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HIGHLIGHTS

« Monoclonal antibodies (A7, G1)
specifically target Kgp and RgpB
linked to periodontitis progression.

« A7 and G1-based lateral flow assay
enables rapid, non-invasive gingipain
detection.

« Clinical validation with 224 saliva
samples showed 99.2% sensitivity and
100% specificity.

« The assay may transform periodontal
diagnostics with real-time, point-of-
care detection.
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ABSTRACT

Introduction: Periodontal disease, primarily caused by Porphyromonas gingivalis, leads to chronic inflam-
mation and eventual tooth loss, with systemic health implications. Current diagnostic methods rely on
clinical assessment, which is insufficiently sensitive for detecting early-stage disease and cannot directly
identify specific pathogens or virulence factors. Consequently, developing rapid, sensitive, and specific
diagnostic tools targeting key virulence factors such as gingipains (Kgp and RgpB) is critically needed.
Objectives: This study aimed to develop monoclonal antibodies (A7 and G1) specifically targeting Kgp and RgpB
for rapid, sensitive, and precise periodontal disease diagnostics using various immunodiagnostic platforms.
Methods: We generated high-affinity monoclonal antibodies through phage display technology, confirmed their
specificity via surface plasmon resonance (SPR) and docking simulations, and evaluated their performance across
dot blot, enzyme-linked immunosorbent assay (ELISA), colorimetric detection with Au nanoparticles (NPs), and
lateral flow assays (LFAs). Clinical validation was conducted on 224 saliva samples from periodontal disease
patients and healthy controls.

Results: A7 and G1 antibodies exhibited high specificity and binding affinity to Kgp and RgpB, with equilibrium
dissociation constants (Kp) ranging from nanomolar to sub-nanomolar. Among the diagnostic methods tested,
the LFA demonstrated outstanding performance, accurately detecting Kgp and RgpB at picomolar levels, while
the Au NP-based assay enabled successful visual detection. Clinical validation of the LFA showed remarkable sen-
sitivity of 99.2% and specificity of 100%, effectively distinguishing patients from controls.
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Conclusion: The developed A7 and G1 antibody-based LFA represents a significant advancement in periodontal
disease diagnostics. Offering rapid, accurate, and sensitive detection directly from saliva samples, this method
holds great promise for clinical use, facilitating early diagnosis and timely intervention to improve patient

outcomes.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Periodontal disease is a chronic inflammatory disorder affecting
the tissues that support the teeth [1]. It is one of the primary
causes of tooth loss in adults [2]. The disease progressively
destroys the periodontal ligaments and alveolar bone, manifesting
in forms that range from mild gingivitis to severe periodontitis [3].
If periodontitis is not adequately treated, it can result in not only
tooth loss but also a range of systemic health issues, including car-
diovascular disease, diabetes, and respiratory infections [4,5].
Despite its high prevalence and significant clinical impact, peri-
odontal disease often remains asymptomatic until its advanced
stages [6]. Therefore, early diagnosis and intervention are of para-
mount importance to prevent irreversible damage.

The standard diagnostic methods for periodontal disease
include clinical assessment, periodontal probing, and radiography
[1]. However, these methods are oriented toward identifying
established tissue destruction, which limits their capacity to detect
the early stages of disease [1,7]. To overcome these limitations,
there is a need for rapid and accurate diagnostic tools that can
identify periodontal disease at an early stage, ideally before clinical
signs appear. Saliva is emerging as an easily accessible biofluid that
contains a wealth of biological information, including microbial,
inflammatory, and host response markers associated with peri-
odontal disease [7,8]. Therefore, the development of simple, accu-
rate and cost-effective technologies to detect biomarkers of
periodontal disease in saliva can provide clinicians with meaning-
ful information about the presence and severity of disease, with
the potential to improve patient outcomes [7-9].

Among the plaque microbiomes associated with periodontal
disease, Porphyromonas gingivalis has been identified as a major
pathogen that promotes the progression of the disease [10]. P. gin-
givalis is highly adept at evading host immune defenses, compro-
mising tissue integrity, and promoting the destruction of
periodontal tissues, including alveolar bone [10]. Therefore, early
detection and monitoring of P. gingivalis is essential for the effec-
tive management of periodontal disease [10,11]. The extracellular
cysteine proteases of P. gingivalis, known as gingipains, primarily
determine its pathogenicity. These enzymes fall into two cate-
gories: Arg-gingipain (Rgp), which cleaves substrates at arginine
residues, and Lys-gingipain (Kgp), which cleaves at lysine residues
[12,13]. Rgp has been demonstrated to cleave a variety of host pro-
teins and immune molecules, including collagen and interleukins
[12,13]. Kgp has been demonstrated to cleave fibrinogen, IL-6,
and the adherence junctions of epithelial cells [14]. Additionally,
it has been observed to bind hemoglobin, which serves as the
organism’s source of iron [15]. Given their role in host cell adhe-
sion, epithelial barrier disruption, and immune system dysfunc-
tion, Rgp and Kgp are important targets for diagnostic and
therapeutic research in periodontal disease [12-16]. Consequently,
the selective detection of these proteases can provide valuable
insights into the activity and severity of periodontal disease caused
by P. gingivalis infection.

Currently, the detection of P. gingivalis relies on culture tech-
niques, enzyme-linked immunosorbent assay (ELISA), and poly-
merase chain reaction (PCR) [10,17,18]. While these methods are
effective in identifying the bacteria, they are limited in their ability
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to specifically detect Rgp and Kgp [10,18]. To address these limita-
tions, there is a need for the development of a rapid, accurate, and
minimally invasive biological diagnostic tool that can directly
detect Kgp and Rgp. In the present study, we developed a pair of
monoclonal antibodies (A7 and G1) specific to Kgp and RgpB. These
antibodies showed high specificity and affinity for Kgp and RgpB,
thereby facilitating accurate diagnosis of periodontal disease. We
confirmed the binding properties of the antibodies using surface
plasmon resonance (SPR) and docking simulations. Moreover, the
developed antibodies were applied to various diagnostic platforms,
including dot blot, ELISA, visual detection using Au nanoparticles
(NPs), and lateral flow immunoassay (LFA), to evaluate their poten-
tial for detecting P. gingivalis protease. In particular, the developed
LFA system is capable of rapidly detecting Kgp and RgpB in patient
saliva samples, which is expected to have a high potential for prac-
tical application in the diagnosis of periodontal disease. The results
of the 224 clinical saliva samples (126 positive and 98 negative)
demonstrated that the LFA assay accurately detected periodontal
disease with a sensitivity of 99.2 % and a specificity of 100 %. This
evidence supports that the LFA system developed in this study is
capable of diagnosing periodontal disease with a high degree of
reliability in a genuine clinical context. We anticipate that the A7
and G1 antibody-based P. gingivalis protease detection platform
will enhance patient outcomes in periodontal disease management
by providing real-time insight into the disease and enabling
prompt therapeutic intervention.

Results
Development of A7 and G1 antibodies

Monoclonal antibodies possess high affinity and specificity for
antigens, making them a valuable tool in the diagnosis of a range
of diseases, including infectious, cancer and autoimmune diseases
[19-23]. Antibody-based immunodiagnostic technologies offer the
advantage of facilitating the easy detection of disease-related
biomarkers in several biological samples, including blood, urine,
and saliva [19-23]. This is due to the simplicity of the sample
preparation process and the speed of the detection method. In
the diagnosis of periodontal disease, antibody-based immunodiag-
nostic technology can be a valuable adjunct to conventional clinical
evaluation and radiography by providing a non-invasive, rapid and
accurate approach.

A large human fragment antigen-binding (Fab) phage display
library and a biopanning protocol were employed to generate A7
and G1 monoclonal antibodies that specifically recognize Kgp
and RgpB [22,23]. Following the third and fourth rounds of pan-
ning, the Kgp- and RgpB-specific binders were selected from the
enriched pool, respectively (Fig. 1A). These panning rounds were
pivotal in the process of enhancing the specificity and affinity of
the binders. The binding affinity for Kgp and RgpB was confirmed
by soluble Fab expression of randomly selected clones. Fig. 1B
shows the results of the monoclonal phage ELISA assay after four
rounds of panning. The clones #31 and 37 were selected based
on their strong binding affinity for Kgp and RgpB, and the presence
of unique clones was confirmed by DNA sequencing. Subsequently,
the Fab form of A7 and G1 was converted to the full immunoglob-
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ulin G (IgG) form, which was then used for the diagnosis of Kgp and
RgpB (Fig. 1C). Fig. 1D illustrates the amino acid sequences of the
A7 and G1 antibodies to the Kgp and RgpB antigens, with the com-
plementary determining regions (CDRs) highlighted in red. CDRs
are of particular importance in the recognition and binding of anti-
bodies to antigens, and thus in determining the specificity and
affinity of antibodies.

Characterization of A7 and G1 antibodies

Following the production of the A7 and G1 antibodies, the bind-
ing affinity and kinetics of these antibodies with Kgp and RgpB
were evaluated using SPR. The SPR analysis employed a 1:1 Lang-
muir binding model, and the resulting real-time binding senso-
grams and calculated kinetic parameters are presented in Fig. 2.
The binding constant (K,,) of A7 antibody for Kgp was determined
to be 5.671 x 10° 1/Ms, while the dissociation constant (Kof) was
found to be 2.547 x 103 1/s. Consequently, the equilibrium disso-
ciation constant (Kp) was calculated to be 4.490 x 10~° M. The Kp
of A7 antibody for RgpB was determined to be 5.313 x 107'° M,
based on the measured Ko, of 1.891 x 10° 1/Ms and the K of
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1.005 x 1073 1/s. The Kp values of G1 antibody for Kgp and RgpB
were determined to be 5.943 x 1078 M and 7.979 x 10~° M, respec-
tively. Overall, both the A7 and G1 antibodies exhibited high bind-
ing affinity for the Kgp and RgpB.

The subsequent analysis focused on the structural and ener-
getic properties of the A7 and G1 antibodies in relation to their
binding to the Kgp and RgpB. These analyses are crucial for elu-
cidating the mechanisms underlying antibody-antigen interac-
tions and the specific processes that contribute to the stability
of the complexes. Fig. 3 depicts the binding configurations and
ROSETTA energy outcomes for the four antibody-antigen com-
plexes. The A7-RgpB complex exhibited the lowest ROSETTA
energy, which was consistent with the sub-nanomolar binding
affinity between them, as determined by SPR. Further structural
characterization of the A7-RgpB complex revealed that RgpB
binds to and stabilizes A7 via multiple intermolecular hydrogen
bonds. Specifically, the backbone aminocarbonyl atom of RgpB
(Ala151) forms a hydrogen bond with the Tyr54 (H-Y54) side
chain of the A7 heavy chain, and the backbone amide nitrogen
(Gly153) forms a hydrogen bond with the Asp52 (H-D52) side
chain. In protein interactions, hydrogen bonds involving the
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Fig. 1. Development of A7 and G1 Antibodies. (A) ELISA binding analysis of phage-displayed antibodies from the panning rounds against Kgp and RgpB. Data represents as
mean + standard deviation of three measurements. (B) Screening for Kgp and RgpB specificity of monoclonal phages from fourth round of panning by ELISA. Each experiment
was repeated two times independently with similar results. (C) SDS-PAGE analysis of purified A7 and G1 antibodies (IgG) showing successful expression of both heavy (HC)
and light chains (LC). M, R, and NR denote protein marker, reducing and non-reducing conditions, respectively. (D) Amino acid sequences of A7 and G1 antibodies. The CDRs

are highlighted in red.
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Fig. 2. Binding Kinetics of A7 and G1 Antibodies to Kgp and RgpB. (A) SPR sensorgrams showing the binding kinetics of A7 antibody to Kgp across a range of concentrations
(50 nM to 3.125 nM, 2-fold dilutions) (B) SPR sensorgrams showing the binding kinetics of A7 antibody to RgpB across a range of concentrations (2.5 nM to 0.156 nM, 2-fold
dilutions) (C) SPR sensorgrams showing the binding kinetics of G1 antibody to Kgp across a range of concentrations (500 nM to 31.25 nM, 2-fold dilutions) (D) SPR
sensorgrams showing the binding kinetics of G1 antibody to RgpB across a range of concentrations (50 nM to 3.125 nM, 2-fold dilutions). (e) The kinetic parameters of A7 and

G1 antibodies for Kgp and RgpB, including Koy, Ko, and Kp.

backbone groups of interfacial residues are significant contribu-
tors to the stability of the complex. Consequently, these hydro-
gen bonds play a pivotal role in the stabilization of the
A7-RgpB complex and contribute considerably to the mainte-
nance of its structural robustness. Furthermore, additional
hydrogen bonds were observed between the phenolic side chain
of H-Y59 of A7 and the hydroxyl group of Ser156 of RgpB. These
bonds may contribute to the overall stability of the complex.
Additionally, the A7-RgpB complex appears to be further stabi-
lized by van der Waals interactions between Pro155 of RgpB
and Arg91, Asn93, and Leu94 of the A7 light chain. In contrast,
the remaining three antibody-antigen complexes exhibited
comparable ROSETTA energies. The calculated structures
revealed the presence of two intermolecular hydrogen bonds
in the A7-Kgp and G1-Kgp complexes, respectively, and three
hydrogen bonds in the G1-RgpB complex. The G1-RgpB complex
exhibited three hydrogen bonds analogous to those observed in
the A7-RgpB complex. However, it is notable that these hydro-
gen bonds were exclusively present in the side chains and did
not involve backbone groups. The absence of backbone groups
may represent a limiting factor for the binding affinity of the
G1-RgpB complex. It is postulated that this limitation is respon-
sible for the lower Kp value of the G1-RgpB complex in compar-
ison to the A7-RgpB complex.
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Detection of Kgp and RgpB using A7 and G1 antibodies

The developed antibodies were utilized in several experimental
procedures to detect Kgp and RgpB. Initially, the antibodies were
evaluated through dot blot tests utilizing a nitrocellulose (NC)
membrane (Fig. 4A, B). To this end, recombinant Kgp and RgpB
domains were spotted at various concentrations on a NC mem-
brane, and the binding patterns were analyzed using the A7 and
G1 antibodies. RgpA and bovine serum albumin (BSA) were
employed as controls to confirm the absence of non-specific bind-
ing. The dot blot analysis demonstrated that the intensity of the
dots decreased in proportion to the decrease in concentration of
Kgp and RgpB, thereby providing evidence that the antibodies bind
to Kgp and RgpB in a concentration-dependent manner. In contrast,
no dots were observed with RgpA and BSA, regardless of concentra-
tion, indicating that the A7 and G1 antibodies exhibit a high degree
of specificity for Kgp and RgpB, with minimal non-specific binding.

Subsequently, a sandwich ELISA system for the detection of Kgp
and RgpB was developed using the A7 and G1 antibody pairs
(Fig. 4C, D). The sandwich ELISA is a widely utilized analytical plat-
form for protein detection. In this system, the G1 antibody serves
as the capture antibody, being immobilized on the assay plate
and selectively capturing Kgp and RgpB. Next, an A7 antibody
conjugated with a Cy3 fluorescent dye is employed as a detection
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Fig. 3. Structural Analysis of A7 and G1 Antibodies to Kgp and RgpB. (A-D) Structural models of (A) the A7 antibody bound to Kgp, (B) the A7 antibody bound to RgpB, (C)
the G1 antibody bound to Kgp, and (D) the G1 antibody bound to RgpB. The carbon atoms of A7 and G1 antibodies are shown in green, while those of Kgp and RgpB are shown
in black. Intermolecular hydrogen bonds are shown as dotted lines. ROSETTA energy for the four antibody-antigen complexes is written at the bottom.

antibody, binding to the captured Kgp and RgpB and thereby
inducing a fluorescent signal. The results of the sandwich ELISA
clearly demonstrated changes in the fluorescence signal in accor-
dance with the concentration of Kgp and RgpB. Furthermore, the
consistency of the signal at each concentration was confirmed.
Notably, Kgp and RgpB could be successfully detected even at con-
centrations as low as pM. It was thus verified that the A7 and G1
antibodies exhibit high specificity and sensitivity for Kgp and RgpB,
thereby enhancing the reliability and efficiency of protein
detection.

We further performed an experiment to detect Kgp and RgpB by
visual inspection, with A7 and G1 antibody-conjugated Au NPs
(Fig. 4E, F). First, the characterization of the synthesized Au NPs
and antibody-Au NPs was conducted using transmission electron
microscopy (TEM), dynamic light scattering (DLS), and ultravio-
let-visible (UV-Vis) spectrophotometry (Supplementary Fig. 1).
The TEM image demonstrates the presence of monodisperse Au
NPs with an average particle size of 40 nm. Additionally, it illus-
trates the formation of a thin protein layer around the Au NPs sub-
sequent to the binding of the A7 and G1 antibodies. This thin layer
is indicative of a successful antibody binding to the Au NPs. The
DLS analysis yielded similar results, confirming that the hydrody-
namic diameter of the Au NPs increased from 41.7 nm to
47.5 nm (A7-Au NPs) and 46.9 nm (G1-Au NPs) following antibody
conjugation, as observed in the TEM analysis. The UV-Vis spectra
exhibited a maximum absorbance at a wavelength of 524 nm for
the Au NPs alone, while the Au NPs bound to A7 shifted to
536 nm and those bound to G1 shifted to 534 nm. Following the
fabrication of the antibody-Au NP probes, the mixture of each
probe and gingipains was prepared and a color change was
observed. Consequently, the color of the antibody-Au NP probes
altered from red to purple in the presence of Kgp and RgpB. Addi-
tionally, the UV-Vis absorption spectra demonstrated a decline in
the peak at 520 nm and an augmentation in absorbance within
the 600 nm region as the concentration of Kgp and RgpB increased
(Supplementary Fig. 2). These spectral and color changes are a
consequence of the interaction with Kgp and RgpB proteins, which
resulted in the particles binding to each other and promoting
aggregation. To perform a quantitative analysis, the ratio of absor-
bance at two wavelengths (Abggo/Abs,) was calculated according
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to the protein concentration (Fig. 4G, H). The Abggo/Absyo values
demonstrated a relationship with protein concentration, which
substantiates the ability to detect Kgp and RgpB visually through
A7-Au NPs and G1-Au NPs. Overall, these results prove the high
sensitivity and specificity of A7 and G1 antibodies in detecting
Kgp and RgpB across multiple platforms.

Diagnosis of periodontal disease using A7 and G1 antibody-based LFA

LFAs are a widely utilized form of diagnostics, offering rapid,
specific, and intuitive results [22]. A LFA was developed for the
detection of Kgp and RgpB, two major virulence factors of P. gingi-
valis, using monoclonal A7 and G1 antibodies and applied to the
diagnosis of periodontal disease. The assembly of the LFA strip
and optimization of the test components were performed, result-
ing in the conclusion that the G1 antibody is employed as the cap-
ture antibody in a test line on a NC membrane and the A7 antibody
is conjugated with colloidal Au NPs as the detection antibody (Sup-
plementary Fig. 3). In detail, the A7-Au NP conjugate was dis-
pensed onto a glass fiber pad, which served as the conjugation
pad. The G1 antibody was diluted in physiological saline to a con-
centration of 1.7 mg/mL and dispensed onto the NC membrane of
the test line (T line). The anti-human IgG antibody was diluted to a
concentration of 1 mg/mL and applied to the control line (C line).
Once the LFA was assembled, a sample of Kgp or RgpB was applied
to the sample pad. The antigen then migrated along the strip, bind-
ing to the A7-Au NP conjugate and being captured by the G1 anti-
body on the T line, resulting in the formation of a visible red line.
The C line consistently produces a red line, irrespective of the anti-
gen, thereby demonstrating that the kit is functioning correctly.
Thus, the presence of Kgp or RgpB in the sample is indicated by
the appearance of two red lines, one on the T line and one on the
C line.

Fig. 5A-D illustrates the efficacy of the LFA, which was devel-
oped using A7 and G1 antibodies for the detection of Kgp and RgpB
proteins. To assess the sensitivity of the LFA, a series of tests were
conducted using a range of protein concentrations. Fig. 5A, C
depicts the physical results of the LFA strips. As the concentration
of Kgp and RgpB increases, the intensity of the T line on the LFA
strips becomes more pronounced. Fig. 5B, D illustrate the quantita-
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Fig. 4. Detection of Kgp and RgpB using A7 and G1 Antibodies. (A, B) Dot blot results for Kgp and RgpB detection using (A) A7 and (B) G1 antibodies at various
concentrations. The intensity of the dots decreases with lower protein concentrations. RgpA and BSA were used as controls, showing no dots regardless of concentration. Each
experiment was repeated three times independently with similar results. (C, D) Sandwich ELISA schematic (inset) and results for (C) Kgp and (D) RgpB detection. The
fluorescence intensity increases linearly with higher protein concentrations. Data represents as mean * standard deviation of three measurements. (E, F) Visual colorimetric
detection of Kgp and RgpB using (E) A7-Au NP and (F) G1-Au NP probes. The solution color changes from red to purple with increasing Kgp and RgpB concentration due to NP
aggregation. (G, H) Quantitative analysis of the colorimetric assays for Kgp and RgpB using (G) A7-Au NP and (H) G1-Au NP probes, showing the relationship between protein
concentration and Abgoo/Absyo. Data represents as mean + standard deviation of three measurements.

tive relationship between the logarithmic concentration of Kgp and
RgpB and the intensity of the T line. The results demonstrated a
robust linear correlation between antigen concentration and signal
intensity, as indicated by the high R? values (0.9958 for Kgp and
0.997 for RgpB). These findings suggest that the A7 and G1
antibody-based LFA is capable of accurately detecting low concen-
trations of Kgp and RgpB, which makes it a promising tool for the
early detection of periodontal disease. Moreover, the reproducibil-
ity and quantification of T line intensities over a range of concen-
trations illustrate the potential of the assay to be employed in a
clinical setting for diagnostic and monitoring purposes. To further
validate the utility of the LFA, we spiked Kgp and RgpB in saliva
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samples from normal individuals and attempted to detect these
proteins (Supplementary Fig. 4). As anticipated, the LFA demon-
strated the capacity to accurately detect Kgp and RgpB, without
interference from other salivary components. Moreover, no cross-
reactivity with MMP-8, IL-1B, and RgpA was observed, further con-
firming the high specificity of the LFA. We also demonstrated that
the developed LFA can detect Kgp and RgpB in saliva and gingival
crevicular fluid (GCF) (Supplementary Fig. 5). Because the use of
native GCF was not feasible due to the extremely limited obtain-
able volume, technical complexity of collection, and potential risk
of contamination with saliva, plaque, or blood, artificial GCF was
used for the spike-and-recovery assays. Although artificial GCF
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provides a consistent and reproducible matrix for evaluating ana-
lytical performance, it does not fully replicate the protein compo-
sition or viscosity of native clinical GCF. Despite this limitation,
the spike-and-recovery assays showed acceptable linearity and
recovery rates across the tested concentration range. The ability
of the LFA to detect Kgp and RgpB directly in complex biological
samples highlights its potential as a diagnostic tool for periodontal
disease, providing rapid results without the need for specialized
laboratory equipment. In this regard, LFA may play an essential
role in the early diagnosis and management of periodontal disease,
allowing for timely intervention and treatment, and improving
patient outcomes.

Additionally, the A7 and G1-based LFA was evaluated using
clinical saliva samples. Among the clinical saliva samples analyzed,
the control (negative) group had a mean age of 25.5 + 9.8 years,
with 65 % females and 35 % males. In contrast, the periodontitis
(positive) group had a mean age of 65.4 + 11.8 years, with 65 %
females and 35 % males. These demographic trends align with
the known epidemiological characteristics of periodontitis, which
is more prevalent in older adults and shows no significant sex bias
[2]. Fig. 5E illustrates the results of periodontitis diagnosis using a
total of 224 human saliva samples (126 positive and 98 negative).
The relative signal intensity is defined as the ratio of the T line
intensity of the clinical samples and the intensity of the blank sam-
ples. The cut-off value was determined to be 1.175. The LFA images
for all samples are presented in Supplementary Fig. 6. The LFA
strap diagnostics exhibited a false-negative (FN) for only one sam-
ple (P24) out of 224 clinical samples. These results were then com-
pared to the hospital diagnostic status of periodontitis to assess the
clinical sensitivity and specificity of the developed LFA. The radio-
graphs of patients with periodontal disease and healthy controls
are shown in Supplementary Fig. 7, 8. The sensitivity and speci-
ficity of the test is calculated using the following formula:

(TP/(TP + EN)) x 100

Sensitivity (%)

Specificity (%) = (TN/(TN + FP)) x 100

TP, TN, and FP are true-positive, true-negative, false-positive,
respectively. The LFA method exhibited clinical sensitivity of
99.2 % and specificity of 100 % for periodontal disease from saliva
samples. Fig. 5F depicts the receiver operating characteristic
(ROC) curve of the LFA system for periodontitis. A ROC curve
graphically represents the relationship between a diagnostic tech-
nique’s sensitivity and specificity, quantifying the overall perfor-
mance of the tool with an area under the curve (AUC) value. A
diagnostic tool that is closer to the upper left corner of the ROC
curve performs better. Fig. 5F demonstrates that the A7- and G1-
based LFA is capable of diagnosing periodontitis with high preci-
sion. The AUC value was found to be 0.999, indicating that the
LFA is a highly reliable tool for discriminating periodontitis
patients from non-patients. Furthermore, to evaluate the LFA’s per-
formance across different stages of periodontitis, we stratified the
results based on salivary MMP-8 concentrations, a biomarker for
disease severity [24]. The LFA signal intensity showed a strong pos-
itive correlation with MMP-8 levels measured by ELISA (R = 0.8721,
p < 0.0001), confirming its utility in classifying disease severity
(Supplementary Fig. 9). In conclusion, this LFA can be used for
the detection of Kgp and RgpB in saliva with a point-of-care
(POC) setting, which may play an important role in the diagnosis
of periodontal disease and evaluation of treatment effectiveness.
The dot blot and G1-Au NP probe results of the clinical saliva sam-
ples were also in accordance with the diagnosis of periodontitis in
the hospital, thereby further confirming the ability of Kgp and
RgpB detection based on A7 and G1 antibodies (Supplementary
Fig. 10-13).
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Discussion

Periodontal disease represents a significant cause of tooth loss in
adults [1]. Despite its prevalence and severity, clinicians still face
challenges in simple biological diagnosis, which impedes effective
management strategies. Conventional diagnostic techniques, such
as clinical examination and radiography, are inadequate for detect-
ing the initial stages of periodontal disease, as they are only capable
of identifying tissue destruction after it has already occurred. Peri-
odontal disease is closely associated with P. gingivalis. This pathogen
is dominant in the onset and progression of the disease, thereby
serving as a biomarker for periodontitis [25-27]. In this study, we
developed monoclonal antibodies, A7 and G1, which target the key
virulence factors of P. gingivalis, Kgp and RgpB. We applied these
antibodies to various diagnostic methods, enabling rapid and accu-
rate detection of Kgp and RgpB. In particular, the A7 and G1-based
LFA demonstrated excellent assay performance with high repro-
ducibility (coefficient of variation (CV) = 5.05 % based on 15 indepen-
dent replicates, Supplementary Fig. 14). We validated it in 224
saliva samples and achieved 99.2 % sensitivity, 100 % specificity,
and an AUC of 0.999, demonstrating outstanding clinical accuracy.
These results indicate that the antibody-based LFA can be employed
as a reliable diagnostic tool in clinical settings, representing a poten-
tial breakthrough in the management of periodontal disease.

At present, a number of technologies are available for the detec-
tion of P. gingivalis; however, none are specifically designed to
detect Kgp and RgpB. As P. gingivalis can also be found in the oral
cavities of individuals without periodontitis, it is difficult to accu-
rately diagnose periodontitis by detecting only this bacterium. Tar-
geting the primary toxic factors that drive periodontitis progression
can enhance diagnostic accuracy. Kgp and RgpB are cysteine pro-
teases uniquely expressed by P. gingivalis [28,29]. PCR confirmed
this specificity, as it amplified only P. gingivalis DNA without
cross-reactivity (Supplementary Fig. 15). Kgp is one of the principal
pathogens implicated in the initiation of periodontitis [26]. Note
that RgpB plays a more significant role than RgpA for the diagnosis
of periodontitis [30]. Both RgpA and RgpB are gingipain proteins of P.
gingivalis, which possess the function of cleaving arginine [30]. How-
ever, due to the structural and biochemical differences between
these two enzymes, RgpB is considered to be a more clinically
important marker [30]. RgpB plays a significant role in the mainte-
nance of P. gingivalis pathogenicity by contributing to its penetration
into tissues and evasion of the host’s immune defences [30,31].
Moreover, RgpB interacts with a variety of host proteins, resulting
in a robust inflammatory response in periodontal tissues and accel-
erating the progression of periodontitis [30,31]. Conversely, RgpA
displays relatively low activity with regard to tissue destruction
and the induction of inflammatory responses [30]. Furthermore,
previous research demonstrated that RgpB is more highly expressed
on the surface of P. gingivalis, facilitating its detection in saliva sam-
ples [12]. This indicates that the detection of RgpB in saliva samples
exhibits greater sensitivity and specificity than the detection of
RgpA. The PCR and ELISA results showed a strong correlation
between P. gingivalis copy number and gingipain protein expression,
underscoring the value of gingipain-targeted assays for precise diag-
nosis (Supplementary Fig. 16) [32]. Since the present technology is
capable of detecting Kgp and RgpB specifically and simply, it may
facilitate a more accurate diagnosis of periodontitis.

While various methods for detecting periodontitis pathogens
exist, they often face a trade-off between accuracy and practicality
for POC use. Highly accurate molecular methods like PCR and
immunoassays such as ELISA are limited by their need for laboratory
infrastructure, specialized personnel, and long turnaround times [33-
35]. Conversely, conventional LFAs, while rapid and user-friendly,
typically suffer from lower sensitivity and limited quantitative
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Fig. 5. Diagnosis of Periodontal Disease using A7 and G1 Antibody-based LFA. (A) LFA results for Kgp detection using A7 and G1 antibody-based LFA. The T and C lines are
visible, with the intensity of the T line increasing as Kgp concentration increases. (B) Quantitative analysis of T line intensity for Kgp detection, demonstrating a linear
relationship with Kgp concentration (R? = 0.9958). Data represents as mean * standard deviation of three measurements. (C) LFA results for RgpB detection using A7 and G1
antibody-based LFA. The T and C lines are visible, with the intensity of the T line increasing as RgpB concentration increases. (D) Quantitative analysis of T line intensity for
RgpB detection, demonstrating a linear relationship with RgpB concentration (R? = 0.997). Data represents as mean * standard deviation of three measurements. (E) Box plot
summarizing the relative signal intensity of LFA for 224 clinical saliva samples. Green points represent the average intensity from three measurements of each positive
sample and black points represent for negative sample. eThe central box spans from the first quartile (Q1) to the third quartile (Q3), with a horizontal line at the median (Q2).
Whiskers represent the range of data points. Magenta cut-off line represents the threshold for differentiating between positive and negative samples. (F) ROC curve for the
LFA system based on clinical samples, with an AUC value of 0.999, indicating excellent diagnostic performance.

capability [36,37]. Emerging imaging modalities are also promising
but face their own constraints in practicality for routine diagnosis
[38]. This established diagnostic gap highlights the clinical need for
a tool that combines high performance with POC convenience. In this
context, the developed antibody-based LFA presents a significant
advantage by integrating high sensitivity and specificity with the
speed and simplicity required for effective chairside diagnostics.
Nevertheless, this study is not without limitations. Firstly, while
the developed LFA and antibody-based diagnostic tools have demon-
strated promising results in clinical trials, their performance should
be further verified through large-scale clinical trials. In particular, the
study needs to be expanded to include patients from a variety of
populations and at different stages of periodontal disease. Secondly,
this study concentrated on specific proteins (Kgp and RgpB), but
given the complex etiology of periodontitis, combined detection
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with other related biomarkers is likely to further enhance the sensi-
tivity and specificity of diagnosis. Therefore, future studies will vali-
date the efficacy of the developed diagnostic technology using a
broader spectrum of clinical samples and investigate the potential
of applying this technology to other oral diseases beyond periodontal
disease. We will enhance the diagnostic precision by integrating
additional biomarkers and develop it into an integrated diagnostic
platform that can facilitate personalized treatment strategies.

Methods
Ethical statements

This study met the criteria for IRB exemption for human derived
materials research and received an IRB exemption confirmation
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number (P01-202410-02-004), and the overall procedures fol-
lowed institutional guidelines. The biospecimens and data used
for this study were provided by the Biobank of Seoul National
University Dental Hospital and the Biobank of Pusan National
University Dental Hospital, both members of the Korea Biobank
Network (project No.2024ER050700). All specimens were anon-
ymized with a unique number, and access was restricted to only
relevant researchers.

Materials

Unless otherwise indicated, all chemicals were procured from
Sigma-Aldrich (St Louis, MO, USA). Recombinant P. gingivalis Kgp
and RgpB antigens were purchased from Cusabio (Houston, TX,
USA). The Biacore reagents and Cy3 mono NHS ester were procured
from Cytiva (Marlborough, MA, USA). The NC membrane (CNPF-
SN12, 10 um pore size), pertinent to the LFA strips, was obtained
from MDI (Camp Hill, PA, USA). The polyester conjugate pad, sam-
ple pad, and absorbent pads were purchased from Boreda Biotech
(Gyeonggi-do, Republic of Korea). Prevotella intermedia (ATCC
25611), P. gingivalis (ATCC 33277), Aggregatibacter actinomycetem-
comitans (ATCC 33384), and Streptococcus mutans (ATCC 25175)
were purchased from the American Type Culture Collection (ATCC).
Artificial GCF was purchased from Chemazone (Ave, Canada).

Development of A7 and G1 antibodies

A human Fab synthetic library comprising 10'? distinct mutated
sequences across six CDRs was employed for antibody selection
and four rounds of bio panning were conducted [20-22]. In brief,
100 pg/mL of purified Kgp and RgpB antigens were coated on an
immune tube for 12 h at 4 °C. Subsequently, blocking was per-
formed with 5 % skim milk (Thermo Fisher Scientific, Waltham,
MA, USA) in Dulbecco’s phosphate-buffered saline (DPBS) for 1 h
at 37 °C. One mL of Fab phage library was added to the blocked
immune tube for 2 h at 37 °C to allow for binding. The tube was
then washed 10 times with DPBS containing 0.05 % Tween 20
(Thermo Fisher Scientific). The remaining phage was eluted with
1 mL of Tris-glycine-HCI (0.1 M, pH 2.5), followed by a 10 min incu-
bation period. The eluted phage was neutralized with 1 M Tris-HCI
(pH 9.0) and infected with 10 mL of TG1 cells optical density (OD)
of 0.6 (ODggp = 0.6) for 30 min at 37 °C. When the number of pan-
ning was increased, the panning method remained consistent, and
the number of washes was increased by a factor of ten. The clones
that had been amplified in the fourth panning were randomly
selected, and single colonies were cultured to an OD of 0.6. They
were then incubated with isopropyl-p-D-thiogalactopyranoside
(IPTG) and cultured at 37 °C for 12 h. The supernatant was sub-
jected to indirect ELISA to select Kgp- and RgpB-specific Fab colo-
nies. The absorbance at 450 nm was measured using a microplate
reader (Tecan for life sciences, Zurich, Switzerland) to determine
the success of the selection process [39,40].

Selected Kgp- and RgpB-specific Fab fragments were amplified
by overlap extension PCR. The VK and VH with leader sequences
were cloned into the HindlIII-BsiWI and Apal-EcoRI sites, respec-
tively, in the antibody expression vector (pdCMVdhfrC), which
contains the human constant region of the y1 heavy chain (Cy1)
and Ck gene. For whole antibody expression, the antibodies were
transfected in Expi 293F™ cells using the 293 Transfection ExpiFec-
tamine™ reagent (Thermo Fisher Scientific), following the manu-
facturer’s instructions. The Expi 293F cells were cultivated in Ex-
cell 293 serum-free medium for an additional five days at 37 °C
under 8 % CO, conditions. The IgG was purified from the collected
supernatant using affinity chromatography on protein A (Millipore,
Burlington, MA, USA). The purified antibody was subsequently
neutralized and dialyzed with DPBS. Purified antibodies were ana-
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lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) under both reducing and non-reducing conditions.

Characterization of A7 and G1 antibodies

SPR measurements were conducted on a Biacore T200 [41].
The running buffer was HBS-EP+ (0.01 M HEPES pH 7.4, 0.15 M
NacCl, 3 mM EDTA, and 0.05 % surfactant P20), while the washing
solution was 50 mM NaOH and the regeneration solution was
10 mM glycine-HCl (pH 1.5). All solutions were freshly prepared
and filtered through a 0.22 pum pore-size filter. The antibodies
were immobilized on the CM5 sensor chip via amine coupling,
in accordance with the manufacturer’s instructions, resulting in
an immobilization level of approximately 200 RU. Following the
immobilization process, 2-fold dilutions of Kgp and RgpB were
introduced into the chip at a flow rate of 30 pL/min, with an asso-
ciation time of 300 s and a dissociation time of 600 s. A sensor-
gram was obtained by plotting the SPR angle against time. The
antibody- Kgp and RgpB binding events were analyzed from a
series of sensorgrams collected at different Kgp and RgpB concen-
trations, and kinetic constants were calculated using the 1:1
Langmuir binding model with the Biacore T200 Evaluation
Software.

Homology modeling of A7 and G1 antibodies and docking simulations
of Kgp and RgpB in the CDRs of antibodies

The three-dimensional structures of A7 and G1 antibodies were
derived through homology modeling using the latest version of the
MODELLER program (version 10.5) [41]. The X-ray crystal struc-
tures of the Fab fragments from the D12 antibody (PDB entry:
8AS0) and a phage-derived antibody (PDB entry: 2QQN) were
employed as structural templates for the A7 and G1 antibodies,
respectively. The high degree of amino acid sequence identity
between the A7 and G1 antibodies and their respective templates
(88.4 % and 87.2 %, respectively) led to the expectation of high-
quality structures through homology modeling. In the homology
modeling process, we employed conjugate gradient methods for
structural optimization and molecular dynamics simulations to
minimize spatial restraint violations. The atomic coordinates for
the gap regions were optimized from a randomized and distorted
structure to connect the two anchor points, as executed by the
MODELLER program. Loop structures were modeled using an enu-
meration algorithm to enhance the accuracy of the predicted
structure.

To estimate the binding affinities and binding modes of A7
and G1 antibodies with respect to the target proteins, docking
simulations were performed using the high-resolution X-ray
crystal structures of Kgp (PDB entry: 4RBM) and RgpB (PDB
entry: 1CVR). These simulations were conducted with the Roset-
taDock program, which employs a multi-scale Monte Carlo-
based algorithm. To obtain the putative antibody-antigen com-
plexes, each antibody was translated and rotated to align with
the fixed structure of the antigen. The search for preferred bind-
ing modes entailed the refinement of the side-chain positions of
A7 and G1 antibodies through rotamer packing and explicit min-
imization of rigid-body displacements, employing gradient-
based methods. The binding energy evaluation employed a com-
prehensive function that incorporated van der Waals forces, elec-
trostatic interactions with a relatively low weighting, implicit
Gaussian solvation, orientation-dependent hydrogen bonding,
and side-chain rotamer probabilities. From the 1,000 binding
configurations generated during the docking simulations, the
configuration with the lowest binding energy was selected as
the putative structural model for each antibody-antigen
complex.
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Dot blot

A series of recombinant protein concentrations (Kgp, RgpB,
RgpA, and BSA) were applied to a NC membrane (Bio-Rad, Her-
cules, CA, USA) in the center [23]. Subsequently, the membranes
were blocked with 5 % dry milk in TTBS (50 mM Tris, 0.5 M Nacl,
0.05 % Tween-20, pH 7.4) for 1h at 25 °C. Next, the membrane
was incubated with the A7 and G1 antibodies for 1 h at 25 °C in
TTBS. Following five washes with TTBS, the bound antibody was
detected using goat anti-human IgG Fc cross-adsorbed horseradish
peroxidase (HRP) (31413, Thermo Fisher Scientific). The membrane
was then washed five times with TTBS and subsequently detected
with West femto sensitivity substrate reagents (34094, Thermo
fisher Scientific). The dot blot assay of the clinical sample was ana-
lyzed using the same procedure.

ELISA

Each well of a 96-well ELISA plate was coated with 100 pL of G1
antibody (1 pg/mL) in 50 mM sodium carbonate buffer (pH 9.6) for
12 h at 4°C. A 200 pL aliquot of blocking buffer was added to each
well and incubated for 1 h at 37°C. The solution was then removed,
and the plate was washed with 0.05 % PBST. Following the addition
of 100 pL of a solution of recombinant Kgp or RgpB, which had
been serially diluted with phosphate-buffered saline (PBS), and
subsequent incubation for 1 h at 37 °C, the supernatant was
removed from each well, and the plate was washed three times
with 0.05 % PBST [21]. Each well was incubated for 1 h with a solu-
tion of 100 pL of A7 antibody covalently coupled with the Cy3
mono NHS ester. Following three washes, the fluorescence intensi-
ties (excitation at A = 560 nm and emission at A = 590 nm) were
measured using a microplate reader (Tecan for life sciences, Man-
nedorf, Switzerland). A fluorescence image was acquired using the
Amersham Typhoon scanner (Cytiva).

The presence of MMP-8 in clinical samples was confirmed using
a commercially available ELISA kit (Human MMP8 ELISA, Thermo
Fisher Scientific), following the manufacturer’s instructions. A
concentration-dependent increase in gingipain protein was quanti-
fied in culture supernatants (10* - 10° CFU/mL) using a sandwich
ELISA with G1 antibody as the capture antibody and A7 antibody as
the detection antibody. In brief, 96-well plates were coated with
G1 antibody (1 pg/mL in 50 mM sodium carbonate buffer, pH
9.6) overnight at 4 °C, blocked for 1 h at 37 °C, and incubated with
culture supernatants. Plates were subsequently treated with A7
antibody, followed by HRP-conjugated anti-mouse antibody. Color
development was performed with TMB substrate, and the reaction
was terminated with 1 M H,SO,4. Absorbance was measured at
450 nm using a microplate reader (Tecan for life sciences).

PCR

Oral bacterial species (P. intermedia, A. actinomycetemcomi-
tans, and S. mutans) were cultured under standard conditions
alongside Porphyromonas gingivalis (ATCC 33277). PCR was per-
formed using genomic DNA extracted from cells with the Genomic
DNA Isolation Kit (Qiagen, MD, USA). Reactions were conducted in
triplicate with Power SYBR Green PCR Master Mix (Applied Biosys-
tems, MA, USA) on a CFX96 Real-Time PCR Detection System (Bio-
Rad). The following primer sets were employed: 16S rRNA (F:
TGTAGATGACTGATGGTGAAA, R: ACTGTTAGCAACTACCGATGT),
kgp (F: AGCTGACAAAGGTGGAGACCAAAGG, R: TGTGGCAT-
GAGTTTTTCGGAACCGT), and rgpB (F: CGCTGATGAAACGAACTTGA,
R: CTTCGAATACCATGCGGTT). Specific amplification of P. gingivalis
DNA was confirmed by agarose gel electrophoresis, which yielded
distinct bands for kgp and rgpB, whereas no amplification was
observed in non-P. gingivalis samples.
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Colorimetric detection of Kgp and RgpB using A7-Au NP and G1-Au NP
probes

To prepare A7 or G1-conjugated Au NPs, the antibody (10 pg)
was added to a mixture of 1 mL of a 40 nm Au NP colloid and
0.1 mL of a 0.1 M borate buffer solution at a pH of 8.5. Subse-
quently, 0.1 mL of 1 % BSA was added to the mixture, which was
then incubated for an additional 45 min at 25 °C to block the sur-
face of the Au NPs. Next, the mixture was subjected to centrifuga-
tion (7,000 x g for 20 min at 4 °C) to remove the supernatant. The
centrifugation process was repeated on two occasions. The final
conjugates were resuspended in deionized water and stored at
4 °C until required for use. A variety of techniques were employed
to characterize antibody-Au NPs, including UV-Vis spectroscopy
(NanoDrop, Thermo Fisher Scientific), DLS (ELS-Z, Otsuka Electron-
ics, Osaka, Japan), and TEM (Tecnai G2 Spirit Twin, FEI Company,
Hillsboro, OR, USA) [22].

For the detection of Kgp and RgpB, 100 pL of a 5-fold concen-
trated A7 or G1-Au NPs solution was added to 50 pLL of a different
dilution of Kgp and RgpB solution. This mixture was then incu-
bated for 30 min at 37 °C. Subsequently, a discernible alteration
in color was observed, indicative of Kgp and RgpB presence. Ulti-
mately, the corresponding UV-Vis absorption spectra of the mix-
ture were obtained in the wavelength range of 400 - 700 nm
using a microplate reader (Tecan for life sciences). The clinical
sample was analyzed using the same procedure.

Diagnosis of periodontal disease using A7 and G1 antibody-based LFA

The LFA test strip is comprised of four components: a sample
pad, an NC membrane, a conjugation pad, and an absorbance pad
[22]. The sample pad was saturated with a PBS solution containing
1% (w/v)BSA and 0.2 % Tween 20. The pad was then allowed to dry
at 37 °C and stored in a desiccator for future use. The A7-Au NP
probes were added to the conjugation pad. The G1 antibody
(1.7 mg/mL) and goat anti-mouse IgG (1 mg/mL) were immobilized
on the NC membrane as the test and control lines, respectively.
Once the NC membrane had dried, it was blocked with a PBS solu-
tion containing sucrose, 0.06 % BSA, and Tween 20. Once all the
components had been assembled on the backing card, the test strip
was assembled on a strip cassette. During the assays, 100 pL of the
Kgp and RgpB samples were directly applied to the sample pad,
and this volume was distributed across the entire strip within
10 min. The LFA was also evaluated using mock and clinical sam-
ples. A total of 224 saliva samples were collected from individuals
diagnosed with periodontitis (n = 126) and from orally healthy
individuals (n = 96). Patients with periodontitis were diagnosed
and categorized based on clinical examination and dental X-ray
(radiographs). Prior to sample collection, participants were
instructed to refrain from eating, drinking anything other than
water, and performing oral hygiene procedures for 1 h. The col-
lected saliva samples were centrifuged at 1,000 x g for 10 min to
remove debris, and the collected samples were frozen at —80 °C
until use.

Statistics and reproducibility

The clinical sample size was determined according to the Kor-
ean Food & Drug Administration (KFDA). No data was excluded
from the analysis. Samples were randomly allocated. The investi-
gators were blinded during data acquisition and analysis of clinical
samples. The data was presented as the mean value from each
sample with its standard deviation using GraphPad Prism 10. All
experiments, except antibody screening (n = 2), were repeated 3
times. ROC curves were generated using GraphPad Prism 10,
employing the Wilson/Brown method with a 95 % confidence
interval.
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