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Periodontal disease and emerging point-of-care technologies
for its diagnosis

Periodontal disease, a chronic inflammatory disorder that
damages the tooth and its supporting components, is a
common global oral health problem. Understanding the
intricacies of these disorders, from gingivitis to severe PD,

is critical for efficient treatment, diagnosis, and prevention

in dental care. Traditional periodontitis diagnostic methods
frequently rely on physical probing and visual examinations,
necessitating the development of point-of-care devices.
Periodontal biosensors and biomarkers are critical in improving
oral health. This article comprehensively reviews periodontal
disease and recent advances in point-of-care technologies for
its diagnosis.
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Periodontal disease and emerging point-of-care
technologies for its diagnosis

Jayesh Korgaonkar,i?® Azra Yaprak Tarman,+°
Hatice Ceylan Koydemir @ *® and Sasanka S. Chukkapalli*®

Periodontal disease (PD), a chronic inflammatory disorder that damages the tooth and its supporting
components, is a common global oral health problem. Understanding the intricacies of these disorders,
from gingivitis to severe PD, is critical for efficient treatment, diagnosis, and prevention in dental care.
Periodontal biosensors and biomarkers are critical in improving oral health diagnostic skills. Clinicians
may accomplish early identification, tailored therapy, and efficient tracking of periodontal diseases by
using these technologies, ushering in a new age of accurate oral healthcare. Traditional periodontitis
diagnostic methods frequently rely on physical probing and visual examinations, necessitating the
development of point-of-care (POC) devices. As periodontal disorders necessitate more precise and
rapid diagnosis, incorporating novel innovations in biosensors and biomarkers becomes increasingly
crucial. These innovations improve our capacity to diagnose, monitor, and adapt periodontal therapies,
bringing in the next phase of customized and effective dental healthcare. The review discusses the
characteristics and stages of PD, clinical treatment techniques, prominent biomarkers and infection-
associated factors that may be employed to determine PD, biomedical sensing, and POC appliances that
have been created so far to diagnose stages of PD and its progression profile, as well as predicting
future developments in this field.

Recent advancements in micro and nanofabrication have

Periodontal disease (PD) stands out as a leading chronic
inflammatory condition that impacts the tissues surrounding
and providing support to the teeth. PD is roughly estimated
to impact approximately 19% of the adult population
worldwide, which accounts for over 1 billion cases globally. In
the United States, nearly half, specifically 47.2%, of adults
aged 30 years and older are reported to have some degree of
PD."?

Since it is a chronic inflammatory disease, developing
better tools to diagnose it early, monitor the disease
progression, and recovery during PD therapy is essential. The
current clinical practices of frequent health visits, inspection,
and probing followed by radio imaging are laborious and
expensive, preventing patients from seeking medical help.
Hence, there is an urgent need to identify and develop highly
sensitive, specific, rapid, and patient-friendly tools.
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transformed the telecommunications field and sensor
creation by shrinking components, increasing efficiency, and
adding complex functionality into smaller, more adaptable
systems. Smartphones, for example, use
microelectromechanical system (MEMS) sensors such as
accelerometers and gyroscopes, which improve user
experiences through features such as motion detection and
screen orientation adjustment.® Furthermore, tiny sensors
are used in wearable fitness trackers to track physical activity
and health factors.”™® Personal electronics have been altered
by incorporating micro and nanotechnology sensors,
increasing convenience and functionality.

Sensors based on micro and nanotechnology have ushered
in an age of innovation in bioanalyte sensing, providing an
adaptable platform for detecting a broad spectrum of
chemicals, from ions to cells.”® This technical advancement
utilizes three main sensory modalities: optical, electrical, and
mechanical sensing, each with certain advantages. For
example, optical sensing uses concepts of light interactions
with target molecules to provide label-free detection and real-
time monitoring."" Electrical sensing uses variations in

conductivity generated by bioanalyte binding, with
implications ranging from tracking glucose to DNA
12,13

detection. Mechanical sensors detect relationships among

This journal is © The Royal Society of Chemistry 2024
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mechanical forces and bioanalytes, allowing for precise and
sensitive detection.™

The transformational potential for both micro and
nanotechnology sensors extends beyond general bioanalyte
detection to the area of oral health, with the ability to
redefine how we handle periodontal illnesses. These cutting-
edge technologies promise precise and early identification of
PD, allowing for prompt interventions and individualized
treatment plans for better oral health and an improved
smile.

This review article provides information about several
aspects of PD identification and therapy using sensors and
biomarker analysis. This article begins with an introduction
to PD, discussing the important role played by the sensors
for effective PD detection, highlighting their importance in
enabling accurate clinical classification and treatment
strategies across all phases of the disease. The paper
systematically reviews the existing methods, ranging from
conventional probing techniques to modern scanning
systems and collection of sample methods, while discussing
their shortcomings. Additionally, we provide information on
several biomarkers for PD detection, focusing on the
possibility of saliva-based biomarker analysis. Subsequently,
we review biomedical technologies ranging from mobile
sensors to in vitro point-of-care (POC) devices, elucidating
their application in PD diagnosis and their limitations and
benefits. The review concludes with a discussion on future
trends in periodontal diagnosis and therapy, emphasizing
the possible role of sensing and biomarkers in transforming
the field of periodontal healthcare.

2. PD and its clinical importance
A. Pathophysiology of PD

PD is a chronic inflammatory condition that influences the
supportive structures of teeth, encompassing the gums,
periodontal ligament, and alveolar bone. The progression of
PD is typically characterized by increased levels of oral
pathobiont-associated host-mediated inflammation, tissue
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Fig. 1 Schematic illustration of PD stages. As the disease progresses,
the inflammation, tissue damage, and bone loss become more severe.
Created with https://www.BioRender.com.
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damage, and, ultimately, bone loss around the teeth. The
pathophysiology of the disease is characterized by the
distinct apical migration of the junctional epithelium and
the loss of marginal periodontal ligament fibers. This process
facilitates the apical spread of bacterial biofilm along the
root surface.”” Gingival inflammation is initiated by the
formation of bacterial biofilm. However, the onset and
advancement of PD hinge on the dysbiosis, or imbalance,
within the oral microbiome'® (Fig. 1). As the disease
progresses, the periodontal pockets (the space between the
tooth and gum) may become deeper, and the gum tissue may
recede, exposing the tooth root.'”'® These events could
potentially lead to increased sensitivity, pain, and mobility of
the affected teeth."®

B. Diagnosis criteria

The progression of PD is typically classified according to the
severity of the symptoms and the extent of tissue damage. PD
is clinically diagnosed as visible clinical attachment loss
(CAL) by circumferential assessment of the erupted dentition
with a standardized periodontal probe with reference to the
cemento-enamel junction (CEJ). As it is a visible
measurement, there is always room for error while predicting
clinical attachment level using a standard periodontal probe.
Multiple case definitions have recently been proposed for PD
diagnosis to reduce the error range. According to a
classification that utilizes the American Academy of
Periodontology (AAP)/Centers for Disease Control (CDC) case
definition for epidemiologic surveillance and the European
Federation of Periodontology (EFP) case definition, a patient
has a PD case in the context of clinical care if.>°

1. Interdental CAL is detectable at =2 non-adjacent teeth
or.

2. Buccal or oral CAL >3 mm with pocketing >3 mm is
detectable at >2 teeth.

Another alternative classification was proposed based on
clinical attachment through periodontal probing and
radiographic examination of alveolar bone loss. This
approach gauzes the aftermath of previous episodes of
deterioration and it requires a 2 to 3 mm threshold change
before a site can be defined as having experienced a
significant anatomic event.”’ Advancements in research
regarding oral and PD diagnosis are moving toward methods
whereby PD risk can be identified and quantified by objective
measures, i.e. biomarkers. In the past, efforts have been put
to classify staging based on the severity and extent of an
individual's measurable extent of destroyed and damaged
tissue attributable to PD and grading to estimate the future
risk of PD progression and responsiveness to standard
therapeutic principles. Based on this, PD is graded into four
simpler stages:** stage 1 (initial PD): which is characterized
as the borderline between gingivitis and periodontitis,
representing the early stages of attachment loss. Stage 2
(moderate PD): it is characterized by established periodontitis
and shows the characteristic damages caused to tooth
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support on clinical examination. Stage 3 (severe PD): this
stage is characterized by significant damage to the
attachment apparatus, and tooth loss may result in the
absence of advanced treatment. Stage 4 (advanced PD): in
this more advanced stage, PD can cause considerable damage
to the periodontal support and cause significant tooth loss,
which could translate into loss of masticatory function.

The next clinical classification based on diagnostic factors
like interdental CAL, radiographic bone loss, probing, and
tooth loss classifies PD into four stages. According to this
classification, stage 1 will include interdental CAL to be 1 to
2 mm, radiographic bone loss to be <15%, probing depth to
be <4 mm, stage II will encompass interdental CAL to be 3
to 4 mm, radiographic bone loss to be 15% to 35%, probing
depth to be <5 mm, stage 3 will encompass interdental CAL
to be >5 mm, radiographic bone loss extending to the
middle or apical root of the teeth 15% to 35%, probing depth
to be >6 mm, stage IV will encompass interdental CAL to be
>5 mm, radiographic bone loss extending to the middle or
apical third of the root, masticatory dysfunction, severe ridge
defect.”?

3. Current clinical methods for PD
diagnosis and treatment
A. PD diagnosis methods

Pocket depth and clinical attachment loss. Given that PD
frequently results in the loss of supporting periodontium, the
measurement of attachment loss serves as a clinical predictor
for the progression of PD. This process entails probing to
assess both CAL and pocket depth formation. CAL is
specifically defined as the distance from the base of the
pocket (coronal end of the junctional epithelium) to the CEJ
of the tooth, serving as the hard tissue reference. In contrast,
pocket depth is characterized as the distance from the base
of the pocket to the gingival margin, acting as the soft tissue
reference. Many types of periodontal probes exist
commercially.”* But still, manual probes continue to serve as
the gold standard in dental clinics for measuring CAL and
PD. Typically, these manual probes are composed of a
handgrip and probe tip, with the tip exhibiting variations in
length (ranging from 12-16.5 mm), thin (0.4-0.6 mm
diameter), and configuration of the working end (spherical
end, domed end, and a flat end with rounded corners) that
can be inserted into the pocket's base. This manual
periodontal probing has challenges regarding inter-examiner
differences in the probing force, probing angle, and reading
variations when reading manual scales. Force controls were
developed to minimize the variation in probing forces
between clinicians. But still, measurement variations exist.
Digital readouts® and computer-aided recordings like the
Florida probe were developed to nullify these variations.*®

Bleeding on probing. The indication of bleeding on
probing (BOP) serves as a recognized marker for PD, and
disease evaluation is done using a numerical indicator called
a BOP score. The BOP score is determined by calculating the
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proportion of bleeding sites within six tested sites on all
present teeth when stimulated by a standardized probe with
a controlled force (0.2-0.25 N) to the bottom of the pocket.
While the presence of BOP can be a poor predictor of PD
activity, the absence of BOP is indicative of periodontal tissue
stability.””

Tooth mobility. Clinical assessment of PD also involves
evaluating tooth mobility. This is achieved by applying
directional pressure to the tooth and observing its response.
The measurement of tooth mobility is quantified using the
Miller index, a manual technique that measures the physical
movement of the tooth. This involves securing the tooth
firmly between two instruments and moving it back and forth
to determine its degree of mobility.>®

Imaging-based diagnosis. The most frequently employed
imaging technique for diagnosing PD is 2D oral radiography.
The use of imaging diagnosis in this context serves the
primary purpose of evaluating the level of alveolar bone and
observing various factors, including bone level, bone
destruction pattern, marginal contour, and the extent of bone
loss. Commonly utilized in PD diagnosis, 2D radiography
methods include panoramic and intraoral X-ray.>® A
panoramic X-ray captures an overall view of the entire mouth
providing a half-circle image from ear to ear in a single
image. While this method provides valuable information
about alveolar bone loss caused by PD, this method lacks
information in real-time on the activity of PD as it provides
no information on the periodontal soft tissues. Intraoral
X-ray is obtained by using a radiographic film or a detector
placed inside the mouth.*® It provides information on
periapical views to depict precise and detailed information
about each tooth and partial bone with various views.
However, there is a possibility of image distortion and
blurring, which occur by the superimposition, hindering the
accurate assessment of delicate bone structures in these 2D
imaging methods. 3-Dimensional imaging with CT
(computed tomography) can build 3D models without
superimposing structures by assembling 2D cross-sectional
images obtained from all planes of interest. Nevertheless,
concerns arise in dental clinics regarding the adoption of
these techniques for diagnosis due to the associated
increased radiation exposure and high costs. Despite the
demonstrated success of magnetic resonance imaging (MRI)
devices in soft tissue imaging across various biological
domains, their application in imaging hard tissues such as
teeth, dentin, and enamel—characterized by low water
content—poses limitations. This challenge of achieving clear
visibility for hard tissue has been regarded as one of the
hindrances to the clinical adoption of MRI.

B. Clinically established treatments for PD

Chronic PD is often treated using nonsurgical therapy, which
involves mechanical debridement of supragingival and
subgingival dental plaque and calculus by scaling and root
canal treatment. If there is an observed residual

This journal is © The Royal Society of Chemistry 2024
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inflammation, patients are often given adjunctive therapy,
which involves diverse options like local delivery of drugs,
systemic antibiotics, or systemic host modulation agents.*"

e Local delivery of drugs includes the provision of
adjunctive drugs/antibiotics, such as doxycycline, or
antimicrobials, such as chlorhexidine, or anti-inflammatory
agents, which are usually delivered directly to the periodontal
pocket using a delivery system for localized treatment.*?

e Systemic antibiotics include broad-spectrum antibiotics
either alone or in combination with antibiotics targeting
Gram-negative bacteria. They are employed in the usual adult
dose range for 1-3 weeks.****

e Systemic host modulation agents include using
compounds that act through the inhibition of matrix
metalloproteinases. However, despite the availability of these
treatment options, it is significant to note that nonsurgical
periodontal treatment has limitations in terms of the long-
term maintenance of deep periodontal pockets, the risk for
disease recurrence, and the need for the skill of the clinical
operator. With regard to systemic antibiotic therapy,
increased antibiotic resistance has been observed among
patients with PD in recent years.>® Also, the unique
periodontal environment and biofilm formation abilities
make these bacteria less susceptible to antibiotics.?”*®

Hence, there is a discrete need for new therapeutic
strategies to treat PD. As the clinical attachment and bone
loss are more evident, treatment goals should focus on
controlling inflammation, preventing disease progression,
and ultimately creating conditions enabling patients to
maintain a healthy, functional dentition.

4. Biomarkers used for the diagnosis
of PD

A biomarker is defined as a substance that can be measured
and evaluated as an indicator of normal physiological
processes, pathogenic processes, or pharmacologic responses
to therapy.®® Biomarkers are vital tools in medical studies
and diagnostics, as they provide a window into the human
body's physiological and pathological events.** These
biomarkers could be diverse analytes ranging from specific
nucleic acids and proteins to metabolites and could provide
essential information on diseases’ existence, progression,
and seriousness. Potential biomarkers of disease that could
provide usefulness for assessing PD activity would either play
a role in the pathogenesis of the disease or be released as a
consequence of tissue damage during the progression of PD.
Various biological media are vividly used as a source in the
diagnosis of PD. These include saliva, gingival crevicular fluid
(GCF),** subgingival plaque, serum, and tissue biopsies.**
The following parts of this review paper will dive into the
complex world of biomarkers used to diagnose PD. In
addition, we will look at the most recent advances in
biomarker development and validation approaches, as well as
the revolutionary impact they have on healthcare and
medicine.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Critical review
A. Saliva as diagnostic biofluid for PD

Saliva, by itself, serves as a valuable biofluid containing
various  analytes, including cytokines and matrix
metalloproteinases, which can be used to detect PD and bone
remodeling. Traditional clinical examinations might not offer
early illness detection or an accurate assessment of disease.
On the other hand, new technologies capable of identifying
particular cytokines and proteinases in saliva enable rapid
chair-side testing and individualized medication methods.
The use of new technologies can improve the power of
clinical dental examinations, medical history evaluations,
and evidence-based, tailored risk care for PD by identifying
customized phenotypes and host-derived mediators. The
study of Korte and Kinney et al.,** thoroughly evaluated saliva
biomarkers and combination markers, such as PD pathogens,
that can considerably improve medical decision-making in
PD development, risk evaluation, and diagnosis. Research by
Buzalaf et al.,** emphasized the importance of biomarkers in
avoiding illness, evaluation, and prognosis, and their
presence in diverse biological fluids, specifically in saliva,
which is regarded as a powerful diagnostic tool because of its
capacity to reflect pathophysiological states in the body as
well as enable non-invasive and quick identification of
biomarkers associated with dental and systemic disorders.
Another study by Frodge et al,*’ investigated saliva as a
diagnostic medium for measuring bone remodeling in the
setting of PD. It explored the usage and quantification of
specific biomarkers such as tumor necrosis factor-alpha
(TNF-a), C-telopeptide pyridinoline cross-links of type I
collagen (ICTP), and receptor activator of nuclear factor-
kappa B ligand (RANKL) found in saliva that can shed light
on the bone erosion and formation processes linked with PD
to create non-invasive and accessible diagnostic techniques
for monitoring the development and extent of PD. The
following section focuses on the biomarkers that can be
found in saliva. While significant efforts are being made to
develop effective indicators for early detection of PD, more
validation is required before the broad deployment of
chairside POC sensors in clinical settings.*°

Several salivary biomarkers have been identified that can
be used to identify the PD stage and provide a general sense
of disease progression. PD is generally divided into four
stages with varying degrees of inflammation, degradation of
connective tissue, and bone resorption. Interleukin-1beta (IL-
1B), interleukin-6 (IL-6), macrophage inflammatory protein-1
alpha (MIP-1a), and TNF-a are factors released from various
types of cells that play a role in the inflammatory
phase'43,45—49

As the disease advances, the connective tissue around the
affected area degrades, ultimately leading to bone loss.
Matrix  metalloproteinase-8§ ~ (MMP-8)'  and  matrix
metalloproteinase-9 (MMP-9),"**% are the two biomarkers for
the next stages of the disease, and their increased levels are
associated with collagen degradation. Inhibition of MMP-8
and other collagenolytic enzymes is done by tissue inhibitors
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of metalloproteinase-1 (TIMP-1).*> The levels of this enzyme
decrease with the progression of the disease, while alkaline
phosphatase levels are found to be increased due to
calcification.’®®* As for bone resorption markers, ICTP is
observed to be a biomarker as its levels were found to be
associated with the later stages of periodontitis and its
confirmed contribution to further collagen degradation.*®
Osteoprotegerin (OPG) is another crucial factor that normally
functions in bone development and maintenance.”® It
competitively inhibits osteoclast activity by binding with the
RANKL. A recent study has shown a correlation between OPG
levels and the PD stage. After treatment, the OPG levels
decreased, while the stable group already had low OPG levels.
Along with the other degradation markers, OPG could be a
potential marker for the disease. While OPG inhibits RANKL
activity, interactions with RANKL cause bone resorption by
stimulating the proliferation and activity of osteoclasts.>
Hence, levels of both OPG-RANKL and RANK-RANKL can be
used to assess the progression.’® In another study, it has
been reported that inhibiting actomyosin contractility
through the inhibition of myosin light chain kinase, rho
kinase, or myosin ATPase activity in cultured periodontal
ligament fibroblasts (PdLFs) consistently led to a reduction
in messenger RNA levels of the bone regulatory protein OPG.
Consequently, the study concluded that OPG is responsive to
actomyosin tension in human periodontal ligament
fibroblasts.”®

a. Cytokines. PD is a chronic inflammatory disease
initiated by microbial dysbiosis. The dysbiosis of microbes in
the periodontium always results in a cascade of host immune
events leading to the secretion of cytokines. Cytokines are
important because they are modulators that host
homeostasis as well as inflammatory processes. PD is
associated with an increase in the levels of proinflammatory
cytokines, including IL-1a, IL-1f3, IL-6, and TNF-a.. Among IL-
1 family members, the role of IL-1, IL-18, and IL-33 in the
pathogenesis of PD has been studied thoroughly. In the PD
site, IL-1B accumulates due to recognition of periodontal
pathogen PAMPs. IL-1 induces the production of MMPs and
upregulates the production of RANKL, which aids collagen
degradation and bone resorption.>®

The saliva of chronic PD patients was found to exhibit
upregulated levels of 1L-18,%” and following nonsurgical PD
therapy, IL-18 levels showed a decrease. Additionally, active
P. gingivalis and its lipopolysaccharide (LPS) were identified
as agents that upregulate IL-18 expression. IL-18, in turn, was
demonstrated to stimulate the expression of matrix
metalloproteinase, and its overexpression was linked to
inflammatory bone loss following oral bacterial infection.

In a study conducted on 33 Korean adults using
multiplexed bead immunoassay by Kim et al., they observed
that IL-1B levels were increased in the patients with
significant bleeding status while IL-1a levels were high for
the periodontal disease. Among the two, IL-1f3 was verified as
significant after ROC curve analysis. The sensitivity of the
cytokine was 88.24%, and the specificity was 62.5%.>®
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IL-6 is a pleiotropic cytokine, which produces more than
one effect that similar to IL-1p is produced by an array of
different cell types, including monocytes and macrophages. It
can be induced to be produced and secreted by PAMPs such
as LPS or IL-1B.°° IL-6 can bind the membrane-bound
receptor (IL-6R) or soluble IL-6 receptor (sIL-6R). Binding
with the membrane-bound receptor leads to acute phase
response, infection defense, metabolism, and
regeneration, while binding with the soluble form leads to
inflammation, also referred to as trans-signaling.
Additionally, IL-6 leads to T helper cells' differentiation and
immunoglobulin  secretion by B-lymphocytes, further
contributing to the immunity and inflammatory response
seen in the periodontal site. Like IL-1B, IL-6 increases the
production of MMPs, specifically MMP-1, which leads to
collagen degradation around the inflamed tissue.®® GCF
gathered from PD sites has been reported as having
increased levels of IL-6 that can be used to determine the
stage of the disease.®™®

Macrophages secrete MIP-1a, a chemotactic chemokine
responsible for the recruitment of various inflammatory cells
and functions in various aspects of the immune response. In
addition, it can also activate bone resorption.”> MIP-1a. is an
excellent biomarker for the disease, as it has shown
remarkable levels of being present at the site of
inflammation in various studies regarding PD.®*%

Nisha et al,'s study has shown the potential clinical
benefit of using MIP-1o. and MCP-1 as diagnostic tools to
differentiate between the disease states. MIP-1a. particularly
has shown significant sensitivity and specificity in
differentiating between healthy and gingivitis states. ROC
curve analysis has shown that MIP-1o exhibited 100%
sensitivity and 88% specificity in distinguishing, while MCP-1
showed 84.1% sensitivity and 88% specificity. Overall, the
study highlighted the positive statistical correlation between
the clinical parameters and the cytokine levels. However, in
the future, longitudinal studies should be conducted to
determine the predictive nature of the cytokines.®

TNF-a is an inflammatory cytokine that can be found in
either a membrane-bound form or a soluble form. The
soluble form is synthesized through the processing of
membrane-bound by TNF-o-converting enzymes. The TNF-a
inflammatory activities are directed by either type 1 receptors
or type 2 receptors. While type 1 can bind to membrane-
bound and soluble forms, type 2 can only bind to soluble
forms.®® TNF-a is one of the most prominent cytokines seen
in the infection sites, and it also plays an important role in
bone remodeling. Type 1 acts as a promoter for
osteoclastogenesis, while type 2 acts as an inhibitor for
apoptosis even during the inflammatory response.®”

Romero-Castro et al, have shown that even in small
quantities, TNF-a is a valuable biomarker as the levels of it
correlate with pathogens associated with PD. The study
investigated the oral microbiota and the production of
proinflammatory molecules such as TNF-a, which causes the
release of collagen degradation enzymes. The analysis was

tissue
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conducted on 80 subjects, where 35 were diagnosed with
chronic PD. Checkerboard hybridization was used to analyze
the site's composition, and ELISA was used to measure TNF-
o, MMP-8, and MMP-9 levels. In conclusion, the study
highlighted that PD-related pathogens increase the levels of
TNF-a,, which makes the cytokines a valuable biomarker for
diagnosis.®®

b. Enzymes. One of the most distinct biomarkers for PD is
the MMPs, a family of calcium-dependent zinc-containing
endopeptidases. As mentioned before, MMPs are able to
degrade the extracellular matrix; thus, their effects on the
periodontal site are seen before bone resorption.®® Apart
from their role in periodontal sites, MMPs are part of wound
healing, remodeling, and tissue development. Normally,
MMPs are seen at low levels, and the balance between the
MMPs and their inhibitors is critical, but at the periodontal
site, levels increase due to the inflammatory response.”®

To measure the real-time episodic progression of the PD
course, neutrophil collagenase (MMPS8), which has been
identified as a major collagenolytic enzyme that can cause
periodontal tissue destruction in PD, has been proposed as a
biomarker by Denis F. Kinane and colleagues. It was observed
that MMP8 levels were present in GCF, peri-implant sulcular
fluid, mouth rinse, and saliva.”’ Authors emphasize using
this test to detect subclinical PD before clinical or
X-radiographic manifestations, as the test is positive with
increased levels of MMPS in oral fluids ahead of active PD.

Aspartate aminotransferase (AST) is an enzyme that
functions in the reversible transfer reaction of the amino
group between aspartate and glutamate. AST is found in
different types of tissues, such as hepatocytes, skeletal
muscles, and the periodontal site.”> AST is retained in the
cytoplasm of cells and is released by dead or injured cells.
Thus, at the periodontal site, elevated levels of AST can be
observed, and the levels can be used to determine the
progression of the disease.”*”*

Lastly, alkaline phosphatase (ALP) is a membrane-bound
metalloenzyme that removes the phosphate group from
proteins and nucleotides. There are various isoforms of ALP;
thus, the enzyme can be observed in other parts of the body,
too, apart from the periodontal site.”> The enzyme is not
specific to PD; however, elevated levels have been observed in
various studies.””> The enzyme is released during
inflammation by cells associated with PD, such as osteoblasts
and fibroblasts, and it is noted as a marker for bone
formation.”®

Osteocalcin (OC) is among the most abundant proteins
found in human bone, and it is synthesized by osteoblasts.
Notably, OC is associated with the inhibition of bone
mineralization. In a study by Bullon et al,”’ they observed
that the low serum osteocalcin concentration was associated
with a remarkably higher percentage of decrease in PD and
CAL after therapy. Also, low saliva osteocalcin concentrations
were highly related with higher percentages of decrease in
PD. In another study by Kunimatsu et al,”® they observed
that in gingivitis patients, no significant amounts of
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osteocalcin were detected, while in the case of PD patients,
on the other hand, osteocalcin levels were detected, ranging
between 0 and 540 pg per tube and positively correlated with
these clinical parameters (P < 0.01) of PD.

Osteopontin (OPN) is a single-chain polypeptide that is
highly concentrated at sites where osteoclasts are attached to
the underlying mineral surface. Studies by Kido et al”®
revealed a significant increase in OPN levels, which coincided
with increased probing depth measures in PD. Another study
by Sharma et al.®® observed that GCF OPN concentrations
increased proportionally with the progression of PD, and
when nonsurgical periodontal treatment was provided, GCF
OPN levels were significantly reduced.

c. Pyridinoline cross-linked carboxyterminal telopeptide of
type I collagen (ICTP). Type 1 collagen constitutes 90% of the
bone's organic matrix, and pyridinoline cross-links represent
a class of collagen degradative molecules. Due to their
significant association with alveolar bone resorption, ICTPs
have been proposed as a biomarker that might be useful in
differentiating between gingival inflammation and active
periodontal bone destruction. In a clinical study conducted
by Palys et al.,*" it was observed that the levels of ICTP were
strongly correlated with the abundance of various periodontal
pathogens, including T forsythensis, P. gingivalis, P.
intermedia, and T. denticola. Golub et al®® found that in
chronic PD patients following the nonsurgical periodontal
therapy treatment, there was an observed 70% reduction in
GCF ICTP levels after one month of treatment. In another
investigation of PD patients treated with SRP, it was found
that there exists a significant correlation between GCF ICTP
levels and clinical PD parameters, including attachment loss,
pocket depth, and bleeding on probing.®

d. RANKL/OPG. RANKL is a biomarker released by
immune system components in chronic PD associated with
bone loss cases. In normal settings, the bone remodeling
of adults is continuous, where resorption of bone by
osteoclasts matches the formation of new bones by
osteoblasts. The exact mechanisms of bone remodeling
have not been fully described; however, the balance
between OPG, RANKL, and RANK is crucial in proper
physiological bone remodeling. RANKL is the ligand that
binds to either OPG or RANK for either the inhibition or
activation of osteoclasts. RANKL is part of the TNF family,
and at the moment, it is the only known cytokine that has
a role in bone metabolism.**

Vernal et al.,*® studied the degree of RANKL expression in
people with chronic PD. They observed that in chronic PD,
large levels of RANKL, a substance implicated in the
breakdown of bones, is predominantly released by CD4+ T
cells. This shows that CD4+ T cells may have a role in PD-
associated bone loss. Another study by Belibasakis et al.,**
focuses on the involvement of the RANKL and OPG systems
in clinical PD. This system regulates bone remodeling and
plays a role in the evolution of PD. They observed an intricate
association between the ratio of RANKL to OPG levels and
alveolar bone resorption in PD.
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Chen et al,” investigated the generation of RANKL
within the setting of PD to determine the cellular sources
of RANKL production. They tried to assess how cellular
types contribute to its expression, as understanding the
cellular origins of RANKL could provide light on the
mechanisms behind the loss of bone in periodontal
conditions.®*

e. Pathogens in saliva. PD is a chronic inflammatory
disease that is strongly associated with microbial dysbiosis.
Many research groups have explored several microbial-
associated factors for their use as biomarkers for the
detection and progression of PD. Here, we will provide
information on a few of these studies. In a study of 22
subjects (where seven were healthy, seven with gingivitis, and
eight with periodontitis) by Han et al,* salivary small
extracellular vesicles (sEVs) were collected using the size-
chromatography  (SEC) method.  Salivary
components, including small extracellular vesicles (SEVs),
LPS+ outer membrane vesicles (OMVs) with a prevalence of
Gram-negative bacteria, and the global DNA methylation
pattern featuring 5-methylcytosine (5mC),
5-hydroxymethyleytosine (5hmC), and N°-methyladenosine
(m6dA), were compared among the healthy, gingivitis, and
periodontitis groups. In their observations, they found a
notable increase in LPS+ OMVs, overall 5mC methylation,
and the secretion of OMVs by four periodontal pathogens (T.
denticola, E. corrodens, P. gingivalis, and F. nucleatum) in sEVs
derived from individuals with periodontitis as opposed to
those from healthy groups.

Hirai et al,*® using modified antigens, demonstrated
that the patient serum IgG levels against RgpA were
observed to be the highest among all the antigens
expressed in P. gingivalis of PD patients. They proposed
that the N-terminus of recombinant RgpA was excellent in
differentiating between diseased and non-diseased states
(with a sensitivity of 0.85, specificity of 0.9, and area under
the curve of 0.915) and could be a potential biomarker for
detection of PD.

Damgaard et al,®” noted that seven bacterial species,
including P. gingivalis, exhibited a significantly higher relative
abundance in the saliva of individuals with aggressive PD
compared to orally healthy controls. They reported that the
salivary abundance of P. gingivalis could effectively
distinguish between individuals with aggressive PD (AUC:
0.80, p = 0.0001) and chronic PD (AUC: 0.72, p = 0.006) from
healthy controls.

In a study conducted by Na et al.,*® four distinct sets of
oral microbiomes from buccal and supragingival mucosa
were utilized to develop a prediction model for PD.
Through the assessment of prediction model performance,
they demonstrated that the abundance of the oral
microbiome could serve as an effective metric for
predicting PD. The study concluded by underscoring the
potential of oral microbiome abundance in buccal mucosa
and supragingival plaque as microbial markers for
diagnosing PD.

exclusion
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B. GCF as diagnostic biofluid for PD detection

GCF is a biofluid that develops naturally in the crevices
surrounding teeth and has been shown to include useful
indicators concerning oral health. GCF in PD patients
contains inflammatory cells, enzymes, antibodies, and
various other inflammatory agents. Markers that promote
inflammation, such as IL-1, IL-6, and IL-8, and also TNF-q,
which play a vital part in the etiology of periodontal
conditions, can be wused to assess the degrees of
inflammation.*

Chaudhari et al,* using the GCF as a sample for
diagnosis, assessed the correlation of levels of IL-1f in GCF
to the clinical parameters of chronic periodontitis. They
observed a strong correlation between periodontal tissue
destruction and IL-1f.

In a study conducted by Becerik et al,”® based on 80
individuals and four groups, which included 20 with chronic
periodontitis, 20 with generalized aggressive periodontitis, 20
with gingivitis patients, and 20 healthy subjects, they
observed that chronic patients and generalized aggressive
periodontal patients had significantly higher IL-1, IL-6, and
IL-11 levels when compared with healthy subjects in GCF.
Furthermore, GCF LIF levels of the chronic and generalized
aggressive patients were lower than those of the healthy
group. In another study by Afacan et al.°' using GCF from
both chronic and aggressive periodontitis, it was observed
that there was increased GCF hypoxia-inducible factor-1
alpha, vascular endothelial growth factor, and TNF-a levels in
chronic and aggressive PD.

In a study conducted by Khalaf et al.,”* involving 60
participants, including 30 individuals with chronic PD and
30 healthy subjects, it was observed that levels of TGF-B1
were notably increased in the serum, saliva, and GCF of PD
patients when compared to the control group. Bostanci
et al.,’® in a quantitative proteomic analysis study of GCF
samples with five healthy subjects and five aggressive
periodontitis patients. Utilizing LC/MS, they noted that GCF
proteins cystatin-B and defensins were exclusively detected in
the samples from healthy controls. Additionally, annexin-1
was observed in samples from healthy individuals at levels
five times higher than in other samples.

Silva et al,”* evaluated the level of GCF biomarkers,
inflammatory cells, and periodontal pathogens associated
with attachment loss. Their study evaluated 56 patients with
moderate or severe chronic periodontitis, and they observed
higher RANK-L, IL-18, and MMP-13 levels at sites exhibiting
active PD. Palcanis et al,” explored the possible use of
elastase as a marker of PD development. Elastase is a
metabolic enzyme involved in tissue breakdown and
inflammation found in GCF. They observed levels of elastase
in the setting of PD to use it to predict the severity and
progression. Elastase levels in the periodontium have the
potential to represent the amount of tissue injury and
inflammation. Understanding its function in the progression
of PD can lead to more accurate disease stage evaluations

This journal is © The Royal Society of Chemistry 2024
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and the creation of tailored medicines for PD. Kinney et al.,
evaluated the sensitivity and specificity of GCF biomarkers to
detect sites with disease activity.’® Their study was based on
a cohort that examined 100 patients over a 12-month period.
They concluded that GCF alone provided low sensitivity and
high specificity values, 23% and 95%, respectively. Baliban
et al., tried to predict health or disease from GCF samples
using a biomarker combination with high throughput
proteomic analysis. They observed that glyceraldehyde
3-phosphate dehydrogenase, thymidine phosphorylase, and
Ig kappa chain V-I region AG were associated with healthy
conditions.””

5. Biomedical sensing and monitoring
technologies for detection of PD

A variety of novel technologies and equipment have emerged
with the goal of improving PD identification and
management. In the subsequent sections, we will describe
these cutting-edge technologies that have the potential to
change the scene of oral health tracking, especially PD
diagnosis. We will start by examining ‘in-mouth wireless
sensors’, that offer real-time information about oral
problems, and then shift our focus to ‘Wearable gadgets’ that
integrate smoothly into daily life and that have the potential
to provide continuous information on gum health status. In
the subsequent sections, we will shed some light on ‘In vitro
POC devices’, with a focus on ‘Paper-based assays’,
‘Immunoassays’, and ‘Probing’ procedures, each giving
distinct benefits in the diagnosis and assessment of
periodontal disorders.

A. In vitro POC devices

a. Paper-based assays. de Castro et al,”® worked on
creating microfluidic paper-based devices (PADs) for salivary
diagnostics. The PADs are intended to detect biomarkers like
glucose and nitrite and were manufactured via craft cutter
printing. The PADs demonstrated linear behavior and
reached low detection limits for both glucose and nitrite. The
PADs successfully assessed saliva samples obtained from
healthy people and patients having periodontitis or diabetes,
exhibiting the ability to recognize disease-related biomarkers.
Furthermore, PADs integrated into a silicone
mouthguard, demonstrating the potential for wearing sensors
to track salivary glucose levels. The study by Rathnayake
et al.,”® emphasized the ease of use, low cost, and diagnostic
power of paper-based microfluidic devices for salivary
diagnostics. It also emphasized the value of saliva as a
diagnostic tool because of the large number of disease-
related biomarkers it contains. For the clinical application of
salivary biomarkers, non-invasive monitoring and diagnostic
methods are required. Different oral fluids, such as
mouthwash, GCF, and peri-implantitis sulcular fluid, are
examined for disease-specific biomarkers, although the
process is complicated due to a variety of variables. A high

were
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level of sensitivity and sophisticated procedures were
required for accurate saliva and oral fluid tests. The research
of Wignarajah et al'® described a unique method for
detecting periodontitis biomarkers. Magnetic nanoparticles
were used as a biosensor in a colorimetric test to detect these
biomarkers. The use of magnetic nanoparticles as a
biosensor demonstrates the possibility for quick and accurate
detection.

Lee et al.,'"®" developed biosensors for early PD detection
and disease stage predictions. Human odontogenic
ameloblast-associated protein (ODAM) has been discovered
as a possible biomarker due to their association with the
severity of periodontitis. Aptamers were created via a rigorous
procedure known as GO-SELEX, which includes a pair
binding to separate ODAM sites. Aptamer characterization
methods included GO-FRET, SPR, CD, and magnetic beads.
The resulting aptamer pair, OD64 and OD35, had
dissociation constants (Kg) of 47.71 and 51.36 nM,
respectively. The sandwich-type SPR biosensor detected
minimal concentrations of 0.24 nM and 1.63 nM in buffered
and saliva samples. This aptamer pair is used in a successful
lateral flow strip biosensor, which has the potential to
revolutionize POC detection for periodontal disorders using
non-invasive saliva-based approaches, hence improving
healthcare systems.

The research work of Bae et a proposed an innovative
method for developing self-perceived periodontal illness
sensors for early detection. The sensors are made of ZnO
nanofilms with selectively laminated Au nanoparticles (NPs)
using the atomic layer deposition and thermal evaporation
processes. The improved ZnO laminated with Au NPs
displayed exceptional gas sensing capabilities, particularly for
detecting ppb-level quantities of methyl mercaptan (CH;SH),
a volatile sulfur molecule linked to PD. The sensors
demonstrated remarkable selectivity with a gas reaction of
4.99% for 50 ppb of CH3SH and a detection limit of 50 ppb.
This work emphasized the possibility of these mixed sensors
for consistent and repeatable detection of CH;SH in a variety
of gas atmospheres, making them a promising tool to aid in
early PD treatment.

b. Immunoassays. Yee et al.,'*® described the development
of a cellulose-based immunoassay platform for detecting
MMP-8 and MMP-9s, and the detection methods utilize the
sandwich immunoassay approach. This cellulose-based assay
was able to overcome the challenges of previous assays,
which had to be freshly prepared and could only be used on
serum. The developed immunoassay utilized saliva, an
underdeveloped research area, even though it is a valuable
medium for diagnosis. The study also mentioned a novel pre-
treatment method for saliva that allowed the concentration
to be stable while decreasing the viscosity of it. The produced
immunoassays showed consonant stability after 14 days of
storage compared to freshly prepared batches.

Herr et al,' explored the development of a POC
diagnosis for quantifying salivary biomarkers related to PD,
specifically MMP8. A monolithic disposable cartridge was
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designed to be used as a compact analytical tool. The
microfluidic method made it possible to analyze saliva
hands-free by combining salivary pre-treatment with
electrophoretic immunoassays for rapid results. When the
performance of this device was compared to a conventional
colorimetric sandwich ELISA, a high correlation between
them was observed after linear regression analysis. The
device was able to successfully for measuring MMPS8 levels in
both healthy and diseased subjects, and it was observed that
increased MMPS8 levels were found be to present in PD
patients, which also correlated with the bone and tissue loss
observed in and around the disease site. The device
eliminates the time-consuming steps used in ELISA and uses
a single antibody, making it less time-consuming and more
cost-efficient. This study concluded by proposing
longitudinal studies to observe the MMP8 levels as PD
progresses and mentioned other potential applications in
which the device may be used.

c. Probing. Elevated temperature, typically associated with
inflammation, may serve as a sign of PD. On the other hand,
local periodontist site temperatures in normal fluctuations
may indicate relative periodontal health. A temperature probe
with rapid response (1 s), high reproducibility and precision
(0.1 °C), good transducer thermal isolation, and physical
dimensions similar to those of a traditional periodontal
probe were developed to assess this potential. Site
temperatures have been determined and presented as
variations relative to the lingual temperature to account for
subject-to-subject changes in core temperature. This
equipment was used in a cross-sectional investigation in
which the pocket temperatures of 14 people with advanced
adult PD were measured and compared to the sulcus
temperature of 11 healthy subjects. Overall, the mean site
temperature of people with advanced adult PD was 0.65 °C
greater than the healthy ones. The posterior sites were hotter
than the anterior sites, indicating a natural posterior-to-
anterior temperature gradient. A tooth-by-tooth examination
revealed that gingival/periodontal soft tissues are hotter than
anatomically identical healthy tissues. To improve sensitivity
and specificity, threshold temperatures for distinguishing
between sick and healthy teeth were found. The findings
imply that site temperature can be used to detect
inflammation associated with periodontal conditions. The
device was specially designed to detect severe disease-related
deviations from normalcy.'®

B. In-mouth wireless sensors

In-mouth wireless sensors are one of the revolutionary
advances in diagnosing and tracking oral health. These
compact and distinct gadgets are created to be more
comfortably placed within the mouth cavity and give
immediate data on various parameters related to periodontal
conditions. Table 1 summarizes crucial characteristics linked
to in-mouth wireless sensors, such as practical use,
advantages and focus on individual oral healthcare.
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Mannoor et al,'® presented a new technology that
permits the simple attachment of graphene nanosensors on
biomaterials, like tooth enamel. The nanosensors may be
effortlessly transferred onto other biomaterials by printing
graphene onto a water-soluble silk, resulting in an entirely
biointerfaced sensing platform (Fig. 2Aa and Ab). The
graphene nanosensors may be fine-tuned to detect specific
analytes, and the use of a resonating coil removes the
requirement for power or connections from outside.
Incorporating peptide-graphene nanosensors onto a tooth
enables remote tracking of respiration and bacterium
detection in saliva, providing a versatile and widely
applicable application to detect biochemical targets
(Fig. 2Ac).

The research of Arakawa et al,'®” developed detachable
“Cavitas sensors” for non-invasive saliva glucose monitoring
in the human oral cavity. (Fig. 2B) A salivary biosensor with
Pt and Ag/AgCl electrodes was created and tested on
mouthguard support having an enzyme membrane.
Electrodes were generated on the mouthguard's polyethylene
terephthalate glycol (PETG) surface. A glucose oxidase (GOD)
film was deposited on the Pt working electrode. The
biosensor was integrated smoothly between a glucose sensor
and a wireless measuring system. When tested in vitro, the
biosensor demonstrated a strong link between the output
current and the glucose levels. The glucose sensor can detect
glucose highly accurately throughout a range of 5-1000 mol
L' of glucose in artificial saliva made of salts and proteins,
which spans the entire range of levels of glucose present in
human saliva. Researchers demonstrated how the sensor and
wireless connection module could track saliva sugar in a
phantom jaw that mimics the anatomy of the human mouth
cavity. The telemetry system achieved reliable, long-term,
real-time monitoring (over 5 hours). The mouthguard
biosensor can be beneficial as a unique approach for non-
invasive salivary glucose monitoring in real-time for better
dental patient management.

Wearable sensors in monitoring  of
physiological indicators are emerging clinical technologies.
Since newborns cannot provide input concerning discomfort
or health problems, compact and non-harmful monitoring
devices are desperately needed. The first chemical wearable
sensor for neonatal monitoring is described in the research
by Garcia-Carmona et al.,'*® described pacifier functions as a
mobile wireless device for non-invasive chemical tracking in
the infant's saliva. The infant's teething on the pacifier
results in effective saliva collection and facilitates a
unidirectional flow through the mouth toward the
electrochemical chamber, which houses the enzymatic
biosensor and is positioned outside the mouth cavity
(Fig. 2C). The platform's capabilities for detecting glucose in
diabetic adults were tested and compared with their blood
levels with a favorable correlation, proving the sensor's good
performance. The baby-friendly device combines saliva
sampling, electrochemical sensors, and tiny wireless
electronics on a single pacifier base. This integration

non-invasive
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Fig. 2 Wireless sensors. A) Graphene-based tooth sensor (Aa) graphene monolayers are printed onto the water-soluble silk layer using a simple transfer
printing method (Ab) the biosensor is fabricated using shadow mask-assisted electron beam evaporation to generate the electrode pattern on the
graphene-silk hybrid. (Ac) the complete dissolution of the silk in water has led to a strong attachment of the biosensor to the human molar. Reproduced
with permission (Mannoor et al.*°®) 2012, Springer Nature. B) Schematic figure of the proposed custom-made mouthguard with the glucose sensor and
wireless transmitter, allowing for constant measurements. Reproduced with permission (Arakawa et al.*”) 2016, Elsevier. C) Schematic figure showing the
assembly of the pacifier; (1) commercially available pacifier nipple, (2) saliva collection inlet, (3) electrochemical chamber, (4) PB-GOx electrode, (5) pacifier
centerpiece, (6) pacifier outlet, (7) pacifier cap for insulation, (8) wireless potentiostat, (9) pacifier back piece. Reproduced with permission (Garcia-Carmona
et al'®®) 2019, American Chemical Society. D) Photograph of the biosensor with amperometric circuit board, red arrow shows the schematic
representation of the reagent layer of the working electrode while the green arrow shows the close up photographs of the amperometric circuit board.
Reproduced with permission (J. Kim et al.1%®) 2015, Elsevier. E) Schematic representation of the aptamer duo-based portable electrochemical biosensors
used for the early detection of PD. Reproduced with permission (Joe et al.*°) 2022, Elsevier.

simplifies real-time and selective infant health monitoring,  this wireless mouthguard allows for real-time data

making it a pioneering wearable sensor specializing in infant
chemical saliva detection. The preliminary demonstration of
tracking glucose opens up new avenues for monitoring
metabolites in newborns and neonates utilizing saliva as a
non-invasive sample.

Kim et al.,'"” developed a unique mouthguard device to
measure salivary uric acid (SUA) levels non-invasively. The
mouthguard includes an enzyme-modified screen-printed
electrode system as well as tiny electronics such as a
potentiostat, microcontroller, and Bluetooth connection.
Unlike radio-frequency identification (RFID)-based systems,

3336 | Lab Chip, 2024, 24, 3326-3346

transmission to cell phones and various other consumer
devices for instant processing and storage. The biosensor
device detects uric acid in human saliva with good sensitivity,
selectivity, and stability, making it suitable for healthy people
and patients with hyperuricemia. This wearable monitoring
system, which can expand to other sensors, has promise for
various wellness and fitness applications.

Joe et al,'*® describe the creation of a mobile mini-
potentiostat for electrochemical aptasensors to enable
convenient and quick POC testing. (Fig. 2E). The
performance of the mini-potentiostat was compared to that
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of a benchtop potentiostat, and two model biomarkers of
protein (i.e., vaspin and thrombin) were effectively detected
using matched aptamer pairs. The portable mini-potentiostat
was used to create a sandwich-type binding couple of
aptamers-based electrochemical biosensors for detecting PD
by monitoring the ODAM biomarker. The biosensor
outperformed prior approaches like surface plasmon
resonance or lateral flow tests regarding linear range and
sensitivity. This innovative portable biosensor has the
potential to detect early-stage periodontal disorders utilizing
genuine samples such as salivary or GCF in a short period of
time at the POC.

C. Other non-wireless sensors

Besides in-mouth wireless sensors, many other non-wireless
sensor technologies have major advancements in periodontal
diagnostic and analysis. These sensors also have some
distinct advantages, which enable them to make early
detections and monitor periodontal conditions. To better
understand these sensors and their qualities, Table 2
provides a succinct description of the necessary features and
future applications of these non-wireless in oral healthcare.
Hix-Janssens et al.''* focused on creating a monitoring
strategy for the early detection of periodontitis, a prevalent
gum disease linked to tooth loss and possible linkages to
cardiovascular and Alzheimer's disorders. The method
combines surface plasmon resonance (SPR)-based biosensor
technology with high-affinity microcontact imprinted
polymer-based receptors. (Fig. 3A) The gingipain proteases
released by the periodontitis-associated bacteria P. gingivalis
are specifically targeted as possible biomarkers in this
investigation. The imprinted surfaces exhibited excellent
selectivity and affinities toward gingipains, with lower
detection limits than clinically relevant concentrations. This
monitoring method shows potential for reliable and precise
measurement of gingipain concentrations in biofluids and
patient samples, allowing for early-stage periodontitis
diagnosis. The work by Totu et al.'*® presents the creation of
sodium-selective ~ sensors  employing  sodium-selective
membranes incorporating magnetic nano-inclusions. The
membranes are made of p-tert-butylcalix(4), an ionophore,
and a polymeric matrix (polyvinyl chloride). The sensors have
a constant range for sodium levels and a near-Nernstian
electrochemical output. With a response duration of forty-five
seconds, these tiny sensors can detect ions from GCF inside
the periodontal pockets, overcoming the difficulties of
collecting enough fluid for analysis. The sensors can detect
changes in inorganic ion levels, assisting in the early
detection and avoidance of PD. (Fig. 3B) The study of Hong
et al.'** underlines the significance of oral cavity and diet
monitoring ~ for  proper  individualized  healthcare
management. It emphasizes the requirement for a wearable
sensory system capable of continuous real-time analysis. The
paper examines the classification of biosensing technologies
and offers an overview of recent breakthroughs in wearable
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strips were employed in the creation of a sandwich-type lateral flow strip biosensor, utilizing a matched pair of aptamers. The potential for
detecting ODAM through sandwich-type LFS biosensors were tested. Reproduced with permission (Totu et al.'*?) 2018, Elsevier. C) The aim was to
create an innovative device designed for localized sensing within the periodontal pocket, focusing on specific inorganic ions in GCF. The approach
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et al.%?) 2022, Elsevier.

sensor creation for oral cavity and food monitoring. It also
investigates the possibility of wearable sensors in tackling
difficulties linked to food-intake tracking and saliva analysis
in a variety of societal situations, such as elderly individuals,
non-face-to-face interactions, and worldwide pandemics.
Through the use of wearable sensors and the evaluation of
large amounts of healthcare data, the review intends to
accelerate a paradigm change toward customized healthcare
and digital medicine. The study by Lee et al.'*® addresses the
creation of biosensors for the early detection of PD. It makes
use of a pair of highly specific aptamers to identify ODAM, a
possible biomarker for PD. These sandwich-type biosensors
provide sensitive and precise ODAM detection, which can be
critical for early illness diagnosis. (Fig. 3C) This study helps
improve diagnostic tools for early detection and PD
treatment.

The research by Bae et al.’® describes the creation of self-
perceived periodontal illness sensors at the nanometric scale
by mixing zinc oxide nanofilms and gold nanoparticles.
(Fig. 3D) These sensors are designed to make it easy for
individuals to keep track of their personal periodontal (gum)

3338 | Lab Chip, 2024, 24, 3326-3346

health. Zinc oxide nanofilms and gold nanoparticles are
important components that are used to identify particular
biomarkers linked with PD. The sensors are made to be
extremely sensitive and selective, allowing them to detect
early signs of gum disease. This technology has the potential
to provide and easy-to-use oral health
monitoring.

non-invasive

6. Future trends

A. Transferring diagnostic insights: lessons from diabetes for
PD diagnosis

PD and diabetes both share a two-way street relationship.
Just as your oral health can influence your blood glucose
levels, your blood glucose levels can also impact the
condition of your gums. Because of this intricate interplay,
we present some fascinating evolutions of diagnostic
technologies in diabetes and explore how the lessons learned
in diabetes diagnosis can potentially enhance our approach
to diagnosing PD. The diagnosis of diabetes has evolved with
time as technological advancements have completely changed

This journal is © The Royal Society of Chemistry 2024
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the field. The original diabetes diagnostic technologies
focused mostly on detecting glucose in urine in the early
twentieth century.''® Basic chemical tests that entailed
mixing urine with reactive chemicals to detect the presence
of excess glucose, a sign of diabetes, were utilized by
clinicians."*® In the 1970s, the development of blood glucose
monitoring technologies constituted a watershed moment in
the discipline. This groundbreaking technique enabled the
direct detection of levels of glucose in the bloodstream,
providing doctors with real-time data to monitor swings in
glucose  levels more accurately.'”  Another  key
accomplishment was the incorporation of non-invasive and
constant glucose monitoring devices. Miniaturized wearable
gadgets that can continually monitor glucose levels without
the need for repeated finger pricks are becoming more
common. These devices wuse cutting-edge detecting
innovations, such as optical detectors and enzyme-based
electrochemical detectors, to provide diabetics and their
medical professionals with an in-depth knowledge of their
blood glucose profiles, allowing for more informed and
proactive diabetes management.''® Further, recent advances
in AI and data analysis dramatically impacted diabetes
diagnosis."™ Algorithms based on machine learning and
prediction’® models have been used to evaluate vast
amounts of patient data, allowing for early detection of those
at risk for developing diabetes and the implementation of
individualized treatment plans suited to each patient's
specific needs. Therefore, Identifying reliable biomarkers and
risk factors can facilitate early screening for periodontal
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disease. Technological innovations such as Al algorithms and
continuous monitoring devices used in diabetes management
can be adapted to track oral health and predict periodontal
disease risk. Additionally, leveraging multidisciplinary care
teams and initiating studies with an emphasis on
translational science can improve periodontal disease
diagnosis and management. Adopting these strategies for
diabetes care can lead to better diagnostic technologies in
the case of PD.

B. Challenges in PD diagnosis

With regard to PD, traditional techniques of diagnosing have
mostly relied on clinical examination, which includes visual
inspection, probing of periodontal pockets,"** and dental
radiographs.’>® While these approaches are still used to
identify and classify PD,"** their dependence on subjective
assessment and limits in capturing the entire degree of
disease development have posed considerable obstacles.
Although significant breakthroughs have been made, such as
incorporating digital radiography'>* and applying computer-
aided measures for measuring the bone resorption and
periodontal pocket depth, these innovations have not
fundamentally revolutionized the diagnostic paradigm. The
absence of significant advances in non-invasive, preliminary
identification technologies has hampered the capacity to
diagnose periodontitis in its early stages, limiting the
possibility of prompt intervention and preventative
treatments. Periodontitis diagnosis has not yet benefited
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Fig. 4 Evolution of diagnostic technology in PD: from clinical probing to precision medicine. Created with https://www.BioRender.com.
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from the same level of technical advancement. While
research into periodontal biomarkers'*® and genetic
vulnerability has revealed promising possibilities for early
detection and risk evaluation, translating these results into
clinical procedures has been fairly restricted, resulting in a
continuing disconnect between technological research and
patient care.'®® Recently, U.S. Food and Drug Administration
has approved two Al-based medical devices, Videa Perio
Assist'>” and Adravision Perio,"*® for better diagnosis of PD.
In addition, using sophisticated imaging modalities such as
cone-beam computed tomography (CBCT)"*® and 3D
imaging'*® has demonstrated some promise in giving a more
thorough examination of periodontal structures."*' However,
the accessibility and expense of these technologies have
created substantial hurdles to general adoption, limiting
their value in ordinary clinical practice and their influence
on enhancing early detection and therapeutic planning for
periodontitis.

C. Role of engineering innovation in periodontal diagnosis

Engineering innovation, interdisciplinary collaboration, and
low-cost development are the major building blocks in POC
development for PD diagnosis. Establishing a synergy
between basic biology and engineering is the need of the
hour. This collaboration should focus more on i) developing
tools that enable accuracy and sensitivity, ii) identifying
specific biomarkers, iii) working on miniaturization of
devices as per the patient needs, low-cost manufacturing,
longitudinal monitoring, machine learning, and real-time
data analysis, regulatory approval, and standardization.
(Fig. 4).

In addition, recent advances in bioengineering, like
nanoparticles, can revolutionize the area of diagnosis as they
will enable the development of sensors that can detect
biomarkers associated with PD and provide real-time data for
diagnosis and monitoring.

a. Need for artificial intelligence (AI) integration. One of
the most visible trends is the use of machine learning in
periodontal diagnosis.'** Al-powered algorithms can examine
massive quantities of clinical and biomarker data,"**"'**
allowing for more precise and individualized disease
evaluations.”*>"*® Machine learning models will be able to
deliver  real-time  risk and  treatment
recommendations, thereby improving patient care."*”'**

b. Opportunities with microfluidic and lab-on-a-Chip
technologies. Miniaturization of diagnostic technologies,
particularly microfluidic'*"*° and lab-on-a-chip
platforms,"*""'** is going to transform PD diagnosis. These
small POC technologies will allow for the fast detection of
biomarkers on-site,”®'*® providing convenience and prompt
interventions. They may even let individuals check their oral
health on their own. In addition, recent advancements in the
use of microfluidic organ-on-a-chip strategies for periodontal
disease research, such as tooth-on-a-chip'*® and gingival
tissue in a microfluidic platform™** can be used to simulate

evaluations
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physiological properties of cell-tissue-material interactions
and study their dynamic transport behavior. Furthermore,
these organ-on-a-chip technologies can be integrated with
biosensing modules to create in vitro platforms to study PD
treatment strategies and predict the treatment outcomes.

c. Role of wearable sensors and intraoral devices. With the
continuous advancement in technology, wearable sensors
and intraoral devices will keep evolving."*>"*® These sensors
will monitor biomarkers and follow patients’ dental hygiene
habits, allowing for better preventative care.'*”'*® Patients
will receive immediate feedback concerning their tooth
brushing and flossing skills,"*® encouraging them to practice
improved dental hygiene habits.

d. Potential of salivary omics and multi-omics.
“Salivaomics”, or the investigation of saliva, is gaining
popularity.”®>**  Future studies will explore deeper into
saliva's omics (genomics, proteomics, and
metabolomics)."”*'** This multi-omics method will unearth a
treasure mine of biomarkers, allowing for a more thorough
understanding of periodontal conditions and more precise
diagnosis and therapy.'>*">°

7. Conclusion

In conclusion, this review highlights the characteristics and
progression of PD, clinical treatment methods, specific
biomarkers and pathogens that can be used to diagnose PD,
biomedical sensors, and POC devices that have been
developed to diagnose PD stage and progression profile while
predicting the future works related to this field. Combining
engineering with disease diagnosis and progression has
many benefits since many people worldwide experience some
form of PD; thus, identifying the stage of PD is essential for
proper analysis and choosing the correct treatment pathway.
Sensors have the potential to be the next step in clinical
applications for PD diagnosis as they provide fast, real-time,
cost-efficient, high-accuracy, and highly sensitive results
using biomarkers established by previous research.
Examining different types of biomarkers in one sensor
accurately establishes the stage of the disease, which
physicians can use to treat the patients with more targeted
treatments and POCs. Furthermore, the next advancements
for diagnosing and treating PD would be providing patients
with wearable wireless sensors that provide immediate
results about their disease progression. Another aspect of
these sensors is that they are not bound to be only used with
PD; their working principle can also be used in many other
diseases.
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