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Abstract: This study aimed to compare several potential mouthrinse biomarkers for periodonti-
tis including active matrix-metalloproteinase-8 (aMMP-8), total MMP-8, and other inflammatory
biomarkers in diagnosing and monitoring the effects of nonsurgical periodontal therapy. Thirteen
patients with stage III/IV periodontitis were recruited, along with thirteen periodontally and system-
ically healthy controls. These 13 patients were representative of the number of outpatients visiting
any dentist in a single day. Full-mouth clinical periodontal parameters and biomarkers (the aMMP-8
point-of-care-test [POCT], total MMP-8, tissue inhibitor of MMPs (TIMP)-1, the aMMP-8 RFU activity
assay, Myeloperoxidase, PMN elastase, calprotectin, and interleukin-6) were recorded at baseline and
after nonsurgical therapy at 6 weeks. The aMMP-8 POCT was the most efficient and precise discrimi-
nator, with a cut-off of 20 ng/mL found to be optimal. Myeloperoxidase, MMP-8’s oxidative activator,
was also efficient. Following closely in precision was the aMMP-8 RFU activity assay and PMN
elastase. In contrast, the total MMP-8 assay and the other biomarkers were less efficient and precise in
distinguishing patients with periodontitis from healthy controls. aMMP-8, MPO, and PMN elastase
may form a proteolytic and pro-oxidative tissue destruction cascade in periodontitis, potentially
representing a therapeutic target. The aMMP-8 chair-side test with a cut-off of 20 ng/mL was the
most efficient and precise discriminator between periodontal health and disease. The aMMP-8 POC
test can be effectively used by dental professionals in their dental practices in online and real-time
diagnoses as well as in monitoring periodontal disease and educating and encouraging good oral
practices among patients.

Keywords: periodontitis; aMMP-8; active matrix metalloproteinase-8; biomarker; diagnosis

1. Introduction

Periodontitis is an infection-induced inflammatory condition that affects tooth-supporting
tissues, causing irreversible connective tissue breakdown [1–3]. Periodontitis is classified
in four stages (disease severity) and three grades (rate of progression) in the latest 2017
classification system of periodontitis: stage I (initial periodontitis), stage II (moderated
periodontitis), stage III (severe periodontitis), and stage IV (advanced periodontitis with
extensive tooth loss); grade A (slow), grade B (moderate), and grade C [2,3]. Treatment
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approaches of periodontitis are related to the disease stage and progression, and the in-
terventions required increase incrementally as the disease stage advances, ranging from
guiding behavioral changes, controlling risk factors, controlling gingival inflammation and
supra- and subgingival biofilm to different types of periodontal surgical interventions [4,5].

The 2017 classification system of periodontitis and its framework allows the inte-
gration of validated biomarkers to increase the diagnostic accuracy of periodontitis [3].
Matrix metalloproteinase (MMP)-8, also known as neutrophil collagenase or collagenase-2,
is among the key proteolytic enzymes involved in the destruction of tooth-supporting
periodontitis-affected soft and hard tissues [6–10]. MMP-8 is also necessary for defensive
immune responses [6–10] and tissue repair and remodeling, but its excessive degranulation
by triggered neutrophils and concomitant activation in response to inflammation eventually
lead to destruction and the progression of periodontal disease [7,10–15]. An emerging
focus is now on use of active MMP-8 as a biomarker for diagnosing, grading, screening,
and evaluating treatment responses in periodontitis [15–20]. Recently, an oral rinse point-
of-care (POC) lateral flow immunoassay mainly detecting aMMP-8 has been developed,
successfully substantiated and validated by clinical studies in several countries [18,21–29].
The active MMP-8 POC test (POCT) has been evidenced to be the most precise and superior
relative to the other potential assayed biomarkers and clinical indices such as total MMP-8
and BOP [18,29,30]. This originally visual, chair-side test can also be used quantitatively
by a computer reader online and in real-time to diagnostically stage and grade as well as
screen for periodontitis [18,23,25,29,31]. The aMMP-8 biomarker was therefore deemed
as being more precise and effective than the conventional BOP and total MMP-8 analysis,
especially in its ability to identify subclinical periodontitis/pre-periodontitis [23,25].

Studies that involve measuring periodontal parameters from a few index teeth indeed
can underscore the underlying inflammatory status, and the more comprehensive full-
mouth periodontal parameter analysis involving all teeth is necessary, as some teeth with
more periodontal breakdown can be unintentionally excluded [1–3]. In this regard, utilizing
a simple, non-invasive biomarker test for mouthrinse aMMP-8 would be an invaluable
adjunctive measure to periodontal pocketing of the index teeth and could possibly help
to detect and predict more accurately the on-going and/or developing periodontal attach-
ment tissue loss [18,23,29,32]. The observation of alarmingly elevated mouthrinse aMMP-8
levels in patients with periodontitis through both point-of-care aMMP-8 technology and
time-resolved immunofluorometric assay (IFMA) aMMP-8 analyses, and their significant
decrease after anti-infective periodontal treatment, highlights the practical utility of point-
of-care aMMP-8 test technologies for the real-time and online diagnosis of periodontitis, as
well as for monitoring the periodontal treatment outcome [18,23,25,29]. The FDA/USA and
EU-approved aMMP 8 POC test is commercially and globally available to any dental practi-
tioner or oral hygienist [23,25,32]. We hereby present the visual aMMP-8 test, the aMMP-8
POCT quantitated by ORALyzer, the aMMP-8 RFU activity assay, the total MMP-8 assay,
and other potentially related biomarkers (MPO, PMN elastase, tissue inhibitor of MMPs
[TIMP]-1, calprotectin, and interleukin-6) and clinical data of 13 adult patients with severe
(stage III/IV, grade B/C) chronic periodontitis to diagnose and monitor the anti-infective
scaling and root planing of adult patients with chronic periodontitis of stage III/IV-grade
b/c, with the sample size (n = 13) representing globally any dentist’s or oral hygienist’s set
of patients in one day. The present study therefore aimed to compare potential mouthrinse
periodontitis biomarkers (the aMMP-8 POCT, the aMMP-8 RFU activity assay, and total
MMP-8) and related biomarkers (MPO, PMN elastase, calprotectin, and interleukin-6) in
periodontal disease diagnosis and in monitoring the effects of nonsurgical anti-infective
periodontal therapy. Additionally, we compared the cut-off values (10, 20, and 25 ng/mL)
previously used for the aMMP-8 POCT technology [18,21,24–29].

2. Results

Figure 1 and Table 1 present the diagnostic performance of the aMMP-8 POCT, the
rate of aMMP-8 RFU activity, tMMP-8, MPO, PMN elastase, TIMP-1, calprotectin, and IL-6
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to discriminate patients with periodontitis and healthy controls. The best performance was
shown by the aMMP-8 POCT, and next were the rate of MMP-8 RFU activity, MPO, PMN
elastase, and tMMP-8, while TIMP-1, calprotectin, and IL-6 had much lower performance.
Furthermore, it was clearly noted that cut-off value of 20 ng/mL for the aMMP-8 POCT
was preferable to 25 ng/mL and 10 ng/mL.
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Figure 1. The diagnostic performance of four different MMP-8 analysis methods targeting either
active or total MMP-8 species illustrated by ROC analysis in 13 patients with stage III/IV-grade B/C
periodontitis and 13 periodontally and systemically healthy controls.

Table 1. The diagnostic performance of several biomarker candidates for periodontitis using the
optimal cut-off values calculated by Youden’s index in 13 patients with periodontitis and 13 healthy
controls. ORALyzer was evaluated with cut-off values of 20 ng/mL (by Youden’s index) and
25 ng/mL.

Biomarker

ROC AUC
(95%

Confidence
Interval)

Cut-Off
Points (By
Youden’s

Index)

Periodonti-
tis Healthy OR Sensitiv-

ity Specificity FN FP ACC MCC

aMMP-8
PerioSafe

1.000
(1.000–1.000) Positive test Test positive 13 0 729 100.0% 100.0% 0.0% 0.0% 100.0% 1.000

Test negative 0 13

aMMP-8
ORALyzer

0.962
(0.875–1.000) 20 ng/mL ≥20 ng/mL 12 0 225 92.3% 100.0% 7.1% 0.0% 96.2% 0.926

<20 ng/mL 1 13

– – ≥25 ng/mL 8 0 41.7 61.5% 100.0% 27.8% 0.0% 80.8% 0.667

<25 ng/mL 5 13

Rate of
MMP-8
activity

0.988
(0.958–1.000)

37.21
RFU/min

≥37.21
RFU/min 12 0 225 92.3% 100.0% 7.1% 0.0% 96.2% 0.926
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Table 1. Cont.

Biomarker

ROC AUC
(95%

Confidence
Interval)

Cut-Off
Points (By
Youden’s

Index)

Periodonti-
tis Healthy OR Sensitiv-

ity Specificity FN FP ACC MCC

<37.21
RFU/min 1 13

tMMP-8 R&D 0.899
(0.770–1.000) 12.70 ng/mL ≥12.70 ng/mL 10 0 81 76.9% 100.0% 18.8% 0.0% 88.5% 0.791

<12.70 ng/mL 3 13

MPO 1.000
(1.000–1.000) 896.91 ng/mL ≥896.91 ng/mL 13 0 729 100.0% 100.0% 0.0% 0.0% 100.0% 1.000

<896.91 ng/mL 0 13

PMN Elastase 0.959
(0.888–1.000) 8.38 ng/mL ≥8.38 ng/mL 11 0 124.2 84.6% 100.0% 13.3% 0.0% 92.3% 0.856

<8.38 ng/mL 2 13

TIMP-1 0.231
(0.031–0.431) 42.04 ng/mL <42.04 ng/mL 9 2 9.7 69.2% 84.6% 26.7% 18.2% 76.9% 0.545

≥42.04 ng/mL 4 11

Calprotectin 0.574
(0.347–0.801) 1494.5 ng/mL ≥1494.5 ng/mL 13 9 12.8 100.0% 30.8% 0.0% 40.9% 65.4% 0.426

<1494.5 ng/mL 0 4

IL-6 0.621
(0.400–0.842) 0.50 pg/mL ≥0.50 pg/mL 5 1 5.4 38.5% 92.3% 40.0% 16.7% 65.4% 0.365

<0.50 pg/mL 8 12

OR: odds ratio; FN: false negatives; FP: false positives; ACC: accuracy; MCC: Matthew’s correlation coefficient.

Periodontal Anti-Infective Treatment Effect

The effects of anti-infective treatment (scaling and root planning) in 13 periodontitis
patients were monitored by aMMP-8, the rate of aMMP-8 RFU activity, tMMP-8, MPO,
PMN elastase, TIMP-1, calprotectin, and IL-6 as well as by clinical periodontal parameters
(Figures 2 and 3). The significant decrease in the levels of aMMP-8, the rate of aMMP-
8 RFU activity, tMMP-8, and MPO, as well as in the levels of bleeding on probing, the
visible plaque index, the mean of PPD, the mean of CAL, and the number of at least 4 mm
periodontal pockets, showed a positive and beneficial treatment effect in these patients with
periodontitis. There was also a decrease in the levels of PMN elastase and calprotectin and
an increase in the levels of TIMP-1, but they did not reach the level of significance. Finally,
there was a significant difference in the levels of aMMP-8, the rate of MMP-8 activity,
tMMP-8, MPO, PMN elastase, and TIMP-1 between the base level of (untreated) patients
with periodontitis and 13 periodontally and systemically healthy controls.
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Figure 2. The effects of anti-infective treatment in 13 patients with periodontitis on (A) the aMMP-
8 POCT (ng/mL) (ORALyzer), (B) the MMP-8 activity assay (RFU per minute), (C) total MMP-8
(ng/mL) R&D systems ELISA, (D) MPO (ng/mL), (E) PMN elastase (ng/mL), (F) TIMP-1 (ng/mL),
(G) calprotectin (ng/mL), and (H) IL-6 (pg/mL) vs. levels in 13 healthy controls. The patients
were examined at baseline visit t0 and at 1st recall visit t1 (6 weeks). The differences in the clinical
parameters between t0 and t1 were tested with a paired-samples t-test (2-sided), (A) p < 0.001,
(B) p = 0.002, (C) p = 0.034, (D) p < 0.001, (E) p = 0.505, (F) p = 0.055, (G) p = 0.052, and (H) p = 0.421,
and between healthy controls and t0 and t1 (t-test, Bonferroni corrected), (A) p < 0.001 and p = 0.154,
(B) p < 0.001 and p < 0.001, (C) p = 0.007 and p = 0.055, (D) p < 0.001 and p = 0.022, (E) p = 0.009 and
p = 0.039, (F) p = 0.038 and p = 0.560, (G) p = 0.743 and p = 0.060, and (H) p = 0.739 and p = 0.317,
respectively. Asterisk (*) and circle (o) represent outliers of more than 3 times the interquartile range
and between 1.5 and 3 times the interquartile range, respectively.
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Figure 3. The treatment effects of the periodontal anti-infective treatment on the recorded clinical
periodontal parameters in 13 patients with periodontitis: (A) bleeding on probing (%), (B) visible
plaque index (%), (C) mean of PPD (mm), (D) mean of CAL (mm), and (E) the number of at least 4 mm
periodontal pockets. The patients were examined at base level t0 and at 1st recall visit t1 (6 weeks).
The differences in the clinical parameters between t0 and t1 were tested with a paired-samples t-test
(2-sided): (A) p < 0.001, (B) p = 0.006, (C) p < 0.001, (D) p < 0.001, and (E) p < 0.001. Circle (o) represents
outliers of between 1.5 and 3 times the interquartile range.

3. Discussion

We demonstrated here the straight-forward and practical usefulness of the mouthrinse
aMMP-8 POCT technology for online and real-time chair-side diagnosis and treatment
for monitoring the number of patients likely to be seen by a dentist, periodontist, or oral
hygienist (n = 13) with severe, i.e., stage III/IV-grade b/c, periodontitis in one day. Every
dentist, periodontist, or oral hygienist can personally and conveniently calibrate themselves
this way. Because aMMP-8 predictively makes invisible disease activity visible and thus
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predictively alarms the worsening of periodontal health status and behavior of patients, it
provides in good time early messages about these developing pathological events to the
dentist and/or oral hygienist [23,25,29,31,32]. The aMMP-8 POCT thus can additionally
be utilized to motivate the patients as well as the dentists and oral hygienists [18,23,31].
Successful anti-infective treatment can be conveniently monitored online and in real time
by the visual and/or by the reader-quantitated aMMP-8 POCT. The results in this study are
in agreement and further extend previous studies in that regard and exhibit the eventual
benefits of utilizing the aMMP-8 POCT analysis for the discrimination and monitoring
of periodontal health and disease [23,25,31–36]. Furthermore, our present findings are
in accordance with and further extend earlier studies linking elevated oral aMMP-8 but
not total MMP-8 to active and progressive stages of periodontal and peri-implant dis-
eases [18,29,34,37–42]. The aMMP-8 POCT, MPO, PMN elastase, and the aMMP-8 RFU
catalytic activity assay were superior relative to the other tested potential and related
biomarkers, including total MMP-8, calprotectin, TIMP-1, and interleukin-6. Furthermore,
the aMMP-8 POCT and the independent aMMP-8 RFU catalytic activity assay correlated
well with each other in this study and in accordance with further extending previous
studies [18,37]. aMMP-8, MPO, and PMN elastase eventually form a pro-oxidative and
proteolytic tissue cascade in stage III/IV-grade b/c periodontitis that can conveniently be
identified by the aMMP-8 POCT in 5 min. Noteworthy, anti-oxidative, reactive oxygen
species scavengers and protease inhibitors such as tetracycline/doxycycline, chlorhexidine,
and phenolic compounds of fermented lingonberry juice eventually can be utilized as
therapeutic targets. Also, MPO, a pro-oxidative activator of MMP-8, was recorded in this
study to be an efficient biomarker of periodontitis. In that regard, the present study showed
that MPO and PMN elastase persisted in elevated levels in patients with periodontitis
compared to healthy controls after the treatment phase, which may suggest the eventual
elevation of aMMP-8 levels and the eventual elevation of periodontitis disease activity in
the future that can be monitored by the aMMP-8 POCT in the periodontitis treatment and
maintenance phases.

We recommend the use of the validated, simple mouthrinse/oral fluid aMMP-8 POCT
assay [18,23–29,31] to be used by every dentist or oral hygienist in their daily/weekly
diagnosing and monitoring of periodontitis and its treatment and maintenance. As a very
sensitive biomarker, it is additionally suitable for the monitoring of periodontal disease in
patients with systemic diseases, such as subclinical diabetes, metabolic syndrome, obesity,
atherosclerosis, cancers, ophthalmological diseases, and Alzheimer’s disease, as well as in
patients with head and neck cancer who can rapidly develop oral-mucositis-related and
periodontitis side effects [29,35,43–45]. Furthermore, we suggest the inclusion of aMMP-8
as an indicator of staging and grading of the clinical attachment loss/bone loss related to
active periodontal degeneration, i.e., collagen destruction in these systemic pathologies.
In this regard, the utilization of a promising aMMP-8 POCT needs further additional
interdisciplinary and independent validations.

Our results, based on an ROC curve analysis of the tested biomarkers, i.e., the visual
aMMP-8 POCT, the aMMP-8 POCT quantified by ORALyzer, MPO, the aMMP-8 RFU activ-
ity assay, and tMMP-8-, PMN-elastase-, TIMP-1-, calprotectin-, and interleukin-6-ELISAs,
revealed that regarding both online, real-time chair-side point-of-care (i) diagnostics and
(ii) the monitoring of anti-infective scaling and root planing treatment, that both the visual
([+] > 20 ng/mL, [−] ≤ 20 ng/mL) aMMP-8 and the aMMP-8 ORALyzer-quantitated POCT
together with the MMP-8 oxidative activator MPO were the most precise biomarkers for pe-
riodontitis. The second most efficient analysis was the independent aMMP-8 RFU catalytic
activity assay [18,38]. The total MMP-8 ELISA, in accordance with previous studies [44–49],
was not as good as the above two independent and specific aMMP-8 assays and MPO. The
PMN-elastase- and calprotectin-ELISAs were less efficient, and TIMP-1 and interleukin-6
were incapable to be utilized as liable biomarkers for the diagnostic discrimination and
monitoring of the anti-infective scaling and root planing treatment.



Int. J. Mol. Sci. 2024, 25, 9421 8 of 13

Regarding the cut-off values for aMMP-8, three different cut-offs (10, 20, and 25 ng/mL)
were presented and used for the aMMP-8 POCT [18,21,24–29,35,36]. We demonstrated
here that the 20 ng/mL cut-off [18,25,29,35] was the most optimal for successful chair-
side diagnosis and for monitoring the beneficial clinical effects of the anti-infective scal-
ing and root planing treatment [50]. We have previously shown [36] that a cut-off of
10 ng/mL [24,26–28] is not suitable for the online, real-time monitoring of the beneficial
effects of the anti-infective scaling and root planning treatment of periodontitis.

Our earlier studies [33–36] have repeatedly and consistently revealed that there exists
a large effect size regarding aMMP-8, strongly suggesting that there is not always a need
for the large number (n) of patients and healthy controls to obtain statistically significant
results. The apparent inability as also recorded in this study (Table 1) of the aMMP-8 POCT
with a cut-off of 20 ng/mL to result in false positives [18,29,35,36] eventually contributes to
this beneficial property and outcome of the aMMP-8 POCT performance recorded with a
cut-off of 20 ng/mL [18,29,35,51,52]. With this background, our relatively small number of
patients (n = 13) and healthy controls (n = 13) should in fact be regarded as sufficient, and
accordingly therefore should not be regarded as a limitation. Noteworthy, collagenolytic
and catalytically competent aMMP-8, but not non-collagenolytic and catalytically non-
competent total latent pro-MMP-8, is a precise biomarker to detect, monitor, reflect, and
indicate progressive collagenolytic periodontitis in its clinically active tissue-destructive
phases [12,23,25,32,38–40,51,53]. Yet, utilizing healthy dental students may be a limitation
in this study, as the patients with periodontitis are much older and with different smoking
histories (smokers, non-smokers, ex-smokers, etc.) than the control patients, the dental
students. Thus, the biomarker levels may potentially be partly affected by the age- and
lifestyle-related differences independent from periodontitis. This should be addressed in fu-
ture studies comparing biomarker levels in different types of periodontally and systemically
healthy patients.

Previous studies have revealed that aMMP-8 is not synonymous to total MMP-8 in
periodontitis and peri-implantitis oral fluid diagnostics [25]. In addition, total MMP-8
can fail or at least is clearly less efficient in periodontitis and peri-implantitis oral fluid
diagnostics biomarker and treatment monitoring [45–48]. Our present findings further
support and extend this conjuncture [45–48]. aMMP-8, measured by various indepen-
dent and specific immunological and catalytic activity assays as the oral fluid diagnostic
biomarker and/or indicator of active periodontitis phases or in treatment monitoring, has
never failed [35–39,47,51]. Overall, the aMMP-8 POCT with a cut-off of 20 ng/mL [18,25,29]
as also revealed by this study is a very suitable biomarker for chair-side diagnostics and
treatment monitoring of chronic adult periodontitis. Every periodontist, dentist, and oral
hygienist can calibrate themselves and their number of patients in one day by the person-
alized medicine-manner-utilizing aMMP-8 POCT as described in this paper. This study
further revealed that the aMMP-8 POCT can be conveniently utilized by dentists and oral
hygienists to motivate their patients by the current state of periodontitis disease activity to
better adhere to the treatment and maintenance phase. Additional interdisciplinary studies
with the aMMP-8 POCT are recommended.

4. Materials and Methods
4.1. Study Population, Sample Size, and Design

Previous studies have suggested good predictive power for discriminating periodon-
titis and periodontal health using the aMMP-8 POCT in gingival crevicular fluid (GCF)
and peri-implant sulcular fluid (PISF) [31–34]. One ROC curve power calculation was
performed (R version 3.6.3 (29 February 2020) and pROC package 1.16.2), which revealed
that a total of 13 patients with periodontitis and 13 healthy controls were needed to reach
80% power with an AUC of 0.80, a significance level of 5%, and kappa of 1.

A total of 13 Finnish adult patients visiting the Helsinki University Hospital Oral and
Maxillofacial Diseases Clinic for their stage III/IV-grade b/c periodontal problems were
recruited in the present study as previously described [18,30,37]. The study was approved
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by the Helsinki University and Stockholm Ethics Committees (106§/26.06.2019; dnro
HUS/1271/2019; 2016-08-24/2016/1:8 and 2016-1-24; Dnr 2016/1410-31/1). This study
was conducted according to the principles of the Declaration of Helsinki. All recruited
participants provided oral and written consent. The inclusion criteria for this study were
interdental clinical attachment loss of at least 5 mm (at the site of greatest loss), radiographic
bone loss that extended to the mid-third of a root and beyond, and tooth loss because of
periodontitis that was ≤4 teeth (stage III periodontitis) and ≥5 teeth (stage IV periodontitis).
aMMP-8 was consistently elevated (>20 ng/mL, visual [+, ++, +++]) in all adult patients
with chronic periodontitis, indicating grade b/c [18,36]. The patients had not received
any antimicrobial or MMP-8 inhibitory low-dose doxycycline, regular-dose doxycycline,
bisphosphonates, or chlorhexidine medications [6,18]. Patients with acquired immune
deficiency syndrome (AIDS), uncontrolled diabetes (HbA1c > 7), and other immune-system-
related chronic diseases (Crohn’s disease, etc.) as well as oral neoplasms and patients under
chemotherapy treatment were excluded from this study. Pregnant or lactating females
and individuals who had received periodontal treatment or systemic antibiotics within the
last year were also excluded. A total of 13 systemically and periodontally healthy Finnish
dental students from the University of Helsinki, Finland, participated as healthy controls
(HCs) [18,36]; all HC dental students’ aMMP-8 POCT results were ≤20 ng/mL, thus they
were visually [−] [18,29,36].

The patient characteristics are presented in Table 2.

Table 2. Patient characteristics.

Patient Characteristics Patients with Periodontitis
N = 13

Healthy Dental Student
Controls N = 13

Age (in years) Mean ± standard deviation 52 ± 10 25 ± 4

Gender n (%)
Male 10 (77%) 3 (23%)

Female 3 (23%) 10 (77%)

Systemic status n (%)

Healthy 7 (54%) 13 (100%)
Cardiovascular diseases 1 (8%) 0 (0%)

Hypertension 5 (38%) 0 (0%)
Hypercholesterolemia 2 (16%) 0 (0%)

Type I diabetes 1 (8%) 0 (0%)
Asthma 1 (8%) 0 (0%)

Smoking n (%)
Yes * 3 (23%) 0 (0%)
No 6 (46%) 13 (100%)

Ex-smoker ˆ 4 (31%) 0 (0%)

*: All smoked 20–40 cigarettes per day. ˆ: All had stopped more than 2 years ago.

4.2. Periodontal Examination and Anti-Infective Treatment Procedures

Comprehensive full-mouth clinical recordings and periodontal examinations were
performed at baseline (t0) and 6 weeks (t1) following periodontal treatment (anti-infective
scaling and root planing) by a single periodontist (N.R.). In the examination, a WHO Probe
550B periodontal probe was used for measuring probing depths (PDs) at six sites of each
tooth, which was followed by determining the BOP percentage. Furthermore, the visible
plaque index (VPI) was recorded for each patient by assigning a score of 0–3 to each surface
and was used for calculating the average oral plaque score. Clinical attachment levels
(CALs) were determined as described [18,36]. The anti-infective full-mouth scaling and
root planing treatment procedures were performed after clinical full-mouth recordings
and the aMMP-8 POCT, along with oral hygiene instructions for 13 patients with stage
III/IV-grade b/c periodontitis at baseline (t0) and 6 weeks (t1) [18]. The 13 systemically
and periodontally healthy dental students (23–25 years old), who were enrolled as healthy
controls (HC), had aMMP-8 POCT and related similar mouthrinse biomarker sample
collections and similar full-mouth clinical examinations [18,36].
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4.3. Chair-Side Quantitative POC aMMP-8 Analyses

aMMP-8 levels were measured online by rapid POC chair-side aMMP-8 kits (Periosafe®,
Dentognostics GmbH, Solingen, Germany) and were visually ([+] > 20 ng/mL, [−] ≤ 20 ng/mL)
and real-time, online quantitated by ORALyzer® (Dentognostics GmbH, Solingen, Ger-
many) in the periodontitis patient group (n = 13) and the healthy control (HC) group of
13 systemically and periodontally healthy dental students according to the instructions
of the manufacturer [18,29,36]. We used the aMMP-8 POCT industrially fabricated with a
cut-off of 20 ng/mL [18,29,34,35]. Other cut-off values (10 and 25 ng/mL) used in previous
publications [24,25,27,29] were also assessed. The cut-off values for the aMMP-8 RFU
activity assay, MPO, PMN elastase, total MMP-8, TIMP-1, calprotectin, and interleukin-6
were adjusted by the computer to levels representing the highest value detected in HCs.
Any remaining oral mouthrinse fluid was transferred to Eppendorf tubes and stored at
−70 ◦C for further laboratory analysis of additional potential biomarkers (the aMMP-8
RFU activity assay, tMMP-8, TIMP-1, MPO, PMN elastase, calprotectin, interleukin-6) by
the RFU activity assay and ELISA assays as described previously [18,37].

4.4. aMMP-8 Activity Assay Using Relative Fluorescence Units/min (RFU)

An MMP-8 activity assay for measuring MMP-8 activity was adapted from the protocol
of Mc Crudden et al. (2017) with slight modifications, as described in detail previously
in McCrudden et al. and Aji et al. [18,37]. In short, an aMMP-8-specific antibody (Merck
Millipore, Watford, UK) was used to coat the wells of Greiner® 96-well black high-binding
plates (Merck, Darmstadt, Germany) to capture aMMP-8 selectively. The activity of the
captured aMMP-8 was measured using a fluorogenic substrate on a microtiter plate reader
(Genios, Tecan, Reading, UK) using Magellan software Version 7.2 (Tecan, Reading, UK).
The results were expressed in relative fluorescence units per minute (RFU/min) [18,37].

4.5. Statistical Analyses

A receiver operating characteristic (ROC) analysis was performed to evaluate the
diagnostic accuracy of potential periodontitis biomarkers (the aMMP-8 POCT, the aMMP-8
RFU activity assay, total MMP-8, MPO, PMN elastase, calprotectin, and interleukin-6). The
optimal cut-off points for the levels of biomarkers were determined by Youden’s Index. The
treatment effect of periodontal anti-infective treatment to the levels of the biomarkers and
to the recorded clinical periodontal parameters (BOP, visible plaque index, mean of PPD,
mean of CAL, and the number of at least 4 mm periodontal pockets) were assessed by a
paired-samples t-test. Finally, the biomarker levels of the base level of (untreated) patients
with periodontitis and 13 periodontally and systemically healthy controls were compared
by t-test (Bonferroni corrected). Statistical significance was considered if p < 0.05 (2-sided).

5. Conclusions

aMMP-8, MPO, and PMN elastase eventually form a proteolytic and pro-oxidative
tissue destruction cascade in periodontitis, potentially representing a therapeutic target.
The active MMP-8 POCT identifies this periodontitis tissue destruction cascade in 5 min.
The aMMP-8 POCT is the most efficient and precise discriminator between periodontal
health and disease. The aMMP-8 POC test can be effectively used by dental professionals in
their dental practices for the online and real-time diagnosis and monitoring of periodontal
disease and to educate their patients and encourage good oral practices.
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