attachment of S. gordonii bacteria compared to material surfaces without pellicle.

2. Materials and methods

2.1. Real-time monitoring of pellicle adsorption

2.1.1. Saliva collection—Unstimulated saliva was obtained from one researcher with 

good oral health by depositing saliva in a sterilized Falcon tube every minute until collection 

of 20 mL of saliva [21,32,33]. The salivary donor kept the same diet in the previous night 

and in the morning of the collection day to minimize the differences in saliva samples 

collected in different days. The saliva was immediately centrifuged twice at 35,280 RCF and 

4 °C for 10 min. The supernatant was collected and filtered with 0.22 μm syringe filters 

(Millex™-GP Sterile Syringe Filters, MilliporeSigma™, USA). Then, the filtered saliva was 

diluted to 25 % (V/V) (FS) with autoclaved deionized (DI) water [21,33]. FS was used 

immediately for every experiment.

2.1.2. Adsorption of salivary pellicle—A QCM-D (Q-Sense E4 system, Biolin 

Scientific, Sweden) was used for monitoring the frequency and dissipation changes by 

flowing autoclaved DI water (control) or FS on QSensors (Biolin Scientific, Sweden) coated 

by the manufacturer with gold (Au; QSX-301), stainless steel (SS; QSX-304), aluminum 

oxide (Al2O3; QSX-309) and zirconium oxide (ZrO2; QSX-330). The sensors were 
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thoroughly cleaned before QCM-D experiments following manufacturer instructions. 

Frequency and dissipation data were acquired with QSoft401 (version 2.6.1.712, Biolin 

Scientific, Sweden) and analyzed using QTool software (version 3.1.25.604, Biolin 

Scientific, Sweden). Measurements were taken at a constant temperature of 37 °C. Control 

groups were run with autoclaved DI water through the chambers at a flow rate of 0.2 

mL/min until a stable baseline was reached (approximately 1 h). Experimental groups were 

run with autoclaved DI water at 0.2 mL/min for 1 h and then FS at 0.2 mL/min for 5 min, 

and 20 μL/min for 1 h, followed by autoclaved DI water at 0.2 mL/min for 30 min for 

rinsing loosely attached pellicle molecules. In each QCM-D experimental run, each of the 

four chambers contained one sensor with a different material coating and all chambers were 

exposed to the same saliva sample. Thus, assessment of the variations in adsorption of 

pellicle among the different materials would not be affected by the differences in saliva 

samples collected in different days.

The resonant frequency and the energy dissipation of the four sensors were continuously 

recorded to monitor real-time pellicle adsorption on the different coated sensors. The 

thickness of the formed pellicle was fit using the Kelvin-Voigt viscoelastic model. The 

pellicle layer was estimated to be homogeneous with a density of 1000 kg/m3. The fluid 

density and viscosity of FS were estimated to be the same as water; 1000 kg/m3 and 0.001 

kg/m, respectively. The data were fitted from the 5th, 7th and 9th overtones. All QCM-D 

experiments were performed four times.

2.2. Surface properties

2.2.1. Elemental composition—A X-ray photoelectron spectrometer (XPS; PHI 5000 

Versa Probe III, ULVAC Inc, Kanagawa Japan) with a monochromatic Al Kα X-ray source 

(45°, 1486.6 eV, 50 W, sampling area: 200-μm diameter) was used to determine elemental 

composition of the four different sensor surfaces without and with pellicle. Survey spectra 

were collected at 0−1100 eV using a pass energy of 280 eV with a step size of 1.0 eV. 

Sensors were put into a desiccator to dry overnight prior to measurements. Each sensor was 

measured in 4 different locations with 15 scans per location.

2.2.2. Topography and roughness—Surfaces of the sensors without and with pellicle 

formed during QCM-D experiments were scanned in tapping mode using an atomic force 

microscope (AFM; Bruker Nanoscope V Multimode 8 AFM, Billerica, MA, USA) and 

silicon probes with tip radius of curvature < 10 nm and nominal force constant of 42 N/m 

(PPP-NCHR-10, Nanosensors, Neuchâtel, Switzerland). The scanning rate was 1 Hz and the 

scanning area was 1 μm × 1 μm. Roughness (Ra) was calculated using Gwyddion software 

(version 2.52, gwyddion.net).

2.2.3. Wettability—Water contact angles (WCA) on Au, SS, Al2O3, ZrO2 sensors 

without and with pellicle formed during QCM-D experiments were determined using the 

sessile drop method with a contact angle goniometer (DMCE1, Kyowa Interface Science, 

Japan) and FAMAS software (Kyowa Interface Science, Japan). A 2 μL droplet of deionized 

(DI) water was deposited on the tested surface and tracked for 60 s. Measurements were 

repeated four times at different locations on each surface.
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2.2.4. Surface energy—To calculate the solid-vapor surface energies (γSV)of each 

surface and their polar and dispersive components (γS
p , γS

d , respectively), contact angles with 

formamide and diiodomethane were determined in the same way as described for WCA. The 

surface energies of the three liquids and their polar and dispersive components (γLV, γL
p γL

d , 

respectively) were obtained from [34]. The relationships between the solid surface energies 

and liquid surface energies follow the following equations [35].

γSL = γSV + γLV − 2 γS
pγL

p 1/2 − 2 γS
dγL

d 1/2
(1)

γSV = γSL + γLV cosθ (2)

γSV = γS
p + γS

d (3)

γLV = γL
p + γL

d (4)

After combining these equations, the unknown parameters (γS
p  and γS

d) can be calculated 

from the following equation [36]:

γLV (1 + cosθ)/2 γL
d 1/2 = γS

p 1/2 γL
p /γL

d 1/2 + γS
d 1/2

(5)

In the linear fitting of γLV (1 + cosθ)/2 γL
d 1/2

 vs γL
p /γL

d 1/2
, the slope is γS

p 1/2
 and the 

intercept is γS
d 1/2

. The total surface energy of each sensor (γSV) is then calculated from Eq. 

(3).

2.3. Bacterial attachment

2.3.1. Bacteria growth and attachment to surfaces—The strain S. gordonii M5 

was cultured on Brain Heart Infusion (BHI, BD Difco, USA) agar plates at 37 °C in aerobic 

condition for 48 h followed by incubation in Todd Hewitt Broth medium (THB, BD Difco, 

USA) at 37 °C in aerobic condition with a shaking speed of 150 rpm until OD600 of 0.20 

was reached (approximately 6 h).

The sensors coated with dental materials with and without adsorbed pellicle were 

conditioned in a 12 well-plate with THB medium at 37 °C for 0.5 h immediately after 

removal from the QCM-D chambers. The bacterial solution was diluted to OD600 of 0.02. 

All the sensors were immersed into the bacterial solution and incubated for 6 h with a 

shaking speed of 150 rpm.

2.3.2. Quantification by imaging of attached bacteria—A LIVE/DEAD assay was 

performed to visualize bacteria colonization on sensors. After bacterial culture, sensors were 

washed in phosphate-buffered saline (PBS) and stained at room temperature in SYTO©9 
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and propidium iodide in PBS following the manufacturer’s instructions (LIVE/DEAD™ 

BacLight™ Bacterial Viability Kit, Thermo Fisher Scientific, Waltham, MA, USA). Bacteria 

with an intact membrane fluoresce green, whereas bacteria with a compromised membrane 

fluoresce red. Micrographs were obtained with a confocal laser scanning microscope 

(CLSM; FluoView FV1000, Olympus) at ×20 (NA = 0.85) at constant settings across all 

sensors. Micrograph analysis and visualization were performed in Fiji-ImageJ (NIH, https://

imagej.net/Fiji). Because almost all bacteria were live, bacterial covered surface area (in 

pixels) was calculated by binarizing the green (SYTO©9) channel and calculating the 

SYTO©9-positive number of pixels. Nine fields of view (arranged in a 3 ×3 grid where each 

field was 2 mm apart) were collected from four separate experiments for each surface.

2.3.3. Visualization of attached bacteria—Sensors with attached bacteria were 

prepared for field-emission scanning electron microscopy (SEM; Hitachi SU8230, Tokyo, 

Japan) imaging following the methods described elsewhere [37]. Briefly, after being 

incubated in bacterial culture solutions, the sensors were first washed gently in PBS to 

remove loosely attached bacteria. The attached bacteria were then fixed in a 2.5 % 

glutaraldehyde solution in PBS for 2 h at 4 °C. The fixed sensors were washed in PBS for 20 

min twice and in DI water for 20 min twice. The washed sensors were serially dehydrated in 

35 %, 50 %, 75 % and 95 % ethanol for 30 min each and in 100 % ethanol 3 times ×30 min. 

Then the sensors with attached bacteria were dried using a CO2 critical-point dryer (Model 

780A, Tousimis, Rockville, MD, USA). The dried specimens were sputter-coated with a 5 

nm thick iridium layer. The attached bacteria were imaged at an accelerating voltage of 5 

kV.

2.3.4. Surface energy of bacteria layers—The contact angles of DI water, 

formamide and diiodomethane were measured on a thick layer of S. gordonii deposited on 

membrane filters [38]. S. gordonii was incubated overnight until OD600 of 1.62. Bacteria 

solution was centrifuged at 5000 RCF for 5min and re-suspended in DI water three times. A 

total of 5 mL of washed bacteria solution was passed through a 25 mm mixed cellulose 

esters membrane with 0.45 μm pore size (HAWP02500, Millipore Sigma, Darmstadt, 

Germany). The membranes with collected bacteria were kept in moisture on a BHI agar 

plate and measured within 30 min. Contact angles with each liquid were measured on three 

membranes with bacteria. The surface energy of S. gordonii was calculated using the same 

method described for the sensors.

2.4. Evaluation of work of adhesion between surfaces and bacteria

After obtaining the surface energies of sensors, sensors with pellicle and S. gordonii, the 

work of adhesion (Wad) between the different sensor surfaces and S. gordonii was calculated 

from the equation below [35]:

W ad = 2 γS
pγB

p 1/2 + 2 γS
dγB

d 1/2
(6)
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Where γS
p  and γS

d  are the surface energy polar and dispersive components, respectively, of the 

sensor surface and γB
p  and γB

d  are the surface energy polar and dispersive components, 

respectively, of bacteria layers.

2.5. Statistical analysis

Statistical analysis was performed using SPSS software (version 17.0, SPSS Inc., Chicago, 

USA). Kolmogorov-Smirnov test was used to assess normality and Levene’s test was used to 

assess homogeneity of variances among tested groups. Then, statistically significant 

differences between groups (p-value < 0.05) were determined using Welch’s ANOVA with 

Tukey post-hoc test, Kruskal Wallis test and Welch’s ANOVA with the Dunnett T3 post hoc 

test for pellicle thickness, WCA and number of attached bacteria, respectively.

3. Results

3.1. Real-time monitoring of pellicle adsorption

The changes in frequency (ΔF) and changes in energy dissipation (ΔD) vs time were plotted 

to monitor salivary pellicle adsorption on coated sensors (Fig. 1). After initial stabilization of 

the system in water, a large and rapid drop in ΔF of about −45 Hz within 5 min was observed 

for the four dental materials (Fig. 1, arrow ‘Filtered saliva’) when they were exposed to FS. 

This drop was indicative of the rapid absorption of molecules from FS to form a pellicle 

onto the tested surfaces. Thereafter, ΔF was stable over time of exposure to FS. 

Simultaneous to the drop in ΔF, a corresponding increase in ΔD to a stable level within 5 

min was assessed. The sensors were then rinsed with water (Fig. 1a, arrow ‘Water rinse’ at 

65 min). A small increase in ΔF was detected over a short period of 2 min, whereas a 

simultaneous relatively large decrease in ΔD indicated that the pellicle was more compact, 

and thus only loosely attached pellicle molecules were removed from the sensor surface 

during water rising. ΔF and ΔD evolution and values were similar among these four dental 

material surfaces during all steps of the experiment.

To quantify the salivary pellicle formation in real-time, pellicle thickness over time was 

calculated using the Kelvin-Voigt viscoelastic model based on the 5th, 7th and 9th overtones 

of QCM-D frequency and dissipation changes (Fig. 2). Pellicle thickness increased rapidly 

to 12−15 nm on all four surfaces within 5 min after exposure to FS (Fig. 2a, arrow ‘Filtered 

saliva’). Pellicle thicknesses were stable over the following 60 min; i.e., before water rinse 

(Fig. 2a, arrow ‘Water rinse’). During water rinse, the pellicle thicknesses decreased rapidly 

within 2 min as the loosely attached molecules in the formed pellicle layer were removed. 

Fig. 2b shows the average pellicle thickness formed on the four dental materials before and 

after water rinse. No statistically significant differences in pellicle thickness were 

determined between the four different sensor surfaces both before and after water rinse.

3.2. Surface properties

The surface elemental composition of the sensors before and after pellicle adsorption was 

detected and quantified by XPS (Fig. 3). All characteristic elemental XPS peaks of each 

coated sensor were identified. The intensities of N1s and C1s peaks significantly increased 
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after pellicle adsorption on the sensor surfaces while the intensities of the signature peaks 

from the sensor materials (Au, Fe, Al, Zr) diminished. As a result, the ratio of C/metal 

element and N/metal element strikingly increased, which confirmed the thorough coverage 

of the sensors by the adsorbed pellicle.

AFM was used to characterize the surface topography of the four coated sensors before and 

after the QCM-D experiment (Fig. 4). The adsorbed pellicle had similar topographical 

features on Au, SS and Al2O3 sensors. Pellicle on ZrO2 sensors had larger and less uniform 

protein agglomerates than on the other three sensors. Before depositing saliva, all four 

sensors had similar values of roughness (Ra < 1.0 nm), which did not change after pellicle 

adsorption except for pellicle on the ZrO2 sensor (Ra =1.8 nm).

Surface hydrophobicity of the four sensors before and after QCM-D experiment was 

evaluated by WCA and is summarized in Table 1. SS and ZrO2 sensors were the most 

hydrophilic and most hydrophobic, respectively. Only these two groups had statistically 

different WCA. Surfaces with pellicle were statistically more hydrophilic than the 

corresponding surfaces without pellicle. However, no significant differences were 

determined between the different sensors after being covered with pellicle (Table 1).

The calculated surface energies were consistent with the WCA measurements (Table 1). 

Before depositing the pellicle layer, SS and ZrO2 sensors had the highest and the lower 

surface energy polar component γS
p , respectively. The presence of the pellicle on the 

sensors notably increased γS
p  and overall surface energy (γSV) when compared with the four 

sensors without pellicle, which contributed to the higher hydrophilicity of the pellicle-coated 

surfaces.

3.3. Bacterial attachment

CLSM of Live/Dead staining and SEM were used to visualize and quantify the bacterial 

attachment on each sensor surface before and after pellicle adsorption. Representative 

CLSM images of the attached bacteria showed that most of the visual field was green (live) 

and a red (dead) area was rarely detected after Live/Dead fluorescence staining (Fig. 5a). As 

almost only a monolayer of bacteria was formed in this early stage biofilm formation, the 

surface area covered by bacteria (in pixels) was used to quantitatively compare the bacterial 

attachment (Fig. 5b). A significantly higher number of bacteria attached to the surfaces with 

pellicle was detected compared to surfaces without pellicle, whereas no significant 

differences on attached bacteria were observed between the four sensor surfaces with 

pellicle. Notably, the bacteria attached on the sensors without pellicle was almost negligible 

on all sensors, except on SS sensors.

SEM micrographs revealed morphological details of the attached S. gordonii on the different 

substrates (Fig. 6). Only isolated S. gordonii bacteria and/or chains of bacteria were 

visualized on the sensors without pellicle. In contrast, much more bacteria were attached in 

large colonies on the sensors with pellicle. The SEM micrographs also demonstrated that 

there was no distinct difference in the number of bacteria between the four sensor surfaces 

with or without pellicle.
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3.4. Work of adhesion between sensor surfaces and S. gordonii

The work of adhesion (Wad) between the surface of SS sensors and S. gordonii was the 

highest among all sensors before pellicle adsorption (Table 1) as SS sensors had the highest 

surface energy polar component. The higher Wad for SS sensor might be correlated to the 

better attachment of bacteria to these sensors, compared to the other three sensors (Fig. 5a). 

The Wad increased 30–40 mJ/m2 on all sensors after pellicle adsorption and was similar for 

all pellicle formed on the four materials.

Overall, these results indicated that the different physical-chemical properties of the dental 

materials tested did not result in significantly different physical-chemical properties of the 

pellicle formed on them. Moreover, the work of adhesion between the surface and bacteria 

can be a predictor of bacteria attachment.

4. Discussion

Bacterial attachment and accumulation on dental materials, such as orthodontic brackets and 

dental crowns, can cause many oral diseases. Acquired enamel pellicle protects the tooth 

from erosive wear. On the other hand, salivary pellicle formed on dental material surfaces 

facilitates the bacterial attachment and biofilm growth. Our work studied the physical-

chemical interactions between salivary pellicle and four traditional dental materials (i.e., Au, 

SS, Al2O3 and ZrO2). We further evaluated the effect of pellicle adsorption on S. gordonii 
attachment and explored the effects of the work of adhesion between bacteria and dental 

materials or pellicle in bacteria attachment.

The small, but significant differences in wettability and other physicochemical properties 

between the four dental materials tested here did not result in significant differences in either 

the kinetics of adsorption of salivary pellicle nor the final pellicle thicknesses formed on 

these materials. Others have shown similar results. Pioneer work by Hannig reported no 

morphological nor thickness differences between salivary pellicles formed on enamel 

compared to resin composites, amalgams, and casting alloys [39] and others showed no 

morphological differences between salivary pellicles on microfilled composites and glass 

ionomers [40]. The formation of the acquired pellicle proceeds through selective adsorption 

of salivary proteins and additional lipids and glycoproteins [41]. in vivo, the initial phase of 

pellicle formation occurs within seconds [42], during which precursor proteins, such as 

statherin, acidic proline-rich proteins and histatins preferentially adhere to the surface, 

forming a thin protein layer [43]. Then a rapid accumulation forms a thick pellicle during 

the second stage of pellicle formation. Adsorption of large, knotted, globular structures 

occurs in this phase and suggests that protein aggregates (micelle-like structures), rather than 

individual proteins, are responsible for subsequent pellicle development [44]. These protein 

aggregates are known to be primarily composed of mucin MG1 associated with - among 

others -statherin, cystatins and lysozyme [45,46]. Thus, the final thickness of the pellicle 

seems to be dominated by the second stage of adsorption of the pellicle, where the substrate 

does not have the ability to directly and therefore selectively interact with the adsorbed 

molecular aggregates [43]. This may explain the lack of differences in thickness and 

roughness/structure of the pellicles we obtained here and suggests that specific effects that 

different substrates can have on selective adsorption of proteins to form the basal layer of the 
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pellicle might not be relevant to affect the overall structure/thickness of the pellicle and its 

final surface physical-chemical-properties. Our results further suggested that dental 

materials with quite different chemical natures cannot directly affect bacteria attachment in 

the oral environment as they did not notably affect the physical-chemical properties of the 

acquired pellicle. This was further supported in our study as: first, the formed salivary 

pellicle significantly increased the attachment of S. gordonii to all dental materials; and 

second, the attachment of bacteria was similar to all pellicle-coated surfaces, irrespective of 

the material on which the pellicle was formed. Indeed, SS had significantly higher 

hydrophilicity and attached bacteria than any other dental material; however, these 

differences were eliminated after formation of the pellicle. Overall, our results indicated that 

the acquired pellicle, and not the dental material, was the critical factor favoring the 

adhesion of S. gordonii bacteria.

We focused on the role of surface energy and eliminated the effect of roughness [9] by using 

thin-film coated QCM-D sensors, which all had values of roughness as low as Ra < 1nm. 

Others have shown that surface energy is the driving factor for adhesion of microorganisms 

to the substrate surfaces and that the lower the surface energy of the substrate, the weaker 

the work of adhesion between bacteria and surfaces [47,48]. The work of adhesion is defined 

as the work required to separate one substance (i.e., bacteria) from the substrate (i.e., sensor 

surface). Results from our experiments showed that all the polar components of the surface 

energies increased after acquisition of the pellicle, which indicated that the presence of the 

pellicle increased the polarity of all materials surfaces. This is because the proteins and 

enzymes in saliva contain a large amount of polar amino acids that, once adsorbed on the 

substrate [49], are exposed at the surface/water interface. As the surface of the S. gordonii 
layers was also highly polar, the work of adhesion between the bacteria and the substrates 

tested here consistently increased after pellicle adsorption. Increasing work of adhesion 

implies that it was more difficult for the bacteria to detach from pellicle than from uncoated 

dental materials, resulting in more bacterial retention on surfaces with adsorbed salivary 

components. Schweikl et al. [50] also concluded that functional groups added by the 

adsorption of specific salivary proteins to material surfaces are more relevant for initial 

bacterial adhesion than hydrophobicity as a physical property of the material.

Here we assessed similar S. gordonii bacteria attachment on the four materials after pellicle 

formation, and found a relationship with the fact that the pellicle reduced the intrinsic 

differences in physical-chemical properties of the materials. This was a surprising outcome 

as there is evidence of differences in salivary pellicle composition at the amino acid [51] and 

the protein level [52] depending on the nature of the dental material in which the pellicle is 

formed. We did not investigate here differences in composition of the pellicle formed on the 

different materials tested, but based on previous works we should expect compositional 

differences between them. However, as discussed above, the rapid and unspecific adsorption 

of molecules in the formation of agglomerates during the second stage of formation of the 

pellicle might render a pellicle surface with physical-chemical properties that are not 

significantly affected by the sometimes subtle differences in the bulk composition of the 

pellicle. In addition, many proteins in the salivary pellicle, such as MG2, amylase, and the 

acidic proline-rich proteins provide binding sites for S. gordonii [53]. This may trigger 

additional specific biomolecular interactions between bacteria and pellicle, favoring bacteria 
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colonization of the surfaces beyond the effects of nonspecific van der Waals and electrostatic 

properties determined here.

Much new dental material development has targeted reduction of bacterial attachment by 

modifying surface physical-chemical properties and/or implementing antifouling/

antibacterial coatings [54]. However, our results suggest that the nonspecific acquisition of 

the salivary pellicle might effectively coat the engineered surfaces and so mask the designed 

physical, chemical and/or biological effects of these surfaces. Consequently, future 

innovations should focus on the control and assessment of the interaction between the 

surface of dental materials and the acquired pellicle formed on them. Promising dental 

materials should have the ability of eradicating/reducing, as well as modulating, the structure 

and composition of the acquired pellicle layer. Surface modifications have been explored to 

modulate the adsorption of salivary pellicles on dental materials, such as competitive 

adsorption of polyelectrolytes [28], dendrimer-grafted coating [55], and protein-repellant 

monomer addition to dental restorative resins [56]. Hydrophilic PEG modified surfaces have 

proved to reduce the mass of the pellicle formed from human whole saliva [57]. The main 

goal of these modifications has been generating an antifouling surface, inspired by the large 

body of literature on antifouling surfaces [58], which weakens the binding of the salivary 

proteins. Modulation of specific salivary pellicle components adsorption is difficult due to 

the large number of salivary proteins competing for adsorption to form the pellicle [59] and 

indeed, has been minimally explored [60], but may prove advantageous for controlling 

pellicle formation and eventual biofilm growth. Different dental materials can influence the 

protein profile of the salivary pellicle formed on them [52], but the specific proteins that 

regulate bacteria attachment are still a highly active area of research. One potential candidate 

to be specifically targeted is statherin as this protein is not only prevalent in the pellicle basal 

layer but also has constant relative abundance in all time-points during formation of the 

natural pellicle [49].

The oral biofilm formation is a complex process, which includes the formation of acquired 

pellicle and the initial adhesion of many bacterial species (e.g., Actinomyces spp, 

Streptococcusspp, Haemophilusspp, Capnocytophagaspp, Veillonellaspp, and Neisseria) 

[61]. The salivary pellicle layer might have different effects on other bacteria even though S. 
gordonii is a primary colonizer. Moreover, after the initial attachment of bacteria, they start 

to secrete extracellular polymeric substances, which further modify the materials surfaces. 

We did not explore the maturation stage of the biofilm formation and focused on the initial 

stage of attachment of bacteria to the substrates (6 h) considering that the dental materials 

we studied are used to make orthodontic appliances or restorative materials and meant to be 

cleaned daily. However, this study only used one bacteria strain as a model for bacteria 

attachment to substrates. Future studies should investigate biofilm formation under more 

clinically relevant and simulative conditions, such as using multispecies bacteria or 

clinically-obtained samples of microcosm biofilms.

5. Conclusions

Adsorption kinetics and final thickness of salivary pellicle formed on the four tested 

traditional dental materials were similar, and thus we rejected our first hypothesis. Our 
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second hypothesis was validated as pellicle deposition on all dental materials increased 

surface hydrophilicity, surface energy and work of adhesion with bacteria; and surfaces with 

pellicle had significantly more attached bacteria than surfaces without pellicle. On the 

contrary, the differences in physical-chemical properties of the dental materials had no 

notable effects on bacterial attachment. Therefore, the critical factor increasing S. gordonii 
attachment was the salivary pellicle formed on the dental materials. This is attributed to the 

significantly increased work of adhesion between bacteria and substrates with pellicle. Our 

results strongly suggest that new dental materials should be designed for controlling bacteria 

attachment by tuning thickness, composition and structure of the adsorbed salivary pellicle.
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Fig. 1. 
Representative QCM-D plots of ΔF (red curve) and ΔD (blue curve) vs time for sensors 

coated with (a) gold, (b) stainless steel, (c) alumina and (d) zirconia, sequentially exposed to 

water for system stabilization, FS for formation of salivary pellicle and water for rising 

attached pellicle (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article).
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Fig. 2. 
Pellicle thickness over time and average pellicle thicknesses formed on four dental materials. 

Thicknesses were calculated using the Kelvin-Voigt viscoelastic model based on the 5th, 7th 

and 9th overtones of QCM-D frequency and dissipation changes. No significant differences 

in thickness were observed for pellicle formed on all four materials, before and after water 

rinse (N =4).
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Fig. 3. 
XPS representative spectra for sensors coated with (a) gold, (b) stainless steel, (c) alumina 

and (d) zirconia before (w/o pellicle) and after (w/pellicle) pellicle adsorption. Tables show 

average ± standard deviation (N =4) of element % quantified from the XPS spectra and 

calculated C/signature metal and N/signature metal for each surface.
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Fig. 4. 
AFM images and Ra roughness values for the four sensors without (w/o) and with (w/) 

pellicle.
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Fig. 5. 
Representative CLSM images of bacteria and quantification of surface area covered by 

bacteria on the different materials before (w/o) and after (w/) pellicle adsorption. * p-value < 

0.05, *** p-value < 0.001 (N =4).
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Fig. 6. 
Representative SEM micrographs of S. gordonii bacteria attached on the four sensors 

without (w/o) and with (w/) pellicle.
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