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A B S T R A C T

This research aims to develop biosensors which could diagnose periodontal diseases in early phases and predict
the illness stage of patients, in order to give them adequate treatment timely. Human odontogenic ameloblast-
associated protein (ODAM) is considered to be a potential biomarker for periodontal diseases, based on high
correlation between the level of ODAM in gingival crevicular fluid (GCF) and the degree of periodontitis. Many
aptamers, including a cognate pair of aptamers which can bind to the different sites of ODAM, were successfully
screened in a very stringent condition employing saliva as a counter target through the graphene oxide-based
systemic evolution of ligands by exponential enrichment (GO-SELEX). For the characterization of the aptamer
candidates, GO-based fluorescence resonance energy transfer (GO-FRET) and surface plasmon resonance (SPR)
assays were conducted. The sandwich-type binding of a cognate pair of aptamers to ODAM was additionally
confirmed by employing circular dichroism (CD) and magnetic beads-based fluorescence imaging methods. The
resulting cognate pair of aptamers, OD64 and OD35, were found to have their dissociation constant (Kd),
47.71 nM and 51.36 nM, respectively. The minimum detectable concentrations of a sandwich-type SPR biosensor
were found to be 0.24 nM and 1.63 nM, respectively, for both buffered and saliva samples. Finally, using this
cognate pair of aptamers, a sandwich-type lateral flow strip biosensor was successfully realized. This research
shows the potential for implementation of a cognate pair of aptamers on point-of-care biosensors which enables
simple, rapid, and non-invasive saliva-based diagnosis of periodontal-related diseases that can overcome current
diagnostic methods and improve health care system.

1. Introduction

Periodontitis is a chronic inflammation induced by a multifactorial
factors including pathogenic bacteria. It is a major cause of tooth loss in
adults by destroying the underlying supporting teeth bone irreversibly
(Pihlstrom et al., 2005). Although the global prevalence of a severe
periodontitis is 11.2% (Kassebaum et al., 2014), mild to moderate
periodontitis affects a majority of adults (Bruce, 2012; Petersen and
Ogawa, 2012). Since it has been demonstrated that the degree of per-
iodontitis is associated with a risk of various cancers (Meyer et al.,
2008; Moraes et al., 2016; Tezal et al., 2007, 2009), there has been
increasing interest in monitoring the periodontal diseases. Moreover, it
is known to be highly related to many other local or systemic medical
conditions, such as cardiovascular disease, metabolic disorders, rheu-
matoid arthritis, respiratory problems, chronic kidney disease, and

impairment of cognitive function (Nordendahl et al., 2018; Gaetano
Isola et al., 2017; John M. Liljestrand et al., 2018).

There have been different types of advanced technologies developed
in the field of diagnosing periodontal diseases. Starting with Lab-on-a-
Chip methods which can measure the salivary biomarkers, such as in-
terleukin-1β, C-reactive protein, and matrix metalloproteinase-8
(Christodoulides et al., 2007), integrated microfluidic platform for Oral
Diagnostics (IMPOD) was also developed for the measurements of
MMP-8, TNF-α, IL-6, and CRP in saliva (Herr et al., 2007). Moreover,
Point of care (POC) device with a miniaturized sensor system which
contains microbead array (Craig S. Miller et al., 2010) and a lateral flow
chromatography for immunotesting active MMP-8 (Nilminie
Rathnayake et al., 2017) reported as a current diagnostic methods.
However, a current diagnostic way has lots of problems, such as in-
conveniency for patients and doctors regarding time and physical

https://doi.org/10.1016/j.bios.2018.10.040
Received 25 June 2018; Received in revised form 12 September 2018; Accepted 20 October 2018

⁎ Corresponding author.
E-mail address: mbgu@korea.ac.kr (M.B. Gu).

Biosensors and Bioelectronics 126 (2019) 122–128

Available online 23 October 2018
0956-5663/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2018.10.040
https://doi.org/10.1016/j.bios.2018.10.040
mailto:mbgu@korea.ac.kr
https://doi.org/10.1016/j.bios.2018.10.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2018.10.040&domain=pdf


difficulties during diagnosing and treatment (Gareth S. Griffiths, 2003;
Horz and Conrads, 2014; Lamster and Ahlo, 2007; Kido et al., 2017;
Pierluigi Coli et al., 2017). Therefore, early diagnosis of periodontal
diseases was urgently needed in POC technology, especially in a non-
invasive way with high specificity and sensitivity.

Even though a lot of different kinds of salivary biomarker candi-
dates have been found and studied for this multifactorial oral in-
flammation diseases (Baeza et al., 2016; Buduneli and Kinane, 2011;
Taba et al., 2005), little is known about the specific and reliable bio-
marker which is related only to the periodontal diseases. However,
most recently, the protein ODAM in GCF is known to be a re-
presentative biomarker only for the periodontal diseases (Lee et al.,
2015, 2018). ODAM is a tooth-associated epithelia protein which plays
a significant role in odontogenesis at the last step of mineralization by
combining with enamel matrix. Since it allows that the tooth surface
can attach to its junctional epithelium, when the inflammation hap-
pens, it can come out from the periodontal pocket that can be exposed
to the surface (Daniel P. Kestler et al., 2008). To date, the most common
method for the ODAM measurement is using commercialized ELISA kit,
which is based on the quantitative sandwich enzyme immunoassay
method generating colorimetric signals. It has been reported the high
sensitivity for detection of ODAM protein in different samples, such as
serum, plasma, and tissue homogenate. However, still the cross-re-
activity with detection antibody cannot be completely removed from
this detection platform. Moreover, this assay requires people to have
professional skills and knowledge to utilize all the biochemical com-
ponents included in the kit which makes them hard to apply as a POC
diagnosis. Therefore, in this study, for diagnosing the periodontal dis-
eases, we present novel biosensors based on a cognate pair of aptamers
binding to this biomarker protein, ODAM in a sandwich form. Contrary
to the conventional diagnostic systems, with the use of a cognate pair of
aptamers, the different biosensor platforms that we describe here
should be enabled to be used as an effective candidate for diagnosing
periodontal diseases.

2. Material and methods

2.1. Materials and reagents for GO-SELEX

To find the ODAM-specific aptamer, the GO-SELEX process was
performed (Lee et al., 2017; Park et al., 2012) which starts with 200
pmoles of a random library with a randomized region 20 (N20) nu-
cleotides edged by two constant regions assigning primer annealing and
PCR amplification (primer sequences: FP 5′-CCATTCGTACGCAAC
AGG-3′ and RP 5′- GCATTCAGAGCCATCCAC-3′). After denaturing the
random library pools to get the best conformational structure of
themselves, we added 5mg/ml, 200 µl of GO and incubated on the
rotator for 30min at room temperature. After this, the mixture was
centrifuged to remove all the supernatant which includes unbound
random library to GO. And we added the main target, ODAM re-
combinant protein, 200 pmoles in 10mM PBS to the precipitated GO
solution, to see that a target-induced detachment of ssDNAs could
happen upon the target addition for 30min at room temperature. Then,
this mixture was centrifuged again to get the supernatant where the
ODAM-bound ssDNAs resides. All these processes are called, positive
selection, since we only used the main target for the screening. Fol-
lowed by two times of positive selection, a negative selection which
uses counter target (human saliva, 200 pmoles), was done twice to
increase the specificity of aptamer candidates stringently. At this time,
we first incubated ssDNAs with the counter targets for 30min, and then
with GO and the main target during the same period to get the specific
ssDNAs only to the main target. At every selection round, the last su-
pernatant has gone through ethanol precipitation, and the amount of
ssDNAs for each round was measured by a spectrophotometer (ND-
2000, Nanodrop, U.S.A.). When the final selection round finished,
which shows the saturation state regarding the recovery ratio, cloning

and sequencing steps has come after to obtain the sequences of the
selected ssDNA, aptamer candidates. All oligonucleotides were se-
quenced and synthesized from the company Genotech and Cosmogen-
etech, Korea, and all chemicals including counter target molecules (α-
amylase, human serum albumin) used in the SELEX process were pur-
chased from Sigma Aldrich (U.S.A.). The main target, ODAM re-
combinant protein was purchased from Cusabio, China, and all the
clinical samples, human saliva from periodontally health subjects
(minimal bleeding on probing with normal gingival sulculs depths)
were obtained from Seoul St. Mary's Hospital and Ajou University
Hospital, Korea, with the approval of IRB (1040548-KU-IRB-17-154-A-
3).

2.2. Assays for the characterization of aptamer candidates

2.2.1. GO-FRET assay
By using one of the characteristics of GO, quenching fluorescence

signal, the affinity to ODAM of 18 sequences from sequencing was
characterized. For this test, 4 nM of each candidate labeled with FAM
molecule at the 5′-end (GenoTech Co., Korea) was incubated for 30min
at room temperature with 1.6 µg/ml of GO solution to make them
nonspecifically attach to GO by π- π stacking, which causes the emis-
sion energy of FAM that is maximized at 520 nm to be quenched.
However, if the sequence has an affinity to ODAM, it will be detached
out from the GO surface since it will be conformationally changed upon
adding ODAM into the mixture and makes the fluorescence of FAM
recovered. The emission spectrum of each resulting solution was mea-
sured by microplate reader (SpectraMax i3x, Molecular Devices, U.S.A.)
with the excitation wavelength of 480 nm. Each mixture of aptamer
with or without GO was also analyzed as a negative and positive con-
trol, respectively. This assay was also done with different concentration
of ODAM (0, 0.25, 1, 2, 4, 6, 8, 12, 16 nM) to see the dose-dependency
to the ODAM by each sequence. The autofluorescences from all the
components themselves including ODAM were checked and the amount
of each component was optimized as well in advance.

2.2.2. SPR assay and a sandwich-type SPR biosensor
The selected aptamers by FRET assay were further identified by SPR

(BioNavis, Finland) by immobilizing them on to the gold chip
(BioNavis, Finland) surface via avidin-biotin linkage. First, a gold chip
was freshly prepared by washing with ethanol and distilled water. This
clean chip was then submerged in 50mM DTPA solution at room
temperature overnight. With this step, the COOH functional groups can
be activated which can make reaction with the 200mM of N-ethyl-N′-
(dimethylaminopropyl) carbodiimide (EDC) and 50mM of N-hydro-
xysuccinimide (NHS) in 10mM PBS for 1 h at room temperature. And
100 µg/ml of streptavidin was incubated for 90min. After removing
excess streptavidin by washing with distilled water, 50mM of ethano-
lamine was used to block the unreacted functional groups for 30min.
Then 1 µM of 5′-T10-biotinylated aptamer was incubated for 1 h. For the
last step, the chip was blocked again with 50 µg/ml of BSA for 30min
and washed thoroughly with distilled water. All SPR analyses in this
research were done by using these aptamers modified gold chips. To get
the stable data, 10min of baseline measurement was done by flowing
the same buffer that we used in SELEX process. Injection of ODAM
protein was followed to see the SPR signal change for the additional
10min. Washing the unbound targets were followed by flowing buffer
through the channel. By analyzing the change of the reflective index
degree upon the binding of the target, we could see the affinity level of
each aptamer candidate to ODAM. This assay was also conducted by
using a different concentration of ODAM (0, 1, 2, 4, 8, 16, 32, 64 nM) in
both buffer and spiked-in-saliva condition to confirm the aptamer
candidates’ dose-dependency. Furthermore, a cognate pair of aptamers
were found by the same analytical procedure by flowing secondary
aptamer candidate through the channel.
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2.2.3. CD spectrum analysis
CD spectrum investigation was conducted to study the structural

change of aptamers upon ODAM binding. Quartz cuvette (Hellma
Analytics, Germany) was used in this assay, and 1 µM of each compo-
nents; primary aptamer (OD64), ODAM, counter target (α-amylase),
and secondary aptamer was measured in a different combination as
shown in Fig. 4a. Each of the peak difference could be interpreted as it
comes from the structural changes of ssDNAs when they make reaction
with specific molecules.

2.2.4. Imaging of a cognate pair of aptamers in sandwich formation by
using confocal laser scanning microscopy (CLSM)

Confocal microscopy was used to see the image of aptamer duo
work with a sandwich way by using confocal laser scanning microscope
(LSM 700, Carl-Zeiss, Germany). Cy5-5′-labeled secondary aptamer was
used in this test as to see the fluorescence signal. By making reaction
with three kinds of solutions, with and without target protein in dif-
ferent condition, we could see the fluorescence signal which works with
sandwich assay by a cognate pair of aptamers.

2.2.5. Lateral flow strip biosensor (LFSB) preparation
The LFSB was designed and done as shown in Scheme 1. Sample and

adsorption pad (CFSP203000), NC membrane (HF180MC100) were
purchased from Milipore, U.S.A. Control and test line were drawn by
using dispenser (ZX 1010 B0056, Biodot, U.S.A.) As a blocking solution,
sample pad blocking solution (3% BSA, 0.05% Tween-20 in 0.01M
PBS), NC membrane blocking solution (1% BSA, 10mM Tris, 100mM
NaCl) were used. For the NC membrane washing solution (0.1% Tween-
20, 10mM Tris, 100mM NaCl) was used for removing excess particles
which might be present after the blocking step. In the assay for buffer

and spiked-in-saliva condition, 10mM PBS and normal human saliva
were used, respectively. All the LFSB studies were conducted in a dip-
stick method by using 96 well plates followed by putting an assembled
strip into each well which contains different test samples. In case of the
buffer condition, 25 µl of different concentration of ODAM mixed with
the same amount of OD35-AuNP were used as a test sample. For the
saliva condition, 1/10 diluted human saliva sample together with
OD35-AuNP spiked with 25 µl of different concentration of ODAM were
used as a test sample. Immobilizing of DNA on the gold nanoparticle
surface was conducted following previous study (Liu and Lu, 2006).

3. Results and discussion

3.1. Screening of ODAM-specific aptamers

By using the immobilization-free GO-SELEX as mentioned in
Materials and Methods section, the screening process of ODAM-binding
aptamers was conducted. As a result, from the random ssDNA library,
aptamers which can specifically bind to ODAM were proficiently sorted
out. The overall selection process consisted of seven rounds, including
five positive selection with the main target protein, ODAM, and two
negative selection with the counter target, human saliva in this study.
Human saliva was added to our sample as a counter target, which
should be very stringent, because of its future usage in application
works. And this negative selection using human saliva helps to increase
the main target selectivity of ssDNAs at each selection.

As shown in Fig. 1, the recovery ratio of bound ssDNAs only to
ODAM, which was measured at every selection round by the nanodrop,
increased up to 91.62% at 2nd round. However, since we used human
saliva sample in the negative selection, the recovery ratio decreased,
when this harsh condition of the process was applied at 3rd and 4th
round. Eventually, the ssDNA pool of 5th round showed the highest
recovery ratio (65.80%) and the cloning and sequencing steps were
carried out to acquire the aptamer candidates. In summary, we got the
18 different sequences of ODAM-binding aptamer candidates (Table
S1).

3.2. Screening of aptamer candidates using GO-FRET and SPR assays for
their specificity analysis

GO-FRET assay was conducted to test the affinities of the selected
aptamer candidates to ODAM protein using GO-based quenching
method (Chun-Hua Lu et al., 2009). By calculating the fluorescence
ratio emitted at 520 nm, (F-F0)/F0, (F is recovered state, and F0 is
quenched state), aptamer candidates which show the affinity to target
could be screened out among the candidates. Moreover, with the dose-
dependency test, we could figure out the tendency of each aptamer

Fig. 1. SELEX progress of ODAM-specific ssDNAs by GO-SELEX.

Fig. 2. The SPR-based characterization of 8 selected aptamer candidates
showed their specificity and sensitivity to ODAM. Based on the response units in
response to ODAM, a-amylase, and human serum albumin, 5 aptamers were
finally selected as OD29, OD39, OD64, OD78, and OD82.

Fig. 3. Total 25 combinations of 5 selected aptamers as a primary capture and
secondary aptamers were analyed by using SPR assay, in order to find a cognate
pair of aptamers working in a sandwich format. Over the certain values of the
response units in response to ODAM in a sandwich format on SPR analysis in-
dicates the possible combinations to be a cognate pair of aptamers.
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candidate binding to the target. Among 18 candidates, 8 sequences,
which are OD17, OD29, OD32, OD35, OD39, OD64, OD78, and OD82,
showed the significantly high recovery ratio, indicating that these are
the aptamer candidates with high affinity and specificity (Fig. S1).
Those 8 sequences with the images of their secondary structures were
saved up for further characterization studies (Fig. S2).

To characterize the selected aptamer candidates more precisely, SPR
assay was conducted (Ahmad Raston and Gu, 2015). In this method,
specific concentrations of ODAM and the counter target molecules
flowed through SPR channel to the surface of the gold chip, where each
aptamer immobilized on. The mass changes upon the binding of ODAM
to aptamers could be detected by SPR machine through the change of
the reflective index. And the amount of change that the degree of the
reflective index showed the level of binding affinity of each aptamer to
ODAM or counter target molecules proportionally. Fig. 2 shows the SPR
response units for 8 aptamer candidates in response to target, ODAM,
and its counter targets, α-amylase and human serum albumin.

The result indicates that 5 aptamers, named OD29, OD39, OD64,
OD78, and OD82, showed the best results in terms of both specificity
and sensitivity. In fact, the specificity of 8 aptamer candidates was
determined first based on the response unit to the main target, ODAM,
and the cut-off was set to 300. Next, their response unit to the α-
amylase, which is the counter target, were compared as well to choose
the specific aptamers which can show the significant response

difference between main and counter target. Therefore, these 5 apta-
mers which passed the criterions in terms of both sensitivity and spe-
cificity are used for further study.

3.3. Successful finding of a cognate pair of aptamers and its confirmation
using CD and imaging analysis

In order to see if any pairs among 5 aptamers act as a cognate pair of
aptamers, which can bind to the target, ODAM, together at different
binding sites in a sandwich formation, SPR-based sandwich-type assays
were conducted for 5 aptamers selected in the previous steps. After
completing 25 combination analysis (5 aptamers× 5 aptamers) using
SPR-based sandwich type analysis, it was found that the combination of
the aptamer OD64 as a primary capture aptamer and the aptamer OD35
as a secondary aptamer showed the highest signal difference in their
response units on SPR analysis, indicating that this combination act as a
cognate pair of aptamers strongly (Fig. 3). Interestingly, the reverse
combination, in which the aptamer OD35 as a primary capturing
moiety and OD64 as a secondary signaling moiety, also showed the
similar but less sensitive signal change, compared to the original
combination. This suggests that this reverse set of cognate pair of ap-
tamers is also working, regardless of their order. In this study, we used
the aptamer OD64 as a primary and OD35 as a secondary receptor,
since this combination showed the best result, while this cognate pair of

Fig. 4. (a) Circular dichroism (CD) analysis of OD64 and OD35 with or without ODAM and α-amylase, (b) CLSM analysis of a cognate pair of aptamers forming
sandwich formation.
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aptamers have the possibility that they can be applied flexibly to dif-
ferent kinds of assay platforms consequently.

For the further experiments, the variation of the structural change
upon the addition of ODAM to its cognate pair of aptamers was studied
by analyzing CD spectrums. As can be seen in Fig. 4a, when the ODAM
interacts with single aptamer, OD35 (OD35+ODAM) or OD64
(OD64+ODAM), a high peak of aptamer itself (OD64, OD35) at
around 220 nm becomes significantly decreased. In sandwich-type
binding cases (OD64+ODAM+OD35, OD35+ODAM+OD64),
they also showed peak differences compared to those with single ap-
tamer only (OD64, OD35). More importantly, when the non-target
molecule, α-amylase, comes in, this combination of a cognate pair of
aptamers didn’t show any peak shifting (OD64+ α-amylase + OD35),
which means they are specific to its main target, ODAM, only. Through
these spectra, we could assume that the conformational change of the
aptamers which is represented as an altered spectrum might occur, due
to the interaction between the target and its aptamers in a specific way
of a cognate pair of aptamers working.

Added to this indirect evidence of CD spectrum analysis, we used
magnetic beads immobilized with primary aptamers (OD64) and the
fluorescence dye Cy5-labeled secondary aptamer OD35, in order to
have direct evidence that this cognate pair of aptamers makes the
sandwich-type binding to the target ODAM. For visualizing this com-
bination of a cognate pair of aptamers with the target ODAM, confocal
laser scanning microscopy (CLSM) was used to image the fluorescence
signal from Cy5-OD35, when it makes the sandwich formation together
with OD64 and ODAM. It is clear from Fig. 4b that only when the target
protein ODAM is present in the sample, the fluorescence signal could be
observed. The overall results shown in Fig. 4 reaffirmed with the same
results in previous GO-FRET and SPR assays.

After reaffirmed a cognate pair of aptamers, both aptamers forming
sandwich-type binding were further characterized in their specific af-
finities. A binding affinity to ODAM for each cognate pair of aptamers,
OD64 and OD35, was analyzed by SPR assay with different con-
centrations of ODAM protein samples. As shown in Fig. S3, both apta-
mers showed the dose-dependency to their target molecule, ODAM.
From this dose-dependency curves, the Kd values of OD64 and OD35,
estimated by adopting non-linear regression analysis, were 47.71 nM
and 51.36 nM, for OD64 and OD35, respectively.

3.4. Development of a sandwich-type SPR biosensor using a cognate pair of
aptamers: its specificity and the limit of detection

In the implementation of this cognate pair of aptamers to a sensing
platform, a sandwich-type SPR biosensor was completely developed by
immobilizing the primary aptamer OD 64 on an SPR sensor chip. In this
SPR-based biosensor, immobilized primary aptamers, OD64, bind the
target ODAM and the secondary aptamers, OD34, which eventually
make the combination of a cognate pair of aptamers with the target
ODAM in the middle in a sandwich format. The detection limit of this
sandwich-type SPR biosensor, based on a non-linear regression analysis,
was found to be 0.48 nM (for single aptamer OD64) and 0.24 nM (for a
cognate pair of aptamers) in buffer (10mM PBS) (Fig. 5a), respectively,
while they were 2.49 nM (for single aptamer OD64) and 1.63 nM (for a
cognate pair of aptamers) in human saliva (Fig. 5b), respectively.

3.5. Development of a sandwich-type lateral flow strip biosensor (LFSB)
using a cognate pair of aptamers: its specificity and the limit of detection

Since all these different characterization assays agreed well with its
first discovery, confirmation of a cognate pair of aptamers, we suc-
cessfully developed a lateral flow strip biosensor (LFSB) which can be
used to become an improved diagnostic tool for the periodontal dis-
eases. More specific information about experimental concepts are given
in Scheme 1.

These assembled paper strips shown in Scheme 1 were used for
sandwich-type lateral flow strip biosensor using a cognate pair of ap-
tamers. The feasibility of ODAM detection by using this sandwich-type
LFS biosensor was studied by testing various concentrations of ODAM
(2940, 1960, 980, 490, 245, 122.5, 61.25, 30.62, 15.31, 7.65, 3.82,
0 nM) in buffer (10mM PBS) and human saliva. The Fig. 6 indicates
that the detection limit of this cognate pair of aptamers-based LFS
biosensor was found to be 8.32 nM and 14.59 nM of ODAM in buffer
and saliva condition, respectively by naked-eye. Additionally, the spe-
cificity of this LFS biosensor was also confirmed by testing with other
non-target molecules, such as α-amylase, human serum albumin,
normal human saliva sample (Fig. S4).

There have been many approaches to improve conventional diag-
nostic methods of periodontal diseases by developing digitalized and

Scheme 1. Schematic diagram of ODAM detection using a lateral flow strip biosensor.
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supplemental diagnostic tests which can provide the information about
ongoing inflammation process by detecting various well-known bio-
marker candidates. However, despite these technical improvements, the
majority of researchers and clinicians are steadily relying on elemental
assessments such as probing and radiography. Based on the studies
which state a mechanism of ODAM expression in various pathologies
and its potential abilities to be used as a periodontal disease biomarker
(Nishio et al., 2013; Lee et al., 2012a, 2012b, 2016, 2018; Wazen et al.,
2015; Yu et al., 2016), we chose ODAM as a biomarker for diagnosing
periodontitis. Especially for the human ODAM, measuring its exact
concentration in human saliva is still in the problem under investiga-
tion. By using ODAM ELISA kit, researchers and clinicians are able to
detect ODAM, but this assay system needs to be more improved due to
its reproducibility and questions in its accuracy. The most noticeable
thing is that, since no SPR or LFS biosensors have been studied for the
target ODAM as its biomarker, this cognate pair of aptamers-based SPR
and LFS biosensor development will positively impact the early diag-
nosis of periodontal diseases in an efficient way.

4. Conclusions

This study clearly represents that a cognate pair of ssDNA aptamers,
which can specifically bind to the target ODAM protein at different sites
by immobilization-free GO-SELEX, was favorably screened followed by
confirming their characteristics with different assays. By using this
cognate pair of aptamers, a sandwich-type SPR biosensor was devel-
oped with having a limit of detection at 0.24 nM and 1.63 nM in the

buffer and saliva samples, respectively. In addition, this cognate pair of
aptamers was successfully utilized to develop a sandwich-type lateral
flow strip biosensor which shows its limit of detection at 8.32 nM and
14.59 nM in the buffer and saliva samples, respectively. More im-
portantly, we could detect the target ODAM protein quantitatively, not
only in the buffer but also in human saliva samples which ensures faster
outcomes when comparing to current diagnostic methods. In conclu-
sion, we have demonstrated the ability of the cognate pair of aptamers-
based biosensors for the sensitive detection of ODAM, a potential bio-
marker for an early and non-invasive diagnosis of periodontitis. From
continuing studies on the complete confirmation of ODAM as a bio-
marker of periodontitis along with the clinical tests on saliva samples
collected from healthy and periodontal diseased patients, a sandwich-
type binding pair of aptamer based biosensors with higher sensitivity
will be finally developed for the early diagnosis of the periodontal
diseases.

Acknowledgments

This research was supported by a grant of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of Health &
Welfare, Republic of Korea (grant number: HI16C0220) and the
National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIP) (No. 2016R1A2B3011422).

Fig. 5. Comparison of the response units of SPR biosensors in response to target ODAM (a) in the buffer and (b) in human saliva between the use of a single aptamer
(OD64) and the use of a cognate pair of aptamers (OD64 and OD35).

Fig. 6. Development of a sandwich-type lateral flow strip biosensor using the selected cognate pair of aptamersOD64 and OD35 for the detection of the target,
ODAM. (a) Dose-dependent saturation of this LFS biosensor in PBS buffer spiked with ODAM and (b) in real saliva samples spiked with ODAM.

B.H. Lee et al. Biosensors and Bioelectronics 126 (2019) 122–128

127



Ethical approval

Researches about human-oriented samples are contained in this
article. Every procedure was performed according to the ethical stan-
dard of all universities under the law of IRB (1040548-KU-IRB-17-154-
A-3). Written informed consent was obtained from all participants in-
cluded in this research.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bios.2018.10.040

References

Ahmad Raston, N.H., Gu, M.B., 2015. Biosens. Bioelectron. 70, 261–267.
Baeza, M., Garrido, M., Hern_andez-R_ıos, P., Dezerega, A., Garcıa-Sesnich, J., Strauss, F.,

Aitken, J.P., Lesaffre, E., Vanbelle, S., Gamonal, J., Brignardello-Petersen, R.,
Tervahartiala, T., Sorsa, T., Hern_andez, M., 2016. J. Clin. Periodontol. 43, 34–45.

Bruce, A. Dye, 2012. Periodontology 2000 58 (1), 10–25.
Buduneli, N., Kinane, D.F., 2011. J. Clin. Periodontol. 38, 85–105.
Christodoulides, N., Floriano, P.N., Miller, C.S., Ebersole, J.L., Mohanty, S., Griffin, M.,

Lennart, A., Ballard, K.L., King Jr, C.P., Langub, M.C., Kryscio, R.J., Thomas, M.V.,
McDevitt, J.T., 2007. Ann. N.Y. Acad. Sci. 1098, 411–428.

Coli, Pierluigi, Christiaens, Veronique, Sennerby, Lars, Bruyn, Hugo De, 2017.
Periodontology 2000 73, 203–217.

Griffiths, Gareth S., 2003. Periodontology 2000 31, 32–42.
Herr, A.E., Hatch, A.V., Throckmorton, D.J., Tran, H.M., Brennan, J.S., Giannobile, W.V.,

Singh, A.K., 2007. Proc. Natl. Acad. Sci. USA 104 (13), 5268–5273.
Horz, Hans-Peter, Conrads, Georg, 2014. Expert Rev. Anti-Infect. Ther. 5 (4), 703–715.
Isola, Gaetano, Williams, Ray C., Gullo, Alberto Lo, Ramaglia, Luca, Matarese, Marco,

Iorio-Siciliano, Vincenzo, Cosio, Claudio, Matarese, Giovanni, 2017. Clin. Rheumatol.
36, 2733–2741.

Kassebaum, N.J., Bernabe, E., Dahiya, M., Bhandari, B., Murray, C.J.L., Marcenes, W.,
2014. J. Dent. Res. 93 (11), 1045–1053.

Kestler, Daniel P., Foster, James S., Macy, Sallie D., Charles, Deborah, L. Murphy, Weiss,
T., Solomon, Alan, 2008. Mol. Med. 14 (5–6), 318–326.

Kido, J.I., Murakami, S., Kitamura, M., Yanagita, M., Tabeta, K., Yamazaki, K., Yoshie, H.,
Watanabe, H., Izumi, Y., Suda, R., Yamamoto, M., Shiba, H., Fujita, T., Kurihara, H.,
Mizuno, M., Mishima, A., Kawahara, N., Hashimoto, K., Naruishi, K., Nagata, T.,
2017. Useful immunochromatographic assay of calprotectin in gingival crevicular
fluid for diagnosis of diseased sites in patients with periodontal diseases. J.
Periodontol. 1–19. https://doi.org/10.1902/jop.2017.170206.

Lamster, I.R.A.B., Ahlo, Joseph K., 2007. Ann. N.Y. Acad. Sci. 1098, 216–229.
Lee, H.K., Ji, Suk, Park, S.J., Choung, H.W., Choi, Y.N., Lee, H.J., Park, S.Y., Park, J.C.,

2015. J. Biol. Chem. 290 (23), 14740–14753.
Lee, H.K., Kim, S.J., Kim, Y.H., Ko, Y., Ji, Suk, Park, J.C., 2018. BMC Oral Health 18, 148.
Lee, B.H., Nguyen, V.T., Gu, M.B., 2017. Biosens. Bioelectron. 15 (88), 174–180.
Lee, H.K., Park, J.T., Cho, Y.S., Bae, H.S., Cho, M.I., Park, J.C., 2012a. J. Cell. Biochem.

113 (5), 1754–1765.
Lee, H.K., Park, S.J., Oh, H.J., Kim, J.W., Bae, H.S., Park, J.C., 2012b. Gene Expr. Patterns

12 (3–4), 102–108.
Lee, H.K., Park, J.W., Seo, Y.M., Kim, H.H., Lee, G., Bae, H.S., Park, J.C., 2016. J. Mol.

Histol. 47 (3), 345–351.
Liljestrand, John M., Paju, Susanna, Pietiainen, Milla, Kare Buhlin, Persson, G. Rutger,

Nieminen, Markku S., Sinisalo, Juha, Mantyla, Paivi, Pussinen, Pirkko J., 2018.
Atherosclerosis 268, 177–184.

Liu, Juewen, Lu, Yi, 2006. Nat. Protoc. 1 (1), 246–252.
Lu, Chun-Hua, Yang, Huang-Hao, Zhu, Chun-Ling, Chen, Xi, Chen, Guo-Nan, 2009.

Angew. Chem. Int. Ed. 48, 4785–4787.
Meyer, M.S., Joshipura, K., Giovannucci, E., Michaud, D.S., 2008. Cancer Causes Control.

19 (9), 895–907.
Miller, Craig S., Foley, Joseph D., Bailey, Alison L., Campell, Charles L., Humphries, Roger

L., Christodoulides, Nicolaos, Floriano, Pierre N., Simmons, Glennon, Bhagwandin,
Bryon, Jacobson, James W., Redding, Spencer W., Ebersole, Jeffrey L., McDevitt,
John T., 2010. Biomark. Med. 4 (1), 171–189.

Moraes, R.C., Dias, F.L., Figueredo, C.M., Fischer, R.G., 2016. Braz. Dent. J. 27 (3),
261–266.

Nishio, C., Wazen, R., Moffatt, P., Nanci, A., 2013. Periodontology 2000 63 (1), 59–66.
Nordendahl, E., Kjellstrom, B., Fored, C.M., Ekbom, A., Svensson, T., Norhammar, A.,

Gustafsson, A., 2018. J. Dent. Res. 97 (10), 1100–1105.
Park, J.W., Tatavarty, R., Kim, D.W., Jung, H.T., Gu, M.B., 2012. Chem. Commun. 48

(15), 2071–2073.
Petersen, Poul E., Ogawa, Hiroshi, 2012. Periodontology 2000 60 (1), 15–39.
Pihlstrom, B.L., Michalowicz, B.S., Johnson, N.W., 2005. Lancet 366 (9499), 1809–1820.
Rathnayake, Nilminie, Gieselmann, Dirk-Rolf, Heikkinen, Anna Maria, Tervahartiala,

Taina, Sorsa, Timo, 2017. Diagnostics 7 (1).
Taba Jr., Mario, Kinneym, Janet, Kim, Amy S., Giannobile, William B., 2005. Dent. Clin.

North. Am. 49 (3) (551-vi).
Tezal, M., Sullivan, M.A., Hyland, A., Marshall, J.R., Stoler, D., Reid, M.E., Loree, T.R.,

Rigual, N.R., Merzianu, M., Hauck, L., Lillis, C., Wactawski-Wende, J., Scannapieco,
F.A., 2009. Cancer Epidemiol. Biomark. Prev. 18 (9), 2406–2412.

Tezal, M., Sullivan, M.A., Reid, M.E., Marshall, J.R., Hyland, A., Loree, T., Lillis, C.,
Hauck, L., Wactawski-Wende, J., Scannapieco, F.A., 2007. Arch. Otolaryngol. Head
Neck Surg. 133 (5), 450–454.

Wazen, R.M., Moffatt, P., Ponce, K.J., Kuroda, S., Nishio, C., Nanci, A., 2015. Eur. Cell
Mater. 28 (30), 187–199.

Yu, M., Mu, Y., Qi, Y., Qin, S., Qiu, Y., Cui, R., Zhong, M., 2016. Biomed. Pharmacother.
84, 601–607.

B.H. Lee et al. Biosensors and Bioelectronics 126 (2019) 122–128

128

https://doi.org/10.1016/j.bios.2018.10.040
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref1
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref2
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref2
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref2
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref3
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref4
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref5
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref5
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref5
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref6
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref6
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref7
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref8
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref8
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref9
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref10
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref10
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref10
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref11
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref11
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref12
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref12
https://doi.org/10.1902/jop.2017.170206
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref14
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref15
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref15
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref16
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref17
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref18
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref18
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref19
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref19
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref20
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref20
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref21
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref21
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref21
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref22
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref23
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref23
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref24
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref24
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref25
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref25
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref25
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref25
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref26
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref26
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref27
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref28
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref28
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref29
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref29
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref30
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref31
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref32
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref32
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref33
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref33
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref34
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref34
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref34
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref35
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref35
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref35
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref36
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref36
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref37
http://refhub.elsevier.com/S0956-5663(18)30851-0/sbref37

	The sensitive detection of ODAM by using sandwich-type biosensors with a cognate pair of aptamers for the early diagnosis of periodontal disease
	Introduction
	Material and methods
	Materials and reagents for GO-SELEX
	Assays for the characterization of aptamer candidates
	GO-FRET assay
	SPR assay and a sandwich-type SPR biosensor
	CD spectrum analysis
	Imaging of a cognate pair of aptamers in sandwich formation by using confocal laser scanning microscopy (CLSM)
	Lateral flow strip biosensor (LFSB) preparation


	Results and discussion
	Screening of ODAM-specific aptamers
	Screening of aptamer candidates using GO-FRET and SPR assays for their specificity analysis
	Successful finding of a cognate pair of aptamers and its confirmation using CD and imaging analysis
	Development of a sandwich-type SPR biosensor using a cognate pair of aptamers: its specificity and the limit of detection
	Development of a sandwich-type lateral flow strip biosensor (LFSB) using a cognate pair of aptamers: its specificity and the limit of detection

	Conclusions
	Acknowledgments
	Ethical approval
	Supporting information
	References




