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The aim of this study was to evaluate the difference in the adsorption behavior of different types of bovine salivary proteins on
the PMMA and Ti QCM sensors are fabricated by spin-coating and sputtering onto bare QCM sensors by using QCM and X-
ray photoelectron spectroscopy (XPS). SPM, XPS, and contact angle investigations were carried out to determine the chemical
composition and surfacewettability of theQCMsurface.We discuss the quality of each sensor and evaluate the potential of the high-
frequency QCM sensors by investigating the binding between the QCM sensor and the proteins albumin and mucin (a salivary-
related protein). The SPM image showed a relatively homogeneous surface with nano-order roughness. The XPS survey spectra of
the thin films coated on the sensors were similar to the binding energy of the characteristic spectra of PMMA and Ti. Additionally,
the amount of salivary-related protein on the PMMA QCM sensor was higher than those on the Ti and Au QCM sensors. The
difference of protein adsorption is proposed to be related to the wettability of each material. The PMMA and Ti QCM sensors are
useful tools to study the adsorption and desorption of albumin and mucin on denture surfaces.

1. Introduction

The initial adhesion ofmicroorganisms to clinically used den-
tal biomaterials is influenced by physicochemical parameters,
such as preadsorption of salivary proteins, and the formation
of biofilms begins with the adhesion of microorganisms [1].
The presence of biofilms is thought to affect the ability of
microorganisms to adsorb and accumulate on the surfaces
of denture materials. Thus, it is likely that bacterial adhesion
may also be affected, resulting in a greater risk of infection
of the denture materials [2]. Many common materials, such
as polymers and metal alloys, are currently used in dentures.
Importantly, it is considered that microorganisms are easily
adhered to polymer materials; thus, the quantitative investi-
gation of the salivary protein adsorption to denture materials
is necessary.

Denture cleanliness is essential to prevent the accumu-
lation of microorganisms owing to its deleterious effects on
the mucosa. There are a large number of solutions, pastes,
and powders available for cleaning dentures with a variety
of claims for their relative efficacies [3]. Chemical solution
methods have the advantage of being simple to use. Thus, a
quartz crystal microbalance (QCM) sensor device is needed
to measure the cleaning ability of the chemical denture
cleaner for each denture material.

A QCM is a highly sensitive and practical device for
in situ monitoring of protein adsorption [4]. A QCM-
based sensor consists of a quartz crystal and a sensing
material. A 27MHz QCM is capable of measuring the mass
in aqueous solutions with an extremely high sensitivity, and
the resonance frequency has been shown to decrease linearly
with increasing mass on the QCM electrode at the nanogram
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level [5, 6]. QCM sensors have been fabricated by coating
a thin film of a biomaterial on the gold electrode of the
quartz crystal [7–10]. Previously, we fabricated poly(methyl
methacrylate) (PMMA) and titanium (Ti) QCM sensors by
the spin-coating and sputtering methods, respectively, to
investigate the adsorption of salivary-related proteins on the
denture surface [7, 8, 11]. However, the observation of a thick
and nonuniform film on the gold electrode of the quartz
crystal was a drawback. Hence, the fabrication of an ultrathin
film is necessary for a QCM sensor.

PMMA, Au, and Ti have been used as denture materials
owing to their biological safety [12–14], and QCM sensor
devices that mimic the surface composition of each material
will be required. In this study, the spin-coating and sputtering
conditions for the fabrication of PMMA and Ti QCM sensors
were improved to increase the repeatability and sensitivity.
The differences in adsorption behavior of different types of
bovine salivary proteins to these sensors were investigated by
X-ray photoelectron spectroscopy (XPS).

2. Materials and Methods

2.1. Sample Preparation. To prepare PMMA-coated sensors,
the bare QCM sensors were first cleaned with Piranha
solution (sulfuric acid: 30% hydrogen peroxide = 7 : 3 v/v).
A 0.1 g/mL solution of PMMA in ethyl acetate solution was
used to coat the PMMA thin film onto the gold electrode
of the quartz crystal at a spinning rate of 3,000 rpm for a
period of 15 s in a spin-coater (SC4001, Aiden, Hyogo, Japan).
The PMMA QCM sensor was turned on for 24 h at room
temperature.

To prepare titanium QCM sensors as target materials, Ti
discs with a diameter of 4 inches were used. These thin films
were deposited on the gold electrode of the QCM sensors
using direct current (DC) for the Ti target magnetron sput-
tering. The distance between the target and the substrate was
50mm. The sputtering chamber was evacuated to below 7 ×
10−4 Pa using an oil-diffusion pump. The sputtering gas used
was Ar gas. The sputtering pressure was maintained at 0.2 Pa
for the Ti target using a mass flow controller. The discharge
power of the Ti target was 200W.The target was presputtered
for 10min. The thickness of the Ti layer was 50 nm.

2.2. Characterization of Materials. The surface topology and
the roughness of the PMMA, the Ti, and bare QCM sensors
were evaluated over a surface area of 1.0×1.0 𝜇mby scanning
probe microscopy (SPM-9600, Shimadzu, Kyoto, Japan).

The chemical compositions of the coating on the QCM
sensors were analyzed by XPS on an AXIS Ultra DLD spec-
trometer (Kratos Instruments, Manchester, UK) equipped
with a monochromated Al𝐾

𝛼

X-ray source (ℎ] = 1486.6 eV)
operated at 75W. High-resolution spectra were recorded at
pass energies of 20 eV. Measurements were performed at a
takeoff angle of 90∘. All spectra were corrected using the
signal of C1s at 285.0 eV as an internal reference. The col-
lected spectra were deconvolutedwith aGaussian-Lorentzian
approximation, after Shirley background subtraction, using
Vision 2 software (Kratos Instruments).

2.3. Contact Angle Measurements. The contact angle of the
QCM sensor surface with respect to double-distilled water
was measured using a drop shape analysis system (DSA 10
Mk2; KRÜSS, Hamburg, Germany). The contact angle is a
simple measure of the surface energy and the hydrophilic
nature of a surface. The mean and standard deviation were
calculated formeasurements taken at three different locations
on each sample.

2.4. Salivary Proteins. Bovine serum albumin (BSA; Wako
Pure Chemical Industries Ltd., Osaka, Japan) and bovine
submaxillary gland mucin (BSM; Sigma-Aldrich Inc., Tokyo,
Japan) were used to mimic human salivary proteins. BSA is
a well-characterized protein with a molecular weight of 6.9 ×
104, a size of 11.6× 2.7× 2.7 nm, and an isoelectric point of 4.7–
4.9 [15]. BSM belongs to a glycoprotein class characterized
mainly by a molecular weight of 1.6 × 106 and a high level of
O-linked oligosaccharides [16]. BSM is the major constituent
of mucus in various parts of body and covers the surfaces of
the buccal cavity and epithelial organs.

2.5. QCM Measurements. QCM measurements (Affinix QN
𝜇; Initium Co., Ltd., Tokyo, Japan) were used to quantify
the amount of adsorbed salivary protein (BSA and BSM).
The Affinix QN 𝜇 has a 550 𝜇L cell equipped with a 27MHz
QCM plate at the bottom of the cell. The diameter of the
quartz plate was 8mm, and the area of the gold-plated
quartz was 4.9mm2. The unit was equipped with a stirrer bar
and a temperature controller. The change in frequency was
monitored using a universal frequency counter attached to a
microcomputer.

The bare, PMMA, and TiQCM sensors were immersed in
500𝜇LPBS solution (0.01mol/L PBS at pH 7.4).The change in
QCMfrequencywas recorded as a function of time; recording
began immediately after the injection of 5 𝜇L (20𝜇g/mL) of
BSA and BSM. The solution was stirred to avoid any protein
diffusion effects.This stirring did not affect the stability of the
frequency or the magnitude of the change in frequency. The
frequency shift depends on the adsorbed mass in accordance
with the Sauerbrey equation [17]

Δ𝐹 = −

2𝐹
0

2

Δ𝑚

𝐴√𝜌
𝑞

𝜇
𝑞

. (1)

According to this equation, at 27MHz, a frequency shift
of 1Hz corresponds to a mass change of approximately
0.62 ng cm−2 (Figure 1). In the Sauerbrey equation, Δ𝐹 is the
measured frequency shift (Hz), Δ𝑚 is the mass change (g),
𝐹
0

is the fundamental frequency of the quartz crystal (27 ×
10
6Hz), 𝐴 is the electrode area (0.049 cm2), 𝜌

𝑞

is the density
of quartz (2.65 g cm−3), and 𝜇

𝑞

is the shear modulus of quartz
(2.95 × 1011 dyn cm−2). QCM monitoring was performed at
25∘Cand the experimentwas performed in triplicate.Data are
described as the mean ± standard deviation. In this analysis,
statistical significance was analyzed using one-way analysis of
variance followed by Tukey’s test.
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Figure 1: Change in frequency of QCM after protein injection.
Change in frequency of the quartz crystalmicrobalance (QCM) after
protein injection. In this case, the amount of protein adsorbed is
345.1 × 0.62 = 344.48 ng cm−2 onto the QCM sensor.

2.6. XPS Analysis after Adsorption Measurement of Bovine
Salivary Proteins, BSA and BSM, Using Control, PMMA,
and Ti QCM Sensors. The chemical compositions of the
adsorbed salivary protein films on the QCM sensors were
analyzed byXPS on anAXISUltraDLD spectrometer (Kratos
Instruments) equipped with a monochromated Al 𝐾

𝛼

X-ray
source (ℎ] = 1486.6 eV) operated at 75W. XPS was used to
analyze the proteinaceous carbon (C1s) and nitrogen (N1s)
signals resulting from the protein. Quantification of the C1s
and N1s signals arising from the peptide bonds of the salivary
protein was used as a measure of the relative amount of
protein adsorbed onto the various surfaces.

3. Results and Discussion

The PMMA QCM sensors were fabricated by spin-coating
a thin film of PMMA dissolved in ethyl acetate solution
onto Au QCM sensors. Spin-coating from dilute solution is a
commonmethod to produce a thin, uniform polymer film on
a planar substrate [18]. In general, the fabrication of polymer
QCM sensors involves spin-coating the QCM sensors using a
dilute solution of polymer. In our previous study, a 1mg/mL
solution of PMMA in chloroform solution was used to coat
the PMMA thin film onto the gold electrode of the quartz
crystal; however, some aggregation of PMMA was observed
on the surface. The Ti thin film was fabricated by a reactive
DC magnetron sputtering technique. Magnetron sputtering
is one of the most widely used methods, which can be
optimized to obtain thin films with desired properties. Mag-
netron sputtering has become important because it enables
control of the structure, composition, and properties of
biomaterial thin films through adjustment of the deposition
condition [19]. An ultrathin film was required to coat onto
the gold electrode of the quartz crystal owing to the improve-
ment of the QCM sensor sensitivity. The 200 nm thick film
fabricated in our previous study was improved to 50 nm by
changing the discharge power and sputtering time [8].

3.1. SPM Analysis. The surface morphologies of the control,
PMMA, and Ti QCM sensors surfaces were investigated
over a surface area of 1.0 × 1.0 𝜇m by SPM. Figure 2 shows

the roughness values obtained after SPM image analysis. The
surface morphology of the gold-plated quartz is shown in
Figure 2(a).The SPM images show the relatively homogenous
surface with nano-order grain size. SPM observation clearly
revealed the change in surfacemorphology of the PMMAand
Ti QCM sensors, as indicated in Figures 2(b) and 2(c). The
surface roughness (𝑅

𝑎

) values were 1.949, 1.793, and 2.703 nm
for the control, PMMA, and Ti QCM sensors, respectively.
The size and morphology of the deposited particles were
different among the three materials. In this study, ethyl
acetate solutionwas used as a solvent and the rotational speed
and PMMA concentration were changed. As a result, the
surface roughness (𝑅

𝑎

) value of the PMMA QCM sensors is
smaller than that of our fabricated sensors in our previous
study and a uniform surface was obtained [11].

3.2. XPS Analysis. The XPS spectra of the control, PMMA,
and Ti QCM sensors are shown in Figures 3, 4, and 5,
respectively.The control QCMsensors indicated the presence
of Au4f, which is characteristic in atomic Au. The binding
energies (BEs) of Au4f

7/2

and Au4f
5/2

were 84.1 and 87.8 eV,
respectively. XPS was performed in this study to determine
the chemical composition at the surface of the sample. The
Au4f XPS spectrum of the control QCM sensors in this
study showed similar BEs of Au4f

7/2

(84.0 eV) and Au4f
5/2

(87.7 eV), which are characteristic of metallic Au [20, 21].
The C1s spectrum, which is characteristic in atomic

carbon (C), and the O1s spectrum, which is characteristic
in atomic oxygen (O), were observed for the PMMA QCM
sensors. For the PMMA QCM sensor surfaces examined,
the C1s envelope was curve-fitted into four components at
BEs of 285.0 eV (C-C/C-H), 285.6 eV (C-C-O), 286.7 eV (C-
O/C-OH), and 289.0 eV (O=C-O). These results are similar
to those previously reported [21–26]. For example, Beamson
and Briggs’ previous report supports our C1s and O1s XPS
spectra of PMMA obtained from the PMMA QCM sensors
[26]. The XPS spectra of PMMA thin films coated on the
QCMsensorswere quite similar to theBEof the characteristic
spectra of the PMMA solution. However, it should be noted
that surface composition of polymerized PMMA might be
changed. Further study of the polymerized PMMA QCM
sensor mimicking the denture is needed. The O1s envelope
can be fitted with two peaks at 532.1 eV and 533.8 eV, assigned
to O=C and O-C, respectively. The Ti2p spectrum was
observed from the core-level spectrum of Ti QCM sensors,
which is a characteristic of atomic Ti. Furthermore, in the
Ti2p spectrum of the Ti surface, BEs of the Ti2p

3/2

and
Ti2p
1/2

peaks in TiO
2

were 458.8 eV and 464.4 eV and the
Ti2p
3/2

peak in Ti was at 453.5 eV. A previous report supports
our Ti2p XPS spectra of TiO

2

obtained from the Ti sensors.
BEs of the Ti2p

3/2

and Ti2p
1/2

peaks in TiO
2

are reported
as 458.8 eV and 464.3 eV [27]. The BE of the Ti2p

3/2

peak
in metal Ti is reported as 454.1 eV [21]. XPS analysis did not
detect the Au and Si elements of the gold electrode and the
quartz crystal, respectively; thus, a thin uniform film might
be formed onto the gold electrode of the quartz crystal.

3.3. Contact Angle Measurements. A cross-sectional view of
a water droplet on the surface of the control, PMMA, and Ti
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Figure 2: Scanning probe microscopy (SPM) images of bare QCM sensor (a), PMMA QCM sensor (b), and Ti QCM sensor (c).
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Figure 3: XPS analysis of bare (Au) QCM sensor. XPS core-level spectrum of Au4f for the Au (bare) QCM sensor.
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Figure 4: XPS analysis of PMMA QCM sensor. Curve-fitted C1s XPS spectra (a) and core-level XPS spectrum of O1s (b) for a PMMA film.
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Figure 5: XPS analysis of Ti QCM sensor. XPS core-level spectrum of Ti2p for a Ti film.
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Figure 6: Contact angle measurement. Surface wettability of bare,
PMMA, and Ti QCM sensors.

QCM sensors and their contact angles are shown in Figure 6.
It was found for the contact angles, which were 66.5 ± 3.3∘,
101.7 ± 1.4

∘, and 74.5 ± 2.7∘ for the control, PMMA, and Ti
QCM sensors, respectively. Several methods can be used to
directly detect and quantify protein adsorption on a biomate-
rial [28–30]. A QCM is a highly sensitive and practical device
for in situ monitoring of protein adsorption. The amount of
adsorption of BSA and BSM on the PMMA QCM sensors
was higher than those achieved on the Ti and Au QCM

sensors. The wettability of a material surface is an important
factor for the adsorption of proteins, as determined by the
protein adsorption principle. The water contact angle is a
standard method for assessing the wettability of a material.
The contact angle of PMMAwas 101.7∘, which shows that the
PMMA surface is hydrophobic. However, the contact angle
of PMMA was higher than those observed for the Ti and Au
QCM sensors. It has been suggested that biomaterials with
hydrophobic surfaces tend to adsorb proteins [1] and the high
adsorption for PMMA might be related to the wettability of
the material. Further studies are required to investigate the
interactions between theQCMfilm sensors and protein, such
as the surface potential and the protein function.

3.4. AdsorptionMeasurement of Bovine Salivary Proteins, BSA
and BSM, Using Control, PMMA, and Ti QCM Sensors. The
changes in frequency of the control, PMMA, and Ti QCM
sensors on immersion into 2mg/mL BSA and BSM solutions
are shown in Figure 7. An immediate frequency decrease was
observed after the injection of bovine salivary proteins. This
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Figure 7: QCM measurements for estimating adsorbed amounts of BSA and BSM to bare, PMMA, and Ti QCM sensors. Data are mean ±
SD, 𝑛 = 3. ∗ denotes a statistically significant difference (𝑝 < 0.05).

decrease in frequency was related to the adsorption of bovine
salivary proteins. In each case, adsorption is essentially
completed within 30min.The frequency shifts of the control,
PMMA, and Ti QCM sensors with BSA were 644.1 Hz,
395.1 Hz, and 160.2Hz, respectively. Therefore, according to
the Sauerbrey equation, the amount of BSA adsorption was
399.3 ng cm−2, 250.0 ng cm−2, and 99.3 ng cm−2, respectively.
The frequency shifts of the control, PMMA, and Ti QCM
sensors with BSM were 545.8Hz, 294.1 Hz, and 190.3Hz,
respectively. According to Sauerbrey equation, the amount
of BSM adsorption was 338.4 ng cm−2, 182.3 ng cm−2, and
118.0 ng cm−2.The amounts of adsorption of BSA andBSMon
the PMMA QCM sensors were the highest when compared
with the other QCM sensors. Bacterial adhesion can be
mediated by interaction with preadsorbed adhesive proteins
but may also be affected, resulting in a greater risk of denture
materials-related infections. A QCM is a highly sensitive and
practical device for in situ monitoring of protein adsorption.
In the present study, we fabricated the QCM sensors with
denture materials to investigate the adsorption of salivary-
related proteins on the denture surface.

3.5. XPS Analysis after Adsorption of Bovine Salivary Proteins.
The XPS spectra of control, PMMA, and Ti QCM sensors
after immersion in BSA are shown in Figures 8 and 9, and

the three QCM sensors after immersion in BSM are shown in
Figures 10 and 11. For XPS characterization, the C1s and N1s
spectra were recorded. BEs of the C1s spectrum for adsorbed
BSA were 285.0 eV (C-C/C-H), 285.9 eV (C-O/C-N), and
288.3 eV (O=C-O) for the control QCM sensors, 285.0 eV
(C-C/C-H), 285.9 eV (C-O/C-N), and 288.0 eV (O=C-O) for
the PMMAQCM sensors, and 285.0 eV (C-C/C-H), 286.4 eV
(C-O/C-N), and 288.6 eV (O=C-O) for the Ti QCM sensors.
There was an N1s peak for each of the three QCM sensors
after adsorption of BSA. BEs of theC1s spectrum for adsorbed
BSM were 285.0 eV (C-C/C-H), 286.1 eV (C-O/C-N), and
288.0 eV (O=C-O) in the control QCM sensors, 285.0 eV
(C-C/C-H), 286.0 eV (C-O/C-N), and 287.5 eV (O=C-O) in
the PMMAQCM sensors, and 285.0 eV (C-C/C-H), 286.1 eV
(C-O/C-N), and 288.0 eV (O=C-O) in the Ti QCM sensors.
After adsorption of the BSM, there were also N1s core-
level spectra for the three QCM sensors. The structure and
formation process of denture plaque is known to be the same
as that for dental plaque and is composed of proteins and
polysaccharides [27]. Endo et al. [31] demonstrated that C, O,
and N derived from the organic material or metal oxide on
the Au-In alloy surface were detected by XPS analysis. In this
study, C1s and N1s spectra of the QCM sensor surface with
adsorbed BSA and BSM were analyzed by XPS, and the C1s
and N1s peaks derived from the BSA and BSM were detected
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on all QCM sensor surfaces tested. The quantification of
the N1s peak arising from the peptide bonds of the salivary
protein might be effective as a measure of the relative amount
of protein adsorbed onto various surfaces.

4. Conclusion

We have fabricated highly stable denture material QCM
sensors by spin-coating and magnetron sputtering methods.
The SPM images show the relatively homogeneous surface

with nano-order roughness. The XPS survey spectra of the
thin films coated on the QCM sensors were quite similar to
the BE observed from the characteristic spectra of the PMMA
and Ti. Additionally, the amount of salivary-related protein
on the PMMA QCM sensor was higher than those of Ti and
Au QCM sensors and the differences of protein adsorption
might be related to the wettability of each material. Our
results support that the polymer denture surface exerts strong
adhesion of microorganisms. In our pilot study, the addition
of sodium dodecyl sulfate, which is an anionic, denaturating
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surfactant, increased the frequency shift of the PMMA/BSA
QCM sensor. Further study will be required to investigate the
removal of salivary-related protein using a chemical denture
cleaner by real-time studies of the QCM.
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