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ABSTRACT 
 

Chronic periodontitis and peri-implantitis are complex inflammatory 

conditions in the periodontium. Periodontal tissues are mainly made up of 

type I collagen, which is a major component of the extracellular matrix of 

both soft and hard periodontal tissues, and collagen breakdown is one of 

the main events in periodontal destructive lesions. Oral bacteria and their 

metabolites can penetrate peri-implant tissues more easily than 

permanent teeth tissues, and the inflammatory state progresses more 

rapidly to destruction of bone tissue in peri-implantitis. This is mainly due 

to differences between natural dental tissues and peri-implant tissues. 

The treatment of periodontitis and peri-implantitis is challenging, and 

therefore, prevention and early diagnoses are crucial. 

 

Traditional methods are used to assess the health status of periodontal 

and implant tissues. However, these measures assess past disease 

rather than the present pathology of these tissues. Current clinical assays 

do not work properly in the early diagnosis of peri-implant diseases. This 

thesis demonstrated the active form of matrix metalloproteinase (aMMP-

8) is possible to be determined from the gingival crevicular fluid 

(GCF)/peri-implant sulcus fluid (PISF) in the initial and real-time 

diagnosis. Elevated levels of aMMP-8 occur at the onset of periodontal 

tissue inflammation and can found in GCF/PISF or saliva, contributing to 

the progression of the disease. 

  

Study I aimed to investigate the strongest possible biomarker that can be 

linked to periodontitis and peri-implantitis. This study confirmed that the 
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elevated level of aMMP-8 is associated with connective tissue diseases, 

with Study II subsequently focusing on the validation of the aMMP-8 

enzyme test in PISF. The hypothesis was that the aMMP-8 enzyme assay 

provides reliable results for detection of early inflammation in patients and 

for determination of the rate of progression of peri-implant disease. 

Studies III and IV investigate whether the aMMP-8 point-of-care (PoC) 

/chairside test can be implemented beyond the dentist´s office. Studies V 

and VI investigate the applicability of the aMMP-8 enzyme test in 

evaluation of the health effects of different home therapies such as 

fermented lingonberry and dual-light therapy.  

 

This thesis showed that aMMP-8 PoC tests used to diagnose periodontal 

disease can reliably detect and predict both early and ongoing disease 

and monitor the efficacy of various substances or devices used at home.  
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1. INTRODUCTION 
 

 

The mouth is a highly efficient and diverse port of infection in the body. 

The periodontium is a connective tissue consisting of gingival tissue, 

periodontal ligament, cementum, and alveolar bone (Tomokiyo et al., 

2019; Torabi et al., 2021). The gingival tissue is mainly made up of type I 

collagen, and it forms a tight shield around the dentition (Al-Majid et al., 

2018; Koller et al., 2021). When the defence mechanism of the host 

response due to bacterial stimulation is triggered, it can lead to an 

imbalance between MMP-8 and tissue inhibitors (TIMPs), and this 

condition can result in the destruction of collagen and connective tissue. 

The onset of the inflammatory state is reflected in the GCF or PISF as an 

elevated biomarker level (AlMoharib et al., 2014; AlRowis et al., 2014; 

Buduneli et al., 2011; Kinane et al., 2003; Lambert et al., 2004). 

 

Periodontal diseases, inflammatory disorders of the periodontium, 

comprise reversible gingivitis and irreversible periodontitis around 

permanent teeth and peri-implant mucositis and peri-implantitis around 

dental implants (Darveau, 2010; Gasner et al., 2020; Torabi et al., 2021). 

The initiation and progression of these events are consequences of the 

interaction between pathogenic bacteria in the subgingival biofilm around 

teeth / implants and the host response (Belibasakis et al., 2015; Frédéric 

et al., 2018; Marsh et al., 2017; Mikolai et al., 2020; Silva et al., 2015). 

These inflammatory conditions destroy soft and hard tissues of the 

periodontium around permanent teeth and dental implants and are 
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common worldwide (Buduneli, 2019; Frédéric et al., 2018; Jakubovics et 

al., 2021; Jepsen et al., 2015; Lertpimonchai et al., 2017). 

 

Periodontal health can be viewed and assessed in many ways. Clinical 

diagnostic techniques, such as periodontal probing depth (PPD), bleeding 

on probing (BOP), and radiological bone level (RBL), are traditionally 

used to determine the health status of the periodontium and peri-implant 

tissues (Lang et al., 1990., Armitage, 2004; Berglundh et al., 2018; Heitz-

Mayfield et al., 2018). These clinical periodontal parameters provide 

information about the past, but the current situation is not clarified. While 

these clinical examination methods are in daily use, new methods are 

needed to support diagnosis. It is therefore important to develop new 

research methods that can determine the status of inflammation in the 

tissue in real time and predict its possible progression (Gul et al., 2020). 

In addition to these traditional measurement techniques, the health status 

of connective tissues can also be determined by examining oral fluids.  

 

Saliva is a readily available biofluid, and it can be easily utilized for a wide 

variety of uses (Kiili et al., 2002; Melguizo-Rodríguez et al., 2020; 

Rathnayake et al., 2013). In recent decades, research has focused on 

finding proteins, enzymes, bacteria, or their metabolites in oral fluids 

(saliva, mouth rinse, GCF, and PISF) based on a reliable chairside test 

method for health care professionals to support diagnosis. Problematic 

has been to identify biomarkers that reflect the periodontal disease 

situation and to verify their cut-offs (Braz-Silva et al., 2019; Rathnayake 

et al., 2013; Teles et al., 2009). 
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MMP-8, one of 23 human MMPs (Nagase et al., 2006) is released as 

prepacked from neutrophils by selective degranulation triggered by potent 

periodontopathogenic bacteria and their virulence factors together with 

the host-derived pro-inflammatory mediators  (Tesfaigzi et al., 2022). The 

active not latent form of MMP-8 in oral fluids, is related and reflects 

progressive clinical periodontal disease activity (Al-Majid et al., 2018; 

Bernasconi et al., 2015; Gul et al., 2020; Sorsa et al., 2006, 20016). 

Levels of aMMP-8 are instantly associated with progressive periodontal 

and peri-implant disease activity and can be used to assess and predict 

progressive disease. PerioSafe®/ImplantSafe®/ORALyzer® 

(Dentognostics GmbH, Solinger, Germany) has been shown to be an 

accurate chairside test for the diagnosis of periodontitis or peri-implantitis 

(Al-Majid et al., 2018; Heikkinen et al., 2019; Lee et al., 1995; Räisänen, 

Heikkinen, et al., 2019; Rautava et al., 2020; Sorsa et al., 2006, 2017). 

 

An inflammatory condition in the periodontium can be treated initially with 

anti-inflammatory treatment modalities. Treatment efficiency and 

reduction of the inflammatory response have been shown to be reflected 

in a decrease in aMMP-8 levels (Alassiri et al., 2018; Al-Majid et al., 2018; 

Mauramo et al., 2018; Thierbach et al., 2016). In support of treatment 

methods, Finnish innovations have been developed to improve oral health 

(Pärnänen et al., 2017, 2019). Lingonberries (Vaccinium Vitis-idaea) 

appear to have anti-inflammatory properties, with antioxidant activity of 

polyphenols inhibiting various receptors, transcription factors, 

proteinases, and other enzymes involved in infection and inflammation 

(Ek et al., 2006; Heinonen, 2007; Kowalska, 2021; Pärnänen et al., 2017, 

2019, 2021. Using fermented lingonberry (Lingora®) seems to have a 
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diminishing effect on PISF aMMP-8, VPI, and BOP levels around the 

periodontium and peri-implant tissues. 

 

Antibacterial photodynamic therapy (aDPT) and antibacterial blue light 

have emerged as auxiliary treatment methods to mechanical debridement 

for improving dental health (Cieplik et al., 2018; de Sousa et al., 2015; 

Konopka et al., 2016; Sculean et al., 2020; Wang et al., 2017). The aDPT 

is a combination of light and externally applied light photosensitizer 

(Alander et al., 2012; Konopka et al., 2016). A device used at home, 

Lumoral® seems to reduce bacterial load, and thus, to improve oral health 

(Nikinmaa et al., 2020). 

 

Reversible periodontal gingivitis and peri-implant mucositis can be treated 

successfully if they are reliably diagnosed at an early developmental 

stage. However, early disease tends to be asymptomatic, and thus, is not 

visible. We need reliable and reproducible measures to discriminate not 

only disease from healthy tissue but also active sites from remission in 

order to appropriately tailor treatment for individual clinical conditions. 

Health promotion and treatment by oral health care professionals are in 

themselves insufficient to maintain oral health; patient/client collaboration 

is also needed. Self-care at home is an important part of this collaboration. 

Combined with new health-promoting innovations and treatment 

modalities, improvements in oral health are expected. 
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2. LITERATURE REVIEW 
 
 
2.1 Oral fluids 
 

Oral fluids include saliva, GCF, and PISF. Due to many properties of 

saliva, the oral fluids can be defined as an objective indication of disease 

status observed from outside the patient (AlMoharib et al., 2014; 

Rathnayake et al., 2013, 2015). Saliva is easily and painlessly accessed; 

the collection is also non-invasive. The function of saliva is to help in 

chewing and swallowing food. It rinses the mouth while protecting the oral 

mucosa. It dissolves flavours from the nutrients, which the taste buds of 

the tongue can sense (Aeran et al., 2015; Motsuo, 2000). Saliva 

participates in the body's defensive function by breaking down harmful 

bacteria and viruses and preventing them and other pathogens from 

entering the body. Saliva removes 2 to 4 g of microbes from the mouth 

and tooth surfaces into the digestive tract daily (Kaczor-Urbanowicz et al., 

2017). In a healthy mouth, daily salivation is estimated to be 0.5 – 1.5 l 

(Mese et al., 2007; Proctor, 2016). GCF originates from the periodontal 

tissue and seeps from there into the gingival pocket, as does the PISF 

from dental implants (Bibi et al., 2021; Khurshid et al., 2017; Rathnayake 

et al., 2017). The GCF is one of the main sources of nutrients for 

microorganisms in biofilms. Biofilm is characterized by proteolytic and 

often obligately anaerobic species. Inter-microbial interactions are a 

prerequisite for the concerted catabolism of host proteins and 

glycoproteins for nutritional purposes. To survive, some microorganisms 

subvert the host's defences through the release of certain molecules 

(Hajishengallis, 2014a, 2011). 
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In healthy gums, GCF is intended to flush the gingival pocket of bacterial 

pathogens and metabolic products. Gingival fluid is always excreted from 

the gingival pocket, but in an inflammatory situation its excretion 

increases, and its composition is more of an inflammatory fluid. For 

instance, the GCF levels of cytokines in healthy sites have been detected 

to be lower than in diseased sites (Darveau, 2010). When pathogenic 

microbes enter the mouth, the host response is immediately triggered to 

interrupt pathogen progression (Silva et al., 2015). The rinsing effect of 

saliva itself is an important component of the immediate immune 

response that effectively prevents bacterial colonization and includes 

several antimicrobial peptides produced by epithelial cells and neutrophil 

leucocytes (AlMoharib et al., 2014; Porcheri et al., 2019). If the microbes 

of their metabolic process are able to intrude into the sulcular epithelium, 

the gingival inflammation is able to begin (Silva et al., 2015).  

 

In inflamed tissue, the blood vessels dilate, and the permeability of their 

walls increases. In this way, the GCF seeps into the tissue and passes 

further into the gingival pocket and the oral cavity (Akman et al., 2017; 

Bibi et al., 2021; Fábián et al., 2012; Li et al., 2020; Preianò et al., 2020; 

Subbarao et al., 2019; Torabi et al., 2021) (see Figure 1). As GCF/PISF 

passes through the tissue, the fluid carries serum, and locally produced 

materials such as tissue breakdown products and inflammatory 

mediators, especial aMMP-8 into oral cavity (Bibi et al., 2021; Khurshid et 

al., 2017; Rathnayake et al., 2017).  



4185&#!EJ!M)!'?13!32?#(%'12!+185&#>!'?#!-#+'!31.#!.#32&1@#!'?#!3'&52'5&#!*+!
'?#!.#)'%-!1($-%)'!%).!'?#!&18?'!31.#!'?#!)%'5&%-!'**'?J!U1*(%&=#&3!352?!
%3! %//7XF! 3##$%8#! +&*(! 81)81;%-! $#&1X1($-%)'! 35-253! +-51.! Z7M94[! *&!
2&#;125-%&! +-51.! ZRK4[J! Q?#!$*-6(*&$?*)52-#%&! )#5'&*$?1-! Z7/V3[! 2#--3!
%&#! '?#!(%1)!$&*.52#&!*+!//7XF!ZV%8%3#!#'!%-J>!GHHBj!]J!h%)8!#'!%-J>!
GHEW[J!
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The GCF/PSF contain numerous different substances and can therefore 

be exploited by looking for different signs of inflammation. Accordingly, 

the GCF/PISF has been found to have many potentially useful biomarkers 

such as matrix metalloproteinase (MMP-2, MMP-8, MMP-9) (Al-Majid et 

al., 2018; Buduneli et al., 2011; Fazle et al., 2021; Leppilahti et al., 2011; 

Marcaccini et al., 2010; Sorsa et al., 2004, 2006; Vandooren et al., 2013), 

tissue inhibitor of matrix metalloproteinase (TIMP-1) (Arpino et al., 2015; 

Gürsoy et al., 2018; Lambert et al., 2004; Marcaccini et al., 2010), 

myeloperoxidase (MPO) (Marcaccini et al., 2010; Nascimento et al., 

2019), and PMN/neutrophil elastase (Metzler et al., 2014; Nizam et al., 

2014; Papayannopoulos et al., 2010).  

 

In this thesis focused on these potential biomarkers but also some of 

inflammatory mediators including interleukin-6 (IL-6) and calprotectin 

(CALP). IL-6 considered to be one of the impressive inflammatory 

mediators and products (Batool et al., 2018; Kurtiş et al., 1999) and CALP 

is one of the tissue-breakdown products (Kaner et al., 2011; Stříž et al., 

2004). These and many other biomarkers found in oral fluids and can be 

used in the diagnosis and monitoring of oral and systemic diseases (Bibi 

et al., 2021; Jaedicke et al., 2016; Preianò et al., 2020; Subbarao et al., 

2019; F. Zhang et al., 2021). The following section presents these 

potential biomarkers in more detail. 

 

This thesis addresses a mouth rinse, an oral fluid with a composition 

closer to GCF than saliva. We collected the mouth rinse according to the 

PerioSafe® test protocol, as described in more detail in Section 4.2.1.2 

entitled ‘The aMMP-8 PoC/chairside test kits/PerioSafe®’.  
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2.2 Potential biomarker candidates of oral fluids 
 

Biomarkers can be defined as an objective reflection of disease status 

observed outside the patient that can be measured easily, accurately, and 

reproducibly. A biomarker can act as a functional indicator of the 

biological process, and it can be applied to the diagnosis, staging, and 

prognosis of a certain disease. Saliva is a readily available biofluid. It can 

be obtained in a non-invasive way and poses only a minor inconvenience 

to the patient (Gul et al., 2020; Yucel-Lindberg et al., 2013; Zhang et al., 

2021). 

 

The biomarkers have been extensively studies over the last decade in 

oral fluids. PubMed contains over two thousand articles on saliva and 

biomarkers. An ideal biomarker should be appropriate for chairside use, 

thus serving health professionals in the diagnosis of oral diseases (Gul et 

al., 2020; F. Zhang et al., 2021). With the current technology, a few 

products, such as PerioSafe® and ImplantSafe®, have been developed 

into commercial U.S Food and Drug Administration (FDA) -approved test 

products. The most studied candidates for biomarkers of periodontal 

disease in saliva are inflammatory cytokines, antibodies, and destructive 

enzymes. Many biomarker candidates are only potential candidates 

because current techniques have not been able to utilize them for easy 

chairside use by clinicians and no clear level difference has been shown 

between healthy and diseased tissue. It is also difficult to specify a single 

biomarker of disease activity due to the complicated nature of 

periodontitis or peri-implantitis (Buduneli et al., 2011; Chojnowska et al., 

2018; Miller et al., 2006). In addition to different proteins, various bacteria 
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and their combinations have been used to detect disease (Greenwood et 

al., 2020; Gul et al., 2020; Gürsoy et al., 2018; Paqué et al., 2020). 

 

Several studies have indicated significant positive correlations between 

clinical periodontal parameters and aMMP-8 levels (Alassiri et al., 2018; 

AlMoharib et al., 2014; AlRowis et al., 2014; Gursoy et al., 2010; 

Räisänen, Heikkinen, et al., 2019; Räisänen, Sorsa, et al., 2019; Sorsa et 

al., 2016). Therefore, in this work, we focus on MMP-8 and its activation, 

inhibitors, and also other new potential biomarker candidates. We have 

selected potential biomarkers according to increased GCF/PISF, which 

has been shown to play a different role in the destruction of periodontal 

tissue. Additionally, MMP-9 has been found to have elevated levels in 

GCF and to play a role in the destruction of periodontal tissue (Romero-

Castro et al., 2020; Vandooren et al., 2013). MPO is a lysosomal enzyme 

and has a role in oxidatively activating proMMP-8 (pMMP-8) and 

proMMP-9 (pMMP-9), and deactivating TIMP-1, the principal function of 

which is inhibition of MMPs. The PMN elastase is classified as one of 

serine proteinases and many studies have shown its role in periodontal 

disease as it can degrade a range of tissue molecules (Gursoy et al., 

2010; Leppilahti et al., 2011; Nagase et al., 2006; Nizam et al., 2014; 

Syrjäläinen et al., 2019), IL-6 is a pro-inflammatory cytokine (Batool et al., 

2018), and CALP is a cytosolic antibacterial protein (Stříž et al., 2004). 
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2.2.1 Matrix metalloproteinases (MMPs) 
 

MMPs function in the extracellular environment of cells and degrade both 

matrix and non-matrix proteins. The classification of MMPs is based on 

their substrate specificity. Different members of the group have different 

specificities for degrading different types of matrix proteins (Fazle et al., 

2021). The 23 MMPs in humans play central roles in morphogenesis, 

wound healing, tissue repair, and remodelling (Fazle et al., 2021). They 

are multi-domain, genetically distinct, but structurally related zinc-

dependent proteins (Butler et al., 2013; Checchi et al., 2020; Jackson et 

al., 2010; Nagase et al., 2006; Zhang et al., 2021). The activity of most 

MMPs is very low in healthy tissues, and their activation is 

transcriptionally controlled by inflammatory cytokines, growth factors, 

hormones, and many other factors. Matrix function is also regulated by 

activating precursor zymogens and inhibiting endogenous inhibitors, 

TIMPs, especially TIMP-1 of metalloproteinases. Thus, the balance of 

MMPs and TIMPs is critical for distinguishing between health and disease 

(Nagase et al., 2006; X. Wang et al., 2019). 
 
 
2.2.2 Matrix metalloproteinase-8 (MMP-8) 
 

Matrix metalloproteinase-8, also called collagenase-2 or neutrophil 

collagenase, is one of the key biomarkers in the breakdown of connective 

tissue in periodontitis and peri-implantitis (Al-Majid et al., 2018; Luchian 

et al., 2022; Sorsa et al., 2011,2020). The release and activity of MMP-8 

are increased in several pathological conditions, especially in oral chronic 

inflammation (Gursoy et al., 2010; Kivelä-Rajamäki et al., 2003; Sorsa et 
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al., 2016; Teronen et al., 1997). Activated macrophages, vascular smooth 

muscle cells, and bronchial epithelial cells express lower levels of MMP-

8 in humans (Nagase et al., 2006; X. Wang et al., 2019). However, the 

MMP-8 is produced principally in polymorphonuclear leucocytes (PMNs), 

precursors in the bone marrow, and is stored in specific granules of PMN 

cells. When PMNs are active, pMMP-8 is released from PMNs to the 

extracellular space and is activated by a cysteine exchange mechanism 

(Vu et al., 1998; Wang et al., 2019). On average, each 106 PMN secretes 

about 60 ng of MMP-8, mostly in latent form, which once activated 

degrades type I and type II collagens (Gul et al., 2020; Owen et al., 2004). 

In additionally, the expression of a less glycosylated 50-55 kDa 

mesenchymal (Mes) form of MMP-8 has been founded in various non-

PMN—lineage cells such as gingiva fibroblasts, endothelial cells, plasma 

cells (Owen et al., 2004, Hanemaaijer et al. 1997, Wahlgren et al. 2001). 

 

Subgingival microorganisms act as a stimulus for the defense mechanism 

(Frédéric et al., 2018; Groeger et al., 2015; Hajishengallis, 2014a; Petain 

et al., 2021; Yakob et al., 2013). And when the defense mechanism is 

triggered, MMP-8 helps those defense cells enter the bloodstream from 

periodontal tissue and facilitates their movement to the site of 

inflammation. MMP-8 is an important collagenase, regulating nearly 90% 

of collagenolytic functions in GCF and PISF (Fazle et al., 2021). A minor 

role in collagenolytic function is also played by MMP-1 and MMP-13 in 

GCF (Ingman, 1996; Tervahartiala et al., 2000).  

 

In this thesis, the difference in the molecular weight forms of MMP-8 

(PMN-forms: p- and aMMP-8 and Mes-forms, respectively, and 
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fragmented forms) expression based on Western blotting analysis, 

whereas the concentrations of aMMP-8 and tMMP-8 are measured by 

various methods, which are more in Section 4.4. ‘Laboratory methods´. 

 

 

2.2.2.1 Active matrix metalloproteinase-8 (aMMP-8) 
 
MMP-8 can be found and examined as in total, latent and active forms 

(Laronhaet al., 2020). The aMMP-8 is an important collagenolytic enzyme 

in the onset and continuation of periodontal disease, it destroys the tissue 

and allows the periodontitis or peri-implantitis to progress. The number 

and level of aMMP-8 enzymes as biomarkers can be used to determine 

the current state of tissue health, to assess the state of inflammation, and 

to predict future clinical status. aMMP-8 can be measured from oral fluids, 

including mouth rinse and GCF/PISF samples (Alassiri et al., 2018; Al-

Majid et al., 2018; Grigoriadis et al., 2019; Räisänen et al., 2019a, 2019b; 

Ramenzoni et al., 2021; Sorsa et al., 2004, 2016; Therbach et al., 2016). 

 

 

2.2.3 Matrix metalloproteinase-2 (MMP-2) and -9 (MMP-9) 
 
Two main enzymes in the destruction of periodontal tissue are considered 

to be MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B), the levels of 

which are elevated in oral fluids samples (Alassiri et al., 2018; Ingman, 

1996; Marcaccini et al., 2010; Romero-Castro et al., 2020). MMP-2 is 

derived from fibroblasts, and MMP-9 is derived from PMNs and 

macrophages. MMP-9 is produced in PMN precursors, such as MMP-8, 

and is stored in the gelatinase granules of PMN cells and when PMNs are 
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activated, latent MMP-9 is released (X. Wang et al., 2019). However, 

MMP-2 levels are very low in saliva samples and no difference has been 

observed between healthy and diseased individuals whereas MMP-9 

expression can be detected more in oral fluids, but its prevalence is 

difficult to distinguish with the current technology, not allowing a chairside 

test to be developed (Alassiri et al., 2018; Mancini et al., 1999; Sorsa et 

al., 2004; Tervahartiala et al., 2000). 

 

Despite their different sources, the enzyme-substrate characteristics of 

MMP-2 and MMP-9 are similar. Both MMP-2 and MMP-9 cleave elastin, 

mostly type IV collagen, and several other extracellular matrix (ECM) 

molecules (Nagase et al., 2006; Padilla et al., 2020; Romero-Castro et al., 

2020; Sorsa et al., 2011, 2004). 

 

In this thesis, the prevalence of the active and pro/latent forms of MMP-2 

and -9 based on zymography analysis as descripted in Section 4.4.4. 

entitled ‘Gelatin substrate zymography’. 

 

2.2.4 Tissue inhibitors of metalloproteinases (TIMPs) 
 

Tissue inhibitors of metalloproteinases (TIMPs) are derived from different 

cells such as monocytes/macrophages, osteoblasts, fibroblasts, 

keratinocytes, and endothelial cells (Ryan et al., 2000). Four different 

endogenous inhibitors – TIMP-1, TIMP-2, TIMP-3, and TIMP-4 – have 

been found in humans. They have a structural similarity of about 40% but 

differ in their substrate specificity (Fazle et al., 2021). TIMPs are the 

primary endogenous inhibitors of MMPs. By regulating MMP activity, 
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TIMPs indirectly regulate ECM remodelling. When there is an imbalance 

between active MMPs and TIMPs in favour of enhanced MMP function, it 

may lead to inappropriate ECM loss or, conversely, an imbalance in 

favour of TIMPs may reverse MMP activity and lead to excessive ECM 

deposition (Gursoy et al., 2010; Nagase et al., 2006). Homeostasis 

between MMPs and TIMPs is also required to maintain proper growth 

factor signalling. MMPs are known to promote the release of growth 

factors and to affect the activation or degradation of growth factor 

receptors. Maintaining the MMP-TIMP balance is an integral part of the 

normal development and function of connective tissues, and an 

imbalance is associated with an increased risk of disease (Arpino et al., 

2015; Gursoy et al., 2010; Lambert et al., 2004; Moore et al., 2012; 

Nagase et al., 2006). 

 

 

2.2.5 Polymorphonuclear neutrophil elastase (PMN elastase)  
 
Polymorphonuclear neutrophil (PMN) elastase is a serine proteinase 

secreted by neutrophils during inflammation, destroying bacteria and host 

tissues (Papayannopoulos et al., 2010). Neutrophil elastase hydrolyses 

proteins within specialized neutrophil lysosomes and proteins of the ECM 

from activated neutrophils. PMN elastase is able to activate MMP-8 and 

plays a role in degenerative and inflammatory diseases by proteolysis of 

type I collagen and elastin of the ECM (Metzler et al., 2014; Nizam et al., 

2014). 

 

PMN elastase is considered as one of the potential biochemical markers 

of pathological granulocyte stimulation. In the presence of an 
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inflammatory condition, excessive neutrophil activation occurs and 

significant amounts of PMN elastase are released. PMN elastase levels 

serve as an indicator of the severity and prognosis of the disease (Nizam 

et al., 2014). The concentration of PMN elastase is slightly different when 

measured in GCF versus saliva, but its elevated concentration in both 

cases is associated with periodontitis and peri-implantitis (Arias-Bujanda 

et al., 2020; Leppilahti et al., 2014). 

 

 

2.2.6 Myeloperoxidase (MPO) 
 

Myeloperoxidase (MPO) is a peroxidase expressed mainly in neutrophils 

and primary lysosomes of monocytes. In the presence of hydrogen 

peroxide, MPO catalyses the formation of reactive oxygen intermediates, 

significantly promoting the antimicrobial effect of neutrophils (Aratani, 

2018; Kostic et al., 2019). MPO is associated with ongoing inflammation 

but generally has been used as a biomarker of both acute and chronic 

inflammatory conditions. Its main role is to kill bacteria with generated 

hypochlorous acid (Saari et al., 1990; Spallarossa et al., 2008). MPO 

plays an integral role in oxidatively activating pMMP-8/pMMP-9 and 

deactivating TIMP-1, and its elevated amount is associated with 

periodontitis and peri-implantitis and can be determined from oral fluids 

(Marcaccini et al., 2010; Nascimento et al., 2019; Nizam et al., 2014; 

Teles et al., 2009). Moreover, it has been shown that in oral fluids MPO 

levels correlates strongly with MMP-8 (Leppilahti et al., 2014; Rathnayake 

et al., 2015).  
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2.2.7 Interleukin-6 (IL-6) 
 

IL-6 affects infection and inflammation by regulating the host response, 

therefore being a link to molecular mediators of active periodontal 

degeneration and progression of periodontitis (Harmer et al., 2019; Pan 

et al., 2019). IL-6 can induce a series of activation of pro-inflammatory 

and tissue-destroying factors, potentiating the severity of the disease, 

which is also associated with other cytokines. In addition, IL-6 modulates 

bone tissue homeostasis, in turn affecting both bone destruction and 

remodelling (Harmer et al., 2019). 

 

IL-6 is secreted from the site of acute phase inflammation by both immune 

and non-immune cells, for example, by lymphocytes, monocytes, and 

fibroblasts (Scheller et al., 2011). Gingival epithelial cells produce 

cytokines in response to microbes in the mouth (Gabay, 2006). Bacterial 

pathogen-associated molecular patterns engage toll-like receptors to 

regulate IL-6. Signalling pathways increase the epithelial innate 

antimicrobial resistance and response to pathogenic bacteria (Sanz et al., 

2017).  

 

Examination of IL-6 saliva levels in patients diagnosed with 

periodontitis/peri-implantitis compared with healthy controls has been 

shown to increase IL-6 levels relative to the severity of periodontitis. 

Based on this, the potential diagnostic ability of IL-6 in saliva/GCF/PISF 

samples has been proposed (Batool et al., 2018; Kurtiş et al., 1999; 

Syrjäläinen et al., 2019; Yaghobee et al., 2014). Testing IL-6 from oral 
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fluids to predict periodontal diseases may be promising, although an easy 

PoC test has not yet been developed (Gul et al., 2020). 

 

2.2.8 Calprotectin (CALP) 
 
Calprotectin (CALP) is a major cytosol protein of leucocytes and exists in 

plasma and other body fluids of healthy subjects. Polymorphonuclear 

neutrophils are supposed to be the main source of CALP in GCF (Kaner 

et al., 2006, 2011). In the presence of calcium, CALP can sequester the 

transition metals via chelation, and so makes the complex has 

antimicrobial properties. CALP expression and release seem to be of 

particular importance in immune and immunopathological reactions (Stříž 

et al., 2004). 

 

CALP concentration rises markedly in inflammatory diseases and has 

been thought to be a potential biomarker (Nakamura et al., 2000). The 

CALP concentration in GCF from periodontitis has been shown to be 

significantly higher than in healthy subjects, correlating with such clinical 

indicators as bleeding index, probing depth, and clinical attachment loss, 

and thus, it may be a useful biomarker for periodontal inflammation 

(AlRowis et al., 2014; Nakamura et al., 2000; Zheng et al., 2014). 

 

In this thesis, the calprotectin was abbreviated as CALP, not CAL as in 

Study III, to avoid confusing it with a similar abbreviation, which is clinical 

attachment loss (CAL).  
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2.3 Structure of healthy periodontium and peri-implant tissues 
 
Periodontal tissue consists of soft (gingiva and periodontal ligaments) and 

hard tissues (root cementum [in permanent teeth] and alveolar bones) 

(Figure 2). These tissues are associated with calcified tissues and are 

closely connected to biofilm. Together, these tissues form a protective 

organic system (Lim et al., 2014; Tomokiyo et al., 2019; Torabi et al., 

2021). 

 

The American Academy of Periodontology has defined periodontal health 

as `the condition of a patient when there is a function without evidence of 

disease or abnormality´ (AAP 2001). Clinical gingival health of an intact 

periodontium is characterized by the absence of clinically detectable 

inflammation-like patient symptoms, BOP, erythema and oedema, and 

periodontal attachment and bone loss (Chapple et al.,2018; Fine et 

al.,2018).  

 

 

2.3.1 Periodontal ligaments 
 
Periodontal ligaments play an important role in attaching two different 

tissues: the tooth root and alveolar bone. Ligaments form fibrous networks 

between these mineralized surfaces. Periodontal disease impairs the 

ability of periodontal ligaments to act as a shock absorber, a barrier to 

pathogens, and a compression sensor (de Jong et al., 2017) and to 

protect the tooth and alveolar bone from high forces. Periodontal 

ligaments are a heterogeneous tissue with an extensive blood supply, a 

neural network, and a diversity of cell populations (Nanci et al., 2006). 
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The structural strength of the ligaments is provided by collagen fibres that 

are mainly composed of type I collagen, with a minor contribution by type 

III collagen (Beertsen et al., 1997). The periodontal ligament also supplies 

nutrients to the periodontium and is part in the remodelling of tissue, 

cementum, and alveolar bone (Nanci et al., 2006). 

 

Collagens are the most common proteins in the body, especially in the 

periodontium, and there are several types of collagens in humans (Ricard-

Blum, 2011). Collagen fibres are formed by the production of procollagen 

by supporting tissue cells, mainly fibroblasts (Nakamura et al., 2021; 

Ricard-Blum, 2011). They are important components of the extracellular 

material of the cell and are responsible for providing support and strength 

to the tissues. Due to its high tensile strength, collagen gives tissues 

mechanical strength. Quantitatively, type I collagen is the most abundant; 

it is found especially in the alveolar bone but also in tendons, ligaments, 

and soft tissues. However, 28 types of human collagen have been 

identified and described. (Nakamura et al., 2021; Ricard-Blum, 2011). 

aMMP-8 is known to be the major collagenase from host cells that results 

in the destruction of periodontal tissue after breakdown of collagens in the 

gums and periodontal ligaments (Alassiri et al., 2018; Gursoy et al., 2010; 

Kraft-Neumärker et al., 2012; Romanelli et al., 1999; Sorsa et al., 2004, 

2006, 2017). 
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2.3.2 Cementum 
 
Cementum covers cervical root surfaces in both deciduous (Matalová et 

al., 2015). and permanent teeth (Yamamoto et al., 2016). Cementum 

contains collagen fibres and non-collagenous proteins as organic 

matrices and is fully mineralized. All collagen fibres belong to extrinsic 

fibres connected to principal fibres in the periodontal ligament, and 

consequently, the main function of cementum is to provide an attachment 

site for periodontal ligaments (Foster et al., 2007, 2012; Yamamoto et al., 

2016). 

 

 

2.3.3 Alveolar bone tissue 
 

Supporting bone tissue is made up of bone cells comprising mainly 

calcium and phosphate. Bone regeneration occurs as a collaboration of 

osteoblasts building bone and osteoclasts breaking down bone 

(Hajishengallis, 2014a; Lin et al., 2020). Osteoblasts are bone-forming 

cells and produce extracellular proteins, including type I collagen (Kim et 

al., 2020). Osteoclasts are large multinucleated cells involved in 

physiological and pathological bone resorption (Cappariello et al., 2014). 

 

 

2.3.4 The difference of periodontium and peri-implant tissue  
 
Structures surrounding the dental implant consist of a sulcus, junctional 

epithelium, and connective tissue attachment. These soft structures are 

similarity around implants and teeth (Bosshardt et al., 2005; Eggert et al., 
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2018) (Figure 2). The main difference between permanent teeth and 

implants is that there is no periodontal ligament or cementum around the 

dental implants. Alveolar bone comes into direct contact with the surface 

of the implant, whereas permanent teeth have root cementum and are 

connected with ligaments (Dhir et al., 2013; Ivanovski et al., 2018). The 

attachment of the implant to the bone tissue is called osseointegration 

(Parithimarkalaignan et al., 2013) (Figure 2). 

 

Following implant surgery, the epithelial cells at the wound edges to 

proliferate and cover the wound. These cells can adhere to the implant 

surface and produce a basal lamina and hemidesmosomes, creating an 

epithelial seal that resembles the junctional epithelium around teeth (Dhir 

et al., 2013). The innermost cells of the junctional epithelium form the 

epithelial attachment, which ensures a tight seal against the tooth and the 

implant surface. This adhesion means that the junctional epithelium plays 

a critical role in tissue homeostasis and defence against microorganisms 

and their metabolic products  (Bosshardt et al, 2005; Coli et al., 2017; Dhir 

et al., 2013; Eggert et al., 2018; Ivanovski et al., 2018; Salvi et al., 2017). 
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2.4 Disease etiology and progression of the periodontium 
 
 
2.4.1 Bacterial irritation 
 
Saliva contains thousands of free-floating bacteria per millilitre  (Willis et 

al., 2020). The diversity of dental biofilm occurs naturally throughout the 

mouth and develops as functionally and structurally organized 

communities interacting with other microorganisms. The presence of 

microorganisms creates opportunities for species to interact (Marsh et al., 

2017; Sanz et al., 2017). They accumulate and adhere to the surfaces of 

teeth or dental implants, first by physicochemical means and then through 

specific interactions with salivary proteins adsorbed on the surface. In 

periodontitis, dysbiotic microbial communities exhibit interactions for 

protection from host defences, nutrient production, and persistence in an 

inflammatory environment in that they have evolved not only to endure 

inflammation but also to take advantage of it, thus allowing tissue 

destruction to progress (Hajishengallis, 2012, 2014.) 

 

The subgingival biofilm in its healthy state is a symbiotic community 

dominated by Gram-positive bacteria within the host; in a dysbiotic state, 

it is dominated by Gram-negative bacteria. The pathogenic bacteria 

belonging to the “red complex” (Porphyromonas gingivalis, Tannerella 

forsythia, and Treponema denticola) are primary infective organisms 

implicated in periodontitis and peri-implantitis (Petain et al., 2021; 

Sahrmann et al., 2020; Sorsa et al., 1992; Verma et al., 2018; Yakob et 

al., 2013). Treponema denticola has been able to activate MMP-8 in vitro 

(Petain et al., 2021; Yakob et al., 2013). 
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Dental plaque biofilm is considered to be the main risk factor for 

periodontitis, but other factors can also contribute to or accelerate 

pathological and progressive attachment loss (Lim et al., 2020). 

Periodontitis and peri-implantitis involve many different organisms, but 

which of them are the direct causes of the disease and which contribute 

to progression of the disease remain unknown (Willis et al., 2020). 

 

 

2.4.2 Host response 
 
Immune and inflammatory responses are critical to the pathogenesis of 

periodontitis (Chapple et al., 2018; Gasner et al., 2020). Oral biofilm 

causes a local inflammatory reaction that activates the body’s innate 

immune system (Marsh et al., 2017; Sanz et al., 2017). If this inflammatory 

response is not controlled, several different anti-inflammatory agents, 

including IL-6, MMPs, TIMP-1, PMN elastase, and MPO, and other 

mediators can be released, leading to destruction of connective tissue 

and bone resorption (Buduneli 2011,2019). The innate immune response 

constitutes a homeostatic system, which is the first line of defence, 

recognizing invading microorganisms and triggering immune responses 

to eliminate them. In addition to innate immunity, adaptive immunity cells 

and characteristic cytokines have been described as important players in 

the periodontal disease pathogenesis scenario (Silva et al., 2015). 

 

The innate response involves recognition of microbial components by 

host cells, and this event is mediated by toll-like receptors expressed by 
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resident cells and leucocytes. Activation of these cells leads to the release 

of pro-inflammatory cytokines and the recruitment of phagocytes and 

lymphocytes. Activation of T and B cells initiates adaptive immunity with 

host response and antibody production, respectively (di Benedetto et al., 

2013). 

 

One of the main hallmarks of periodontitis is the massive collection of 

neutrophils, which can be found in the gingival connective tissue, the 

junctional epithelium, and the periodontal pocket  (Cortés-Vieyra et al., 

2016; Tervahartiala et al., 2000). Neutrophils are associated with an acute 

host response and are therefore closely related to the pathogenesis of 

chronic disease (Hajishengallis, 2014b). Cytokines, in turn, are involved 

in the chronic inflammatory response, significantly influence the normal 

bone remodelling processes (Algate et al., 2016), and can be found in 

PISF/GCF (Jaedicke et al., 2016; Nascimento et al., 2019; Pan et al., 

2019; Ramadan et al., 2020; Scheller et al., 2011; Syrjäläinen et al., 

2019). 

 

When the response of host immune and inflammatory to microbial 

challenge is massive strong then the effects results are able to reflect in 

the alveolar bone loss (Hienz et al., 2015). As previously mentioned, IL-6 

plays a key role also in alveolar bone loss (Harmer et al. 2019). 

Microorganisms can penetrate periodontal tissue and reach the surface 

of alveolar bone, thus promoting the expression of the pro-

osteoclastogenic cytokine receptor activator of nuclear factor kappa-B 

ligand (RANKL) by osteoblasts. These inflammatory cytokines are directly 

or indirectly involved in osteoclast genesis and are responsible for the 
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alveolar bone loss (Belibasakis et al., 2012; Cortés-Vieyra et al., 2016; 

Theill et al., 2002). RANKL, receptor activator of nuclear factor kappa-B 

(RANK), and osteoprotegerin (OPG) system play important roles in bone 

metabolism (Kim et al., 2020). Osteoblasts secrete RANKL, which binds 

to RANK receptor activator on the surface of osteoclasts, accelerating 

bone destruction. An important factor in the regulation of metabolism is 

OPG (Belibasakis et al., 2012), which is like a false ligand for the RANK 

receptor and, when bound to it, inhibits receptor activation, thus acting as 

an inhibitor of osteoclasts and inhibiting bone resorption (Algate et al., 

2016; Becerra-Ruiz et al., 2021; Belibasakis et al., 2012; de Vries et al., 

2019; di Benedetto et al., 2013; Garlet et al., 2004; Hienz et al., 2015; Li 

et al., 2021; Theill et al., 2002).  

 

 

2.4.3 Progression stages 
 

During progression of gingivitis to periodontitis and peri-implant mucositis 

to peri-implantitis a wide variety of molecular, cellular, and 

immunohistochemical events occur. Histologically, these events have 

four stages (Berglundh et al., 2018; di Benedetto et al., 2013; Tonetti et 

al., 2018). 

 

1. Initial lesion 
No visual signs of inflammation in the connective tissue can be detected, 

except by histological examination. Connecting epithelial cells are 

activated by bacteria and their virulence factors. The metabolic products 

of the bacteria can penetrate the basal cell layers of the epithelium, 
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whereby the nucleus of the cells is activated to produce inflammatory 

cascades (Groeger et al., 2019; Schroeder et al., 1997). Cells produce 

cytokines (IL-1β, IL-6, IL-8) (Batool et al., 2018; Scheller et al., 2011), 

blood vessels dilate, and permeability increases. The number of 

neutrophils increases, and they can more easily leave the dilated blood 

vessels and start moving towards the site of inflammation. Lymphocytes, 

plasma cells, and mast cells associated with host defence begin to 

proliferate at the site of inflammation (Cekici et al., 2014; Cortés-Vieyra et 

al., 2016; Ebersole et al., 2013; Gasner et al, 2020; Huang et al., 2014). 

This represents the onset of acute inflammation, which is the body’s first 

attempt to restrain a microbial attack (Hajishengallis et al., 2011).  

 

If these cells and their defence mechanisms are able to stop the bacterial 

irritation, no visible inflammation will develop, but if this fails, other cells, 

such as lymphocytes, monocytes, and plasma cells, increase. This 

reaction is followed by inflammation (Ramadan et al., 2020). The 

cytokines released include interleukins, tumour necrosis factor alpha 

(TNF-α), and several enzymes such as MMP-8, MMP-9, MPO, TIMP-1, 

and PMN elastase (Leppilahti et al., 2014; Pan et al., 2019; Ramadan et 

al., 2020; Teles et al., 2009). 

 

2. Early lesion 
The GCF flow increases and redness and bleeding in the connective 

tissue begin to appear, which are considered an early visual sign of 

inflammation. Neutrophil counts increase in the inflamed connective 

tissue and other inflammatory cells, including macrophages, 

lymphocytes, and plasma and mast cells, begin to accumulate in the 



 39 

lesion (Buduneli et al., 2011; Carcuac et al., 2014; Thorbert-Mros et al., 

2015). 

 

3. Established lesion 
At this point, blood flow has already increased significantly, and collagen 

breakdown has begun (especially type I collagen). Fibroblast collagen 

production also increases. There are easily detectable changes in the 

colour, contour, and composition of the gingival tissue, and clinically 

moderate or severe gingivitis is diagnosed. This event is considered a 

transition phase from an innate response to an acquired immune 

response, with predominantly plasma cells, lymphocytes, and 

macrophages (Cekici et al., 2014; Ebersole et al., 2013; Gasner et al., 

2020; Papapanou, 2018). 

 

4. Advanced lesion 
When the inflammatory reaction progresses, irreversible tissue 

destruction occurs. It involves the breakdown of connective tissue, loss of 

attachment, and eventually bone resorption. Bone loss is clinically 

noticeable, with significantly deepened gingival pockets and a decrease 

in the attached gingival border. Most of the tissue damage in periodontitis 

is due to host responses to biofilm microorganisms (Buduneli, 2019; 

Gasner et al., 2020). The tooth loss can also be caused by injuries or a 

mechanical stimulus, such as elongation/excessive tooth height, which in 

the long run leads to the destruction of periodontal ligaments and 

promotes detachment (Carcuac et al., 2014; Helal et al., 2019; Hermann 

et al., 2012; Matthews et al., 2001; Thorbert-Mros et al., 2015). 
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2.5 Periodontitis classification scheme 
 

Periodontitis is an inflammatory disease caused mainly by bacterial 

infection characterized by damage of periodontium, especially alveolar 

bone resorption, and eventually tooth loss (Preshaw et al., 2013). 

Periodontitis is considered to be a complex disease that interacts with the 

subgingival microbes, inflammatory responses, and the host immune 

(Hajishengallis, 2014a, 2014b).  

 

A periodontitis classification scheme from the 2017 World Workshop on 

the classification of periodontal diseases has been adopted, with the 

disease previously recognized as “chronic” or “aggressive” now grouped 

under the single category of periodontitis (Chapple et al., 2018; 

Papapanou, 2018). Admittedly, the next feature of periodontitis disease is 

based on a comprehensive staging and grading system (Tonetti et al., 

2018). The staging depends largely on the severity of the periodontal 

disease and the complexity of the treatment. The classification provides 

additional information on the biological features of the disease, including 

the patient’s history of periodontitis progression; assessment of how the 

disease progresses; possible treatment outcome analysis; and risk 

assessment of how the disease or its treatment could negatively affect 

the patient's overall health (Papapanou, 2018). Additionally, smoking 

seems to have effects of periodontal disease severity (Fine et al., 2018). 
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2.6 Peri-implantitis classification scheme 
 
Implant treatment is a good alternative to a lost tooth, but it is not 

harmless; a steady increase in biological complications, such as mucositis 

and peri-implantitis, has been observed in recent years (Weinstein et al., 

2020). Peri-implantitis is caused by a plaque-associated pathological 

condition occurring in tissues around dental implants. Inflammation in the 

peri-implant mucosa is characterized by subsequent progressive loss of 

supporting bone. Peri-implantitis sites show clinical signs of inflammation, 

BOP, suppuration, and increased probing depths. Also, recession of the 

mucosal margin in addition to radiographic bone loss can occur 

(Berglundh et al., 2018). There are no uniform international standards for 

diagnosing and classifying peri-implant mucositis and peri-implantitis 

(Weinstein et al., 2020), although different recommendations and 

classifications exist (Berglundh et al., 2018; Caton et al., 2018; Lindhe et 

al., 2008; Papapanou, 2018; Tonetti et al., 2018).  

 

The 2017 World Workshop on the classification of periodontal and peri-

implant diseases and conditions characterized peri-implant health by the 

absence of swelling, BOP, erythema, and suppuration. It is not always 

possible to determine a healthy measurement depth because of implant 

placement or differences in crown materials. The limitation of probing 

around the implant is related to the objective, as it is primarily used to 

detect the presence of bleeding and/or suppuration (Sahrmann et al., 

2020). There is strong evidence from studies that plaque is the 

aetiological factor for peri-implant mucositis (Ata-Ali et al., 2011; 

Belibasakis et al., 2015; Berglundh et al., 2018; Monje et al., 2019). 
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However, the main clinical characteristic of peri-implant mucositis is BOP. 

Erythema, suppuration, and swelling may also be present. An increase in 

probing depth is often noticed in the presence of peri-implant mucositis 

due to swelling (Berglundh et al., 2018). 

 

 

2.7 Tools for diagnostic of periodontitis and peri-implantitis 
 
 
2.7.1 Clinical observation 
 
Traditional examinations of connective tissues search for signs of 

connective tissue destruction, such as BOP or deepened gingival 

pockets, because the degradation of collagen fibres reflect the onset of 

inflammation (Gerber et al., 2009; Lim et al., 2020; Mombelli et al, 1998; 

Preshaw et al., 2013). Bleeding is observed using probing gently around 

the tooth/implant. When bleeding occurs clinically during measurement, 

the point is marked. Usually, the tooth/implant is measured at six different 

points (Armitage, 2004; Chapple et al., 2018; Li et al., 2020; Newbrun, 

1996). Probing depth of the healthy/diseased gum pocket of a permanent 

tooth is considered to be 4 mm (Armitage, 2004; Newbrun, 1996), while 

the depth of the pocket surrounding the implant can vary from 3-6 mm 

(Belibasakis et al., 2015; Lang et al., 2011; Natto et al., 2019; Smeets et 

al., 2014). Alveoli bone loss is considered a sign of inflammation if it 

exceeds 2 mm of the estimated bone surface. Loss of bone tissue is 

examined on an X-ray (Chapple et al., 2018; di Benedetto et al., 2013; 

Hienz et al., 2015). The visible plaque index (VPI) is used to observe the 

presence of bacterial irritation. It can be observed in many different ways 

and there are many marking methods. In our research, we used score 0-
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3 ranging from scale from VPI (0) = no plaque up to VPI (3) = plaque on 

all tooth surfaces (Ainamo et al., 1975; Marsh et al., 2017). 

 
 
2.7.2 The aMMP-8 PoC/chairside tests in mouth rinse and 
GCF/PISF 
 

To get a real-time result of the current state of the oral connective tissues, 

a test is administered to determine the GCF/PISF based on the aMMP-8. 

The aMMP-8 concentration has previously been shown in numerous 

studies to correlate directly with the intensity of inflammation in the mouth 

rinse of a periodontal patient (PerioSafe®) and the PISF of a peri-

implantitis patient (ImplantSafe®) (Alassiri et al., 2018; Sorsa et al., 2016, 

2020). The PerioSafe® test can also be applied and used outside of 

dental practices. It has been used to monitor head and neck cancer 

patients, to diagnose diabetic patients, and as a tool with other health 

professionals to diagnose onset or ongoing oral diseases (Grigoriadis et 

al., 2019). 

 

PerioSafe® test was used in Studies I, III, and IV, and ImplantSafe® test 

with ORALyzer® readers in Studies I, II, V, and VI. More detailed 

information on both of these MMP-8 tests is available in Sections 4.2.1.1 

and 4.2.1.2. 
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2.7.3 General and oral health questionnaires 
 
The state of general health and oral health can be screening using various 

questionnaires. Epidemiological self-reported questionnaires and 

investigations are one of the most used data collection methods the health 

status of individuals (Blicher et al., 2005; Eke et al., 2009; Genco et al., 

2007; Montero et al., 2020). Based on the surveys, the aim is usually to 

screen those patients who possibly have a poor oral health condition that 

can affect the occurrence of diseases or the balance of treatments 

(Blicher et al., 2005; Eke et al., 2013, 2020; Reiniger et al., 2020). Usually 

age, gender, general diseases, or BMI, is asked as in the anamnesis and 

their scientific further processing can be compared with the result of any 

other method, but there is also so called self-reported oral health 

questionary (SROH) an easy way screening tools for periodontitis, for use 

by medical professionals. Verhulst et al. (2019) presented a form that 

patients can fill out themselves (Verhulst et al., 2019) and the purpose of 

this is to be the basis for a medical examination of the state of health. In 

this way, healthcare professionals are able to monitor patients' oral health 

without a dental setting. Thus, possible periodontitis patients can be sent 

to a dental office for follow-up treatment. It is important in such kinds of 

surveys that the questions are unambiguous; for instance, how often you 

brush your teeth, and whether you use dental floss or mouthwash. In order 

to work on such surveys statistically, the answers must be clear: 

yes/no/don't know, unambiguously interpretable as in SROH (Verhulst et 

al., 2019). 
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2.8 Tools for treatments of periodontitis and peri-implantitis 
 
 
2.8.1 Anti-inflammatory treatments 

The development of periodontitis and peri-implantitis has been associated 

with the existence of plaque (Figuero et al., 2017; Jakubovics et al., 2021; 

Monje et al., 2019). Thus, the primary method for oral health professionals 

to manage the condition or cure the disease is to remove the plaque and 

the tartar as carefully and painlessly as possible. The goal of non-surgical 

periodontal treatment is to achieve signs of periodontal stability that are 

easy to maintain.  

Non-surgical periodontal therapy/scaling and root planning (SRP) by 

mechanical subgingival instrumentation is an efficient means to achieve 

infection control in periodontitis/peri-implantitis patients (Eberhard et al., 

2015; Heitz-Mayfield et al., 2013; 2014; Jepsen et al., 2011; Kormas et 

al., 2020; Lang et al., 2008; Suárez-López et al., 2016). The main goal of 

treatment in patients with periodontitis is adequate infection control by 

reducing the bacterial load (Kormas et al., 2020; Suárez-López et al., 

2016). The peri-implantitis treatment goals are to resolve inflammation 

and prevent further bone loss by decontaminating the implant surface. 

Health behaviour strategies that help patients to achieve high levels of 

motivation to self-manage plaque and make lifestyle changes are key to 

treating infections (Ramseier et al., 2015). 

 

A combination of several instruments is used to achieve anti-infective 

treatment. There is a discussion in the literature as to which instrument is 

the best and most effective for the purpose without causing additional 
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tissue damage (Jepsen et al., 2011; Schmidlin et al., 2001). Anti-infective 

treatments include using various devices. The most common devices 

available are hand instruments, various ultrasonic devices, lasers, and 

powder cleaners, with antimicrobial agents for systemic or local 

antimicrobial treatment (Hallmon et al., 2003; Heitz-Mayfield et al., 2014; 

Lang et al., 2011; Malali et al., 2012; Meulman et al., 2013; Rokaya et al., 

2020; Wennström et al., 2005). In the more severe forms of periodontitis 

and peri-implantitis, anti-infective treatment alone does not produce a 

sufficient treatment result. With adequate patient motivation and home 

care, anti-infective treatment, and topical medication, a good oral tissue 

condition can be achieved. According to previous studies, low-dose 

doxycycline achieves a reduction in tissue destructive collagenolytic - 

aMMP-8 dependent – periodontal/peri-implant tissue destruction by 

inhibiting aMMP-8 and its activation (Emingil et al., 2004, 2019; Golub et 

al., 2008, 2016; Sorsa et al., 2011). 

 

 

2.8.2 Fermented lingonberry juice 
 
Lingonberries can be harvested from the forest and have been used for 

human consumption for centuries. Recently, the effect of lingonberry on 

human health has been scientifically evaluated (Kowalska, 2021; 

Pärnänen et al., 2019). Lingonberries´ phenolic profile is unique, having 

a mean pH value of 2.6 -3.5 (Skrede et al., 2012). Phenolic compounds 

act as antioxidants and help the body reduce various inflammatory 

reactions and strengthen immunity (Kylli et al., 2011; Tsao, 2010), for 

example, whole berry extracts can inhibit influenza A virus replication 

(Nikolaeva-Glomb et al., 2014). Lingonberry polyphenols have also 
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shown anti-inflammatory properties that might be beneficial in alleviating 

inflammatory responses in COVID-19 or SARS (Pärnänen et al., 

2021a,2021b).  Lingonberries serve as an antioxidant shield against the 

effects of oxygen radicals. This radical-induced protein damage is 

mediated by either direct oxidation or activation of proteases by an 

increase in intracellular calcium (Chapple, 1997; Chapple et al., 2007; 

Lobo et al., 2010). 

 

Fermented lingonberry juice (FLJ) used as a mouthwash (Lingora®, 

Vantaa, Finland) has been developed for use in oral home care (see 

Figure 7). Fermentation has traditionally been used as a method of 

preserving food and juices. Fermentation is achieved using either lactic 

acid fermentation or alcohol fermentation. Alcohol fermentation with 

Saccharomyces cerevisiae was used in FLJ because it is an easy and 

safe method. The process was able to safely reduce the sugar content of 

the lingonberries and soften the taste of the juice. This method does not 

markedly diminish useful phenol concentrations. Despite structural 

changes after digestion and fermentation, lingonberry extracts retain their 

biological activity in vitro and are considered health-promoting (Brown et 

al., 2014).  

 

FLJ has been demonstrated to inhibit in vitro Candida glabrata stress and 

energy metabolism-related intracellular protein expressions (Pärnänen et 

al., 2017) and to inhibit in vitro growth of Candidas and 

periodontopathogens such as Porphyromonas gingivalis. Streptococcus 

mutans. Additionally, it has been shown to reduce dental plaque, BOP, 

and aMMP-8 levels in a human study (Pärnänen et al., 2017; Pärnänen 
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et al., 2021a,2021b.). FLJ has also been established to inhibit the 

activation of MMP-8 by Candida glabrata cell wall proteases (Pärnänen 

et al., 2020). These anti-inflammatory effects may reduce excessive 

tissue destruction related to gingivitis, periodontitis, peri-implant 

mucositis, and peri-implantitis (Pärnänen et al., 2021b). FLJ also 

increases salivary flow and buffering capacity and decreases xerostomia 

(Pärnänen et al., 2022). FLJ is a new product in oral care and is currently 

being validated in clinical patient trials. 

 

Chlorhexidine (CHX) is the most widely used mouthwash in the treatment 

of oral infections. However, in light of recent studies, the efficacy of CHX 

has not been enough proven. It also has many harmful effects, while FLJ 

appears to be a healthier option without side effects and can reduce 

bacteria load as well as CHX (James et al., 2017; Liu et al., 2020). 

 
 
 
2.8.3 Dual-light therapy 
 
Removing bacterial and viral load from the infected site is one of the most 

important components of professional treatment. Biofilm can be removed 

with careful anti-infective treatment, but we cannot visually see if 

pathogens remain after treatment. Bacteria that have already penetrated 

the tissue defence will survive, and this has led to further research into 

the possibilities of different light treatments to eliminate pathogens (Meisel 

et al., 2005; Stájer et al., 2020; Warrier et al., 2021). An alternative method 

to treat drug-resistant bacterial infections is needed (Sperandio et al., 

2013).  
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Photodynamic therapy (PDT) is a non-invasive therapy that is based on 

local or systemic application of a photosensitive compound (the 

photosensitizer), which accumulates in pathological tissues. The 

photosensitizer molecules absorb the light of the wavelength, initiating the 

activation processes that lead to the destruction of the cells. The 

photodynamic therapy is well tolerated by patients, and the protocols are 

painless. The fluency of their application allows for home use  (Sperandio 

et al., 2013). 

 

A variety of phototherapy treatments are available as non-surgical 

treatments for peri-implantitis. These treatments have not received strong 

evidence but are nonetheless considered a good adjunct to traditional 

care (Romeo et al., 2016). Several studies have also demonstrated that 

bacteria destruction in peri-implantitis can be achieved without any 

damage to the treated titanium surfaces (Dörtbudak et al., 2001). 

 

Antibacterial photodynamic therapy (aPDT) and antibacterial blue light 

(aBL) are emerging treatment methods auxiliary to mechanical 

debridement for patients with periodontal or peri-implant diseases (Cieplik 

et al., 2018; de Sousa et al., 2015; Konopka et al., 2016; Sculean et al., 

2020; Zhang et al., 2021). The aDPT, a combination of light and externally 

applied light photosensitizer, is used in conjunction with the indocyanine 

green (ICG) mouthwash. ICG is a widely used aPDT photosensitizer in 

dentistry due to water solubility and light absorption at the near-infrared 

wavelengths (40 J/cm2 radiant exposure of combined 810 nm and 405 nm 

light), which have good tissue penetration (Alander et al., 2012; Konopka 

et al., 2016; Sculean et al., 2020; Wang et al., 2017; Zhang et al., 2016). 
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The light energy absorbed by ICG is discharged as either a thermal 

vibration or further moving to the outermost electron ring of a nearby 

oxygen molecule, thus mediating the antibacterial effects (Alander et al., 

2012; Cieplik et al., 2018; Courval et al., 2020; de Sousa et al., 2015; 

Konopka et al., 2016; Nikinmaa et al., 2021, 2020). The method of action 

in the aBL is based on the absorption of light by the bacterial cells 

(Yoshida et al., 2017). The combined use of aBL/aPDT has demonstrated 

antibacterial activity and the ability to provide antibacterial activity on 

bacterial biofilm (Nikinmaa et al., 2021). A combination of these has been 

developed in the Lumoral® device (Koite Health, Espoo, Finland), a 

method for home use (Figure 8). 
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3. The hypotheses and aims of the study 
 

The first hypothesized was that aMMP-8 PoC/chairside (ImplantSafe®/ 

PerioSafe®/ORALyzer®) test technology would be accurate in the 

detection of periodontal and peri-implant diseases. The second 

hypothesized was that the aMMP-8 PoC/chairside test 

(ImplantSafe®/ORALyzer®) would be more accurate in diagnosing peri-

implantitis and healthy implants than BOP or compared with other 

potential biomarkers. The third hypothesized was that the aMMP-8 

ImplantSafe® test would be reliable and efficacious with a quantitively 

method (ORALyzer®) for grading and staging purposes. The fourth 

hypothesized was that using a questionnaire and aMMP-8 PoC/chairside 

test together had potential to use at a low threshold to identify patients at 

risk also beyond dental clinics and to monitor treatment outcomes in 

maintaining oral health.  The fifth hypothesized was that new anti-

inflammatory agent; FLJ and dual-light therapy can reduce BOP, VPI, and 

aMMP-8 levels. 

Specific aims of the study were as follows:  
The first aim here was to investigate presence of specific biomarkers in 

peri-implantitis and periodontitis (I, II, IV). The second aim was to 

investigate the benefit of quantifying these biomarkers in evaluating the 

risk for periodontitis (III). Third aim was to analyse the accuracy/value of 

aMMP-8 PISF/PoC technologies in detecting periodontitis and peri-

implantitis in clinical practice (I and II) additionally the aim was to evaluate 

the outcome of two interventions (FLJ and aPDT) in treating peri-

implantitis patients evaluated by above mentioned technologies (V and 

VI). 
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4. STUDY SUBJECTS, MATERIAL, AND METHODS 
 

4.1 DESIGNS, POPULATIONS, CLINICAL EXAMINATION 
AND MEASUREMENTS, INCLUSION/EXCLUSION 
CRITERIA (STUDIES I-VI) 
 

STUDY I 

This study included 52 dental implant patients. The participants were 

recruited from Danakliniken, Stockholm, Sweden and the Karolinska 

Institutet, Sweden. Altogether 26 patients with peri-implantitis and 26 

random healthy controls were selected. Inclusion criteria were that 

participants be aged over 18 years and have dental implants. Peri-

implantitis was diagnosed and graded according to alveolar bone loss, 

and peri-implant inflammation was assessed as the number of 

pathological pockets (≥ 4 mm) and mucosal inflammation. Control 

patients were selected such that their tissues were free of signs of 

inflammation. At baseline, the controls were investigated similarly to the 

peri-implantitis patients.  

 

Patients with a diagnosis of periodontitis were also included. Participants’ 

(n = 15, aged 34 to 65 years) inclusion criterion was periodontal status 

classified according to clinical measurements such as several 

pathological pockets ≥ 4 mm, gingival inflammation, and radiographic 

criteria to measure alveolar bone loss. A standard WHO probe was used 

to register periodontal status. One of the patients had type II diabetes, 

one had Crohn’s disease and epilepsy, and one had depression. The 

periodontitis individuals were recruited from the capital region and the 

Kirkkonummi Unit for Dental Care, Helsinki, Finland. All participants were 
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asked to respond to a validated questionnaire comprising questions 

related to family history, medication, previous diseases, particularly 

inflammatory disorders and pulmonary diseases, socioeconomic factors, 

diet, smoking, stress, and general oral health status (SROH).  

 

A standardized dental examination, including a periapical radiograph, was 

performed with digital intra-oral and panoramic radiographs at the regular 

check-ups of all participants by the dentist. PISF samples using the 

aMMP-8 PoC/chairside test kit (ImplantSafe®/ORALyzer®) were 

collected. All patients received anti-infective treatment: SRP at baseline 

and at 4 weeks (1st recall visit). The effect of the periodontal treatment 

was monitored using an aMMP-8 PoC/chairside test kit 

(PerioSafe®/ORALyzer®) at baseline, 4 weeks (1st visit), and 8 weeks 

(2nd visit) according to the manufacturer’s instructions. Seven 

periodontitis patients decided to end the periodontal treatment monitoring 

programmed after 4 weeks (1st visit) for unknown reasons. 

 

STUDY II 

This study investigated the applicability of aMMP-8 PoC/chairside test for 

quantitative diagnosis and monitoring of dental implants in health and 

disease. The 68 patients a private clinic in Tampere, Finland, and have 

dental implants were randomly selected for this study. The study was 

performed from July 2019 to January 2020. Patients who were males or 

females, smokers, or non-smokers, at least 45 years of age, and who had 

one or more dental implants were included in this study. A written 

informed consent was provided by all participants. If a patient had more 

than one dental implant, only one implant was randomly chosen and an 
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aMMP-8 PoC test was performed in the buccal sulcus of that implant. 

Patients who had used anti-inflammatory medication and/or antibiotics or 

had received peri-implant treatment within the last 6 months were 

excluded from this study. Dental implants (Nobel Biocare®, Zürich-

Flughafen, Switzerland) had been surgically placed according to routine 

surgical procedures by an experienced dental implant specialist and 

maintenance therapy was advised at a gap of 6 - 12 months following 

implant placement. The types of dental implants placed varied between 

crowns and bridge structures.  

 

After an oral examination including BOP was performed and pocket 

depths at six sites per implant were recorded using a standard millimeter 

probe (Hu-Friedy Manufacturing Co., LLC, Chicago, IL, USA). An X-ray of 

the implant area was also taken to assess alveolar bone destruction. 

Finally, anti-inflammatory maintenance therapy was provided at the end 

of the visit. Clinical measurements were performed by a trained and 

calibrated dental hygienist. 

 

Two groups were recorded: subjects with peri-implantitis (n = 26) and 

healthy subjects (n = 42). Peri-implantitis was defined as having the 

combination of X-ray findings (bone loss > 2 mm), BOP, and PPD of ≥ 3 

mm around the dental implant, while healthy controls were defined as the 

absence of these three clinical measurements and parameters. 
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STUDY III 

This cross-sectional study comprised 150 Greek participants (age range 

25–78 years). The study was conducted at the Department of 

Periodontology, Aristotle University, Greece, and at the General Army 

Hospital, Thessaloniki, Greece. Subjects aged over 18 years who fulfilled 

the criteria of the Centers for Disease Control and Prevention and who 

were at risk for prediabetes were included. Patients with any underlying 

diseases or using antibiotic or anti-inflammatory medications in the 3 

months preceding the examination were excluded.  

 

Oral health status was recorded for all patients by one calibrated 

examiner. Periodontitis was classified by the 2018 classification system 

of periodontal diseases. Patients were dichotomized as Stage II–III 

(moderate-severe) of periodontitis (“yes”) (n = 104) vs. patients with no 

periodontitis or Stage I (initial) periodontitis (“no”) (n = 46). Before the oral 

health examination, an aMMP-8 PoC/chairside lateral-flow immunotest 

(PerioSafe®) combined with the digital reader ORALyzer® was used to 

measure aMMP-8 levels in a mouth rinse. In addition, patient data were 

recorded in terms of risk factors for periodontitis (questionnaire): sex, age, 

education level, smoking, and body mass index (BMI). 

 

STUDY IV 

Ten male and one female head and neck cancer patients (aged 28–74 

years) from the Bakırköy Eğitim Araştırma Hastanesi (BEAH) Hospital, 

Istanbul, Turkey, were included in this cohort study. Tumour types were 

based on routine pathology reports and confirmed by the BEAH 

oncologists. The dose of radiotherapy administered to the patients was 
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planned by experienced radiation oncologists according to the stage of 

the disease and based on National Comprehensive Cancer Network® 

(NCCN®) guidelines. All study participants signed an informed consent.  

 

Inclusion criteria for this study were as follows: patients aged at least 21 

years; histological diagnosis of an oropharyngeal/neck cancer; presence 

of at least ten teeth; and no periodontal treatment during the preceding 

year. Exclusion criteria were as follows: patients who could not receive 

radiotherapy treatment; patients whose radiotherapy treatment was 

interrupted; patients with Eastern Cooperative Oncology Group 

performance 3 and higher; patients with immune-associated disorders 

(i.e. chronic inflammatory diseases such as lupus erythematosus, 

rheumatoid arthritis, multiple sclerosis, Crohn’s disease); and patients 

with human immunodeficiency virus (HIV) positivity.  

 

Complete periodontal and oral examinations were carried out pre-

radiotherapy and at one month after radiotherapy. Mouth rinse samples 

were collected pre-radiotherapy, during radiotherapy, and one month after 

radiotherapy and assayed by aMMP-8 PoC kit (PerioSafe®) with 

ORALyzer® for aMMP-8 and ELISA for IL-6. Current systemic diseases, 

medications, and smoking habits were reported by participants. 

 

STUDY V 

This clinical pilot study comprised 20 participants from a private dental 

clinic in Tampere, Finland (male/female ratio 8/12, mean age 71.7 years). 

A written informed consent was provided by all participants. They were 

divided into two groups to evaluate the effect of fermented lingonberry 
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juice on dental implant attachment tissues by traditional methods BOP 

and VPI and the effect of aMMP-8 level on oral clinical investigations. The 

inclusion criterion was one or more dental implant anterior or posterior 

areas with a screw-retained crown. The implant brand was Nobel 

Biocare®. Patients had undergone maintenance treatment every 6 

months. Exclusion criteria were that patients were not pregnant and had 

not used chlorhexidine mouthwash in the preceding 6 months. 

 

Patients underwent the aMMP-8 PoC/chairside enzyme test 

(ImplantSafe®/ORALyzer®) at the time of the treatment visit. An oral 

clinical investigation was performed at each time point, including visible 

plaque (scale from VPI (0) = no plaque up to VPI (3) by plaque on all tooth 

surfaces) and BOP in dichotomic form (yes/no) around implants. Clinical 

measurements were performed by a trained and calibrated dental 

hygienist. Additionally, smoking habits and existing chronic diseases were 

recorded. Patients’ home care habits were continued as usual by brushing 

their teeth in twice a day and using an interdental cleaner once a day. 

 

STUDY VI 

This experimental pilot study followed an interventional pre-post protocol. 

Inclusion criteria were that the patient came for a maintenance visit at a 

dental clinic (Tampere, Finland) and had a diagnosis of peri-implant 

mucositis or peri-implantitis. A written informed consent was provided by 

all participants. Seven patients (4 men, 3 women) were enrolled. Their 

ages ranged from 65 to 89 years. A single implant in each patient was 

selected for the study; three implants were from the mandibula and four 

from the maxilla. The patients were assigned to carry out an improved 
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oral hygiene protocol by including aPDT in their regular home care for 4 

weeks before the actual mechanical maintenance treatment. 

 

Dental examinations were performed at the beginning of the study (time 

point 1), after 15 days (time point 2), and after 30 days (time point 3). An 

oral clinical investigation at each time point included assessment of VPI 

(scale 0-3 on all tooth surfaces), BOP (yes/no, 1/0), and PPD (mm). 

Clinical measurements were performed by a trained and calibrated dental 

hygienist.A digital intra-oral bitewing radiograph was used for the analysis 

of alveolar bone destruction to define peri-implantitis. Clinical 

photographs were shot at all time points. The ImplantSafe®/ORALyzer® 

was used to quantify aMMP-8 (ng/ml) in PISF.  

 

Antibacterial photodynamic therapy was performed using Lumorinse® 

mouthwash in conjunction with Lumoral® light applicator. The study 

subjects were asked to use the dual-light aPDT method once a day for 

the first 2 weeks until time point 2, after which they used the method twice 

daily until time point 3. The device use was integrated into home oral care 

in such a way that the study patients were asked to brush their teeth as 

usual after each use of the device.   
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4.1.1 Clinical examinations and case definitions for gingivitis and 
periodontitis 
 

The periodontitis diagnosis based on to the 2017 World Workshop on the 

Classification of Periodontal and Peri-Implant Diseases and Conditions 

(Caton et al., 2018; Chapple et al., 2018; Sorsa et al., 2020; Tonetti et al., 

2018). all studies used the same criteria. Periodontal examination was 

performed using a millimetre-grade ball-tip screening probe. The 

periodontal evaluation was based on periodontal scores of BOP (yes/no) 

for six measurement points (Armitage, 2004; Newbrun, 1996), VPI with a 

scale of 0-3 on all tooth surfaces, periodontal probing depth, and 

radiological bone level measurements (Armitage, 2004; Newbrun, 1996).  

Patients were regarded as healthy if periodontal and gingival health was 

defined by the absence of clinically detectable inflammation. Gingivitis 

was defined as redness and swelling of the gums. Deepened gingival 

pockets may have been present but no bone tissue destruction. The 

periodontal status for periodontitis of all participants was classified 

according to clinical and radiographic criteria such as number of pockets, 

probing depth > 4 mm, BOP for at least two sites, and radiologic bone 

level findings when attachment loss ≥ 2 mm. Using these measurements, 

patients were classified as follows: Stage II–III (II moderate periodontitis 

and III severe periodontitis with potential for additional tooth loss) of 

periodontitis and patients with no periodontitis or Stage I (initial) 

periodontitis.  
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4.1.2 Case definitions for peri-implant mucositis and peri-implantitis 
 

The diagnostic definition of peri-implant health/disease was based on the 

criteria published by Berglundh et al. (2018). The studies I, II, IV, V used 

the same criteria. Healthy peri-implant tissue was defined by the absence 

of peri-implant signs of soft tissue inflammation, including redness, 

swelling, and profuse BOP, together with the absence of further additional 

bone loss following initial healing (Berglundh et al., 2018).  

 

The definition for peri-implant mucositis was based on the presence of 

peri-implant signs of inflammation in combination with a lack of additional 

bone loss. Peri-implantitis was defined by the presence of peri-implant 

signs of inflammation with BOP, suppuration, radiographic evidence of 

bone loss > 2 mm, and increased probing depths ≥ 3 mm (Berglundh et 

al., 2018). 

 

Recently, Professor Sorsa´s research group (Sorsa et al., 2020) reported 

the aMMP-8 enzyme as a required biomarker for the newest 

periodontitis/peri-implantitis classification system (Tonetti et al., 2018). 

Oral fluid biomarkers (aMMP-8) are commercially available as 

quantitative PoC/chairside kits for monitoring and screening periodontitis 

and peri-implantitis patients. There are two kinds of tests; PerioSafe® 

lateral-flow PoC/chairside tests are used for initial early detection 

diagnostics to screen and monitor periodontitis patients with mouth rinse, 

whereas ImplantSafe® is an aMMP-8 PoC immunoassay test to screen 

and monitor PISF directly at the inflammation site. The latter test offers 

more precise sampling technology. In addition to being able to read tests 
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visually, it is also possible to read both tests quantitatively with the 

ORALyzer® device. Details on the aMMP-8 PoC immunoassays tests are 

provided in the next section. 

 

 

4.2 Sample collection 
 
The PISF samples was collected during the ImplantSafe® test process, 

which is detailed told in Section 4.2.1.1 (Studies I, II, V, VI). Thus, the 

laboratory analysis is done from the rest PISF solutions, which are 

obtained by performing the ImplantSafe® tests. Correspondingly, 

mouthwash samples have been collected in connection with the 

PerioSafe® lateral-flow PoC/chairside tests for laboratory analyses 

(Studies I, III, IV). In addition, the saliva samples are collected in Study 

III; first, rinse mouth with water and then chewed paraffin. All samples 

were frozen until used for analyses. 

 

4.2.1 aMMP-8 PoC/chairside analyses 
 

4.2.1.1 The aMMP-8 PoC/chairside test kit/ImplantSafe® 
 

The ImplantSafe® kit is an aMMP-8 PoC test based on lateral-flow 

sandwich immunoassay with specific antibodies that can be administered 

in accordance with the manufacturer’s instructions. The ImplantSafe® 

test kit includes a PISF strip, elution buffer, and a dipstick (see Figure 3). 

The sterile PISF dip-strip of the test kit is placed apically into the peri-

implant sulcus for 30 s, after which the strip is transferred to the vial 

containing 0.6 ml of elution buffer fluid for 5 min. The dipstick from the test 
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kit is then dipped into the elution fluid for 15 s and removed. After 5 min, 

the quantitative result can be seen in the result window of the test.  

 

The qualitative result is visible as blue lines on the dipstick; a single blue 

line indicates aMMP-8 < 20 ng/ml (test result negative [-], healthy implant) 

and two blue lines aMMP-8 ≥ 20 ng/ml (test result positive [+], increased 

inflammation reaction, mucositis/peri-implantitis) (see Figure 4).  Both 

ImplantSafe® and PerioSafe® kits have the same cut-off points.  

 

Quantitative analysis of the PerioSafe® and ImplantSafe® tests can done 

with the ORALyzer® reader by following the manufacturer´s instructions. 

After the tests have been performed, the test sticks are placed on the 

platforms designed for them. The compartment is pushed into the 

ORALyzer® and the checkmark is pressed. The levels of aMMP-8 are 

measured automatically by the ORALyzer´s® device window in 5 min. 

When the test sticks can be read visually from the reading window, the 

device also displays the result quantitatively in ng/ml.  
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Figure 3. The ImplantSafe® kit contains a dipstick test, PISF collection 
strip, and elution buffer. The result can be read qualitatively in the reading 
window (after 5 min) or quantitatively by ORALyzer® equipment (after 10 
min). 
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Figure 4. ImplantSafe® reading window. One blue line indicates a 
negative test result (< 20 ng/ml) and two blue lines a positive test result 
(≥ 20 ng/ml). 

 

 
 

 

4.2.1.2 The aMMP-8 PoC/chairside test kit/PerioSafe® 
 

The PerioSafe® test is based on a mouth rinse sample. The testing 

method is very simple and painless for the patient. The PerioSafe® kit is 

an aMMP-8 PoC lateral-flow immunoassay test that can be administered 

by following the manufacturer´s instructions. The patient is informed to 

avoid tooth brushing and eating for 30 min before the clinical visit. In brief, 

the patients rinse their mouth for 30 s with tap water, wait for 30 s, and 

then rinse for 30 s with the aqua purificator test liquid. The next step 

involves pouring the mouth rinse into a small collection beaker included 

in the test kit. A syringe is used to draw about 3 ml of the rinse solution. A 

filter is placed on the syringe, whereupon a maximum of 3 drops are 

Control lineTest line
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placed on the test stick of the lateral-flow immunoassay system (see 

Figure 5).  

 

The result is ready after 5 min. The test stick provides visual results in the 

form of a colour change in the reading window. One blue line indicates a 

result < 20 ng/ml (test result negative [-], healthy tissues), and two blue 

lines a result ≥ 20 ng/ml (test result positive [+], increased inflammation 

reaction, gingivitis/periodontitis). Or the levels of aMMP-8 can be 

measured automatically by the ORALyzer´s® device window in 5 min (see 

Figure 6). 

 

Figure 5. The PerioSafe® kit contains an aMMP-8 immunotest including 
a filtered syringe, lateral-flow immunoassay sticks, test liquid, and mouth 
rinse collection cup. The test result can be read qualitatively via the 
reading window (after 5 min) or quantitatively by ORALyzer® equipment 
(after 5 min). 
 

 
 

 

 

 

PerioSafe® test kit ORALyzer® and lateral-
flow immunoassay sticks
Test negative
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Figure 6. PerioSafe® reading window. One blue line indicates a negative 
test result (< 20 ng/ml) and two blue lines a positive test result (≥ 20 
ng/ml). 
 

 
 

 

 

4.3 Questionary 
 

The self-reported oral health questionary (SROH) was developed in the 

Academic Center of Dentistry Amsterdam (Eke et al., 2009) and has used 

in Study I to the evaluation of the oral health status of individual patients 

of ImplantSafe® test part. The asked questions were: 1. Gum disease, 2. 

Own gum and teeth health, 3. Gum treatment, 4. Loose teeth, 5. Bone 

loss, 6. Tooth appearance, 7. Floss use, 8. Mouthwash use. The survey 

was answered with easy answers; yes/no/I don't know (Verhulst et al., 

Control lineTest line
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2019). In the II, III Studies, in addition to the usual in anamnesis a few 

more detailed questions, including common diseases, smoking or body 

mass index (BMI) were asked. 
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4.4 Laboratory methods 
 
 
Studies I-IV identified potential biomarkers for the early diagnosis of 

periodontitis and peri-implantitis. The identification methods were various 

laboratory methods as well as aMMP-8 PoC tests. (See Table 1). 

 

Table 1. A summary of the methods used in the oral fluid-based studies 
I-VI. 
 
Oral fluid Analysed protein Methods Study 

GCF/ 

PISF/saliva 

aMMP-8 concentration IFMA I 

MMP-8 expression Western 

blotting 

II 

tMMP-8 concentration ELISA II, III 

tMMP-9 concentration ELISA III 

TIMP-1 concentration ELISA I 

PMN elastase conncentration 

 

ELISA I 

MPO concentration ELISA I 

IL-6 concentration ELISA II, IV 

CALP concentration ELISA II, III 

MMP-2 gelatinolytic activation Gelatin-

zymography 

II 

MMP-9 gelatinolytic activation Gelatin-

zymography 

I, II, III 

Mouth rinse aMMP-8 concentration PerioSafe  

ORALyzer 

I, III, IV 

PISF aMMP-8 concentration ImplantSafe 

ORALyzer 

I, II, V, VI  
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4.4.1 Immunofluorometric assay (IFMA), (Study I) 
 
MMP-8 levels were determined by a time-resolved immunofluorescence 

assay. The antibodies 8708 and 8706, which are monoclonal MMP-8-

specific, were used in the analysis as a catching antibody and a tracer 

antibody, respectively. The antibodies 8708 and 8706 were supplied by 

Medix Biochemica Ltd., Espoo, Finland. The tracer antibody was labelled 

using europium chelate. The assay buffer contained 20 mM Tris-HCl, pH 

7.5, 5 mM CaCl2, 0.5 M NaCl, 0.5% bovine serum albumin, 50 μM ZnCl2, 

0.05% sodium azide, and 20 mg/l diethylenetriaminepentaacetic acid.  

 

Samples were diluted in assay buffer, followed by incubation for 1 h and 

then a second incubation, again for 1 h, performance with a tracer 

antibody, labelled with europium. Finally, an enhancement solution was 

added, and the sample was incubated for 5 min before the fluorescence 

was measured using an EnVision 2015 multimode reader (PerkinElmer, 

Turku, Finland). The detection limit for the assay was 0.08 ng/ml (Alassiri 

et al., 2018; Hanemaaijer et al., 1997; Hemmilä et al., 1984; Räisänen, 

Heikkinen, et al., 2019; I. T. Räisänen et al., 2020). 

 

The MMP-8 IFMA was used to distinguish this from the 

PerioSafe®/ImplantSafe® tests, although discussed in a methodological 

meaning. In fact, they are the same; they are all based on the same 

antibodies, anti-8708 and 8706. The IFMA method has been developed 

to be performed under laboratory conditions and, respectively, the tests 

for chairside use. 
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4.4.2 Enzyme-linked immunosorbent assay (ELISA), (Studies I, II, 
III, IV) 
 
Quantification of the chosen protein concentrations, consisting of PMN 

elastase, MPO, TIMP-1 IL-6, tMMP-8, MMP-9 and CALP, was carried out 

using commercially available enzyme-linked immunosorbent (ELISA) kits 

according to the protocols of the manufacturers. (See Table 2). 

 

Table 2. The protocols of the manufacturer’s (studies I-IV). 

 

Protein Manufacture Country Study 

PMN 
elastase 

Bender Med Systems mbH Vienna, Austria I 

MPO Immundiagnostik AG Bensheim, 

Germany 

I 

TIMP-1 Human Biotrak, Healthcare, 

and Amersham 

Buckinghamshir

e, UK 

I 

CALP R&D systems, a bio-techne 

brand 

MN, USA II, III 

IL-6 R&D systems, a bio-techne 

brand 

MN, USA II, IV 

tMMP-8 R&D systems, a bio-techne 

brand 

MN, USA II, III 

tMMP-9 R&D systems, a bio-techne 

brand 

MN, USA III 
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The protocols of the ELISA kits were usually as follows: the levels of 

proteins were measured using pre-coated wells (96-well microplates) by 

adding samples and standards at room temperature depending on each 

protocol of the shaker for an incubation time of 1-2 h. 

 

The unbound proteins, which were not fixed to coated antibody, were 

washed away carefully, usually four times with each kit’s buffer. Then, in 

turn, the conjugated antibody was allowed to bind to the investigated 

proteins during incubation, and at the end of the incubation, the unbound 

antibody solution was washed away. In these ELISA methods, 

tetramethylbenzidine (TMB) was used as the substrate. Depending on the 

instructions of each ELISA kits, the incubation times ranged from 15 to 30 

min, during which the colour of the substrate solution turning blue. When 

the reaction was stopped by adding an acidic stop solution, the colour 

then changes from blue to yellow. 

 

The intensity of yellow reflects the concentration of analysed protein, and 

the results can read by optical density, measured with a Victor X4 

Multilabel Reader (PerkinElmer, Turku, Finland) usually using a 

wavelength of 450 nm. Based on measured standards, the calibration 

curve was drawn and used to calculate the concentration of the measured 

proteins. The detection limits were agreed upon based on each kit used. 

 

4.4.3 Western immunoblotting (WB), (Study II) 
 
We used the ECL Western blotting analysis system (light-emitting non-

radioactive method for immobilized specific antigens; Amersham, 

Buckinghamshire, UK). This method can detect the presence of different 
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molecular weight forms of a protein in a liquid sample utilizing a specific 

antibody to that protein (Study II). The sample was mixed with Laemmli’s 

buffer (0.1 M Tris-phosphate-buffer, pH 6.8, containing 20% glycerol, 6% 

sodium dodecyl sulfate [SDS], 0.04% bromophenol blue) without any 

reagent reduction and boiled for 5 min. Samples and molecular weight 

standards were then pipetted to polyacrylamide gels for electrophoresis 

(SDS-PAGE).  

 

After that, the protein was transferred to a nitrocellulose membrane and 

the non-specific binding site of the membrane was blocked with 5% skim 

milk in Tris-buffered saline 5% Triton X-100 -solution (TBS-T), pH 7.6, for 

1 h. Before the membrane was incubated overnight with primary antibody, 

polyclonal anti-MMP-8, the membrane was washed four times in 15 min 

with TBS-T, and the repeated washing procedure before adding the 

secondary antibody. In this ECL detection method, hydrogen peroxide 

conjugated secondary antibody catalyzed the oxidation of luminol in 

alkaline conditions. Immediately following oxidation, the luminol is in an 

excited state and then decays to ground state via a light-emitting pathway. 

This has the effect of increasing the light output approximately 1000-fold 

and extending the time of light emission on hyper film ECL. Thus, the 

hyper film exhibits a linear response to the light produced from enhanced 

chemiluminescence, and this can be read quantitatively. The amount of 

protein present is indicated by the thickness of the band on the hyper film. 

The quantitative evaluation of the intensity of different MMP-8 molecular 

weight forms was performed by the Model Bio-Rad GS-700 Imaging 

Densitometer (Bio-Rad Laboratories, Hercules, CA, USA). 
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4.4.4 Gelatin substrate zymography, (Studies I, II, III) 
 

In Studies I, II, and III, gelatin-substrate zymography was used with PISF 

samples to analyse gelatinolytic activity, particularly for activation of 

MMP-9 and for activation of MMP-2 at the same time. The technique used 

is based on SDS-PAGE, containing 1 mg/ml fluorescent dye using 2-

methoxy- 2,4-diphenyl-3-(2H) furanone (MDPF, Fluka, Buchs, 

Switzerland) labelled gelatin as substrate. 

 

The samples were mixed with Laemmli’s buffer with a 2 h incubation time 

and without any reagent reduction. During electrophoresis the SDS 

causes the MMPs to denature and become inactive. To renature the 

enzyme, the gels were then washed for 30 min with 50 mM Tris-HCl buffer 

solutions. The solutions had pH 7.5 and contained 2.5% Tween 80 and 

0.02% NaN3. Then, for 30 min the same buffer was supplemented with 0.5 

mM CaCl2 and 1 μM ZnCl2. Finally, the gels were incubated overnight at 

37°C in a 50 mM Tris-HCl buffer with pH 7.5 that contained 0.02% NaN3, 

0.5 mM CaCl2, and 1 μM ZnCl2.  

 

During the incubation the gelatinolytic activation was followed under UV 

light and then the process of activation stopped with 1% Coomassie 

Brilliant Blue R-250 staining solution. It was detected as clear bands in 

the gel, and gelatinolytic activity was quantified using a Bio-Rad Model 

GS-700 imaging densitometer. The activity of aMMP-9 was calculated as 

a percentage from the optical densitometer values of p- and aMMP-9 

forms and pMMP-9, respectively. 
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4.5 Home treatment modalities protocols 
 

4.5.1 Lingora® mouthwash 
 
Lingonberry mouthwash contains Vaccinium Vitis-idaea (Lingora®, 

Vantaa, Finland). The lingonberries are fermented and concentrated and 

contain about 1/10 of the naturally occurring sugars with no additives. 

Fermented lingonberry juice (FLJ) was designed for use as a mouthwash 

(10 ml for 30 s 1-2 times a day) in addition to oral home care to improve 

oral health (See Figure 7). 

 

Figure 7. Fermented lingonberry juice. 
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4.5.2 Lumoral® dual-light therapy 
 

Antibacterial photodynamic therapy can be provided using Lumorinse® 

(Koite Health, Espoo, Finland) mouthwash in conjunction with Lumoral® 

light applicator (see Figure 8). Lumorinse® is a CE-marked effervescent 

tablet that includes 7 mg of indocyanine green (ICG) and is used by 

dissolving in 30 ml of water, producing a mouthwash with an ICG 

concentration of 250 µg/ml. The mouthwash is swished in the mouth for 1 

min, enabling ICG to adhere to dental plaque before the light application. 

Lumoral® is a medical device providing simultaneous 405 nm aBL and 

810 nm near-infrared LED light in a mouthguard form and together with 

Lumorinse® offers simultaneous aBL and aPDT action on dental plaque.  

 

The Lumoral® light applicator is placed in the mouth, and during a 10 min 

use, the device delivers a radiant exposure of 40 J/cm2 light with 

approximately half of the light energy as aBL and half as near-infrared 

light. The device provides light with 48 LEDs, illuminating the whole 

dentition. The average light output of the device to the tooth surface is 50-

100 mW/cm2 depending on the tooth location and its distance from the 

light source. In this case, over a period of 10 min the light dose given was 

30-60 J/cm2 to activate the administered ICG. In addition to the regular 

home care regimen, patients can use the dual-light aPDT method, if 

necessary, once a day or if the need is not acute twice a week to maintain 

good oral health. 
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Figure 8. Lumoral® / Lumorinse® designed to be used alongside regular 
oral home care. 
 

 

 
 

 

 

4.6 Statistical analyses 
 

In Study I, basic characteristics were ascertained for study patients with 

dental peri-implantitis and their healthy controls. Comparisons between 

peri-implantitis and control groups were performed using non-parametric 

Mann–Whitney U test and Fisher’s exact test. Receiver operating 

characteristic (ROC) analysis and the area under the ROC curve (AUC) 

were applied to investigate the diagnostic capacity of the biomarker 

candidates to discriminate peri-implantitis from a healthy implant. The 

Youden index was used to define the best cut-offs from the ROC curves 

ICG mouth wash

mouthpiece
powerbank
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for each biomarker. Diagnostic sensitivity (Se), specificity (Sp), 

proportions of false-negatives (FN) and false-positives (FP), test accuracy 

(Acc), and Matthews correlation coefficient (MCC) were calculated by 

using the best cut-off to assess the quality of classification of healthy and 

diseased dental peri-implant patients. The effect of periodontal treatment 

on the 15 adult patients with periodontitis was compared by Friedman test 

(at three time points) and by Wilcoxon signed-rank test (base level vs. 1st 

visit). A two-tailed p-value < 0.05 was considered statistically significant. 

Statistical analyses were performed using SPSS Statistics, version 25 

(IBM Corp, Armonk, NY, USA).  

 

In Study II, patient characteristics were summarized for study patients 

with dental peri-implantitis and healthy controls. The differences between 

peri-implantitis patients and healthy controls were compared by Fisher’s 

exact test, Mann-Whitney U test, or t-test. Levels of biomarkers (aMMP-

8, tMMP-8, CALP, and IL-6) in peri-implantitis and healthy groups were 

compared with Mann Whitney U test and t-test (unadjusted model) and 

logistic regression (adjusted model: biomarker, sex, age of dental implant, 

and smoking). Based on the test of normality (Shapiro-Wilk), Mann-

Whitney U test (non-normality) or t-test (normality) was used. Diagnostic 

accuracy of the biomarker candidates to discriminate peri-implantitis from 

a healthy implant was examined by ROC analysis and the area under the 

ROC curve (AUC). Investigations were carried out using each biomarker 

and its adjusted logistic regression model (adjusted for sex, age of dental 

implant, and smoking). The Youden index was used to define the optimal 

cut-offs from the ROC curves for each biomarker (unadjusted and 

adjusted models). Diagnostic Se, Sp, proportions of FN and FP, Acc, and 
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MCC were calculated for each biomarker by using the cut-off to assess 

the quality of classification. There were two patients with peri-implantitis 

and four patients with a healthy implant who had a missing value for age 

of the dental implant. Thus, the total sample size for unadjusted 

calculations was 68 and for adjusted calculations 62. All statistical 

calculations were performed, and figures created using SPSS Statistics, 

version 27 (IBM Corp, Armonk, NY, USA) and JMP® Pro, version 15 (SAS 

Institute Inc., Cary, NC, USA). Statistical significance was set at 0.05 (two-

tailed). 

 

Study III evaluated the diagnostic ability of the aMMP-8 PoC test. In 

addition, total MMP-8 and CALP ELISAs for periodontitis adjunct to an 

interview/questionnaire (sex, age, education level, smoking, and BMI) 

were examined and multivariable logistic regression models were 

created. The four models were compared in ROC analysis. To assess the 

quality of classification by each model, optimal cut-offs based on the 

Youden index were defined from the ROC curves and used to calculate 

diagnostic Se, Sp, proportions of FN and FP, Acc, and MCC. There were 

missing values for one patient related to age and BMI, leaving a total 

sample size of 149 patients. Statistical significance was set at p-values 

below 0.05. Statistical analyses were performed using SPSS software, 

version 27 (IBM Corp., Armonk, NY, USA).  

 

In Study IV, the periodontal parameters of furcation involvement, mobility, 

CAL, PPD, BOP, and VP index were examined pre-radiotherapy and 

post-radiotherapy (1 month after radiotherapy). The mean was calculated 

for each periodontal parameter. The significance between these two time 
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points was calculated by the paired t-test for each parameter (for all teeth, 

maxilla, and mandible). Missing values in periodontal parameters were 

caused by extracted teeth and edentulous maxilla and were deleted 

pairwise. In addition, aMMP-8 and IL-6 levels were measured pre-

radiotherapy, after 6 weeks of radiotherapy, and post-radiotherapy (1 

month after radiotherapy). The difference in the mean levels of aMMP-8 

and IL-6 in the patient sample between the three time points was 

assessed by repeated measures ANOVA. Pairwise comparisons from the 

repeated measures ANOVA were adjusted for multiple comparisons by 

the Bonferroni post hoc test. The repeated sampling of participants was 

controlled by calculating the repeated measures correlation (rmcorr) 

between aMMP-8 and IL-6. There were no missing values for aMMP-8 

and IL-6 levels. A two-tailed p-value below 0.05 was considered 

significant. Statistical analyses were conducted using the rmcorr package 

(version 0.4.1) in R statistical software version 3.6.3, and the SPSS 

version 25.0 (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY, 

USA).  

 

In Study V, the sample size was estimated based on a correlation of 0.65 

among repeated measures for the mixed design repeated measures 

ANOVA. It was estimated that a total of 20 patients would be required to 

achieve 80.9% power with medium effect size and significance level set 

at 0.05. General patient characteristics were summarized for study 

patients, and the differences in categorical and continuous variables 

between the FLJ and control groups were analysed by Fisher’s exact test 

and t-test, respectively. Effects of FLJ mouthwash on aMMP-8 levels, VPI, 

and BOP were measured in the FLJ and control groups (baseline, 15 
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days, and 30 days). The differences in the mean levels of aMMP-8, VPI, 

and BOP were analysed by mixed design repeated measures ANOVA. 

Adjustment for multiple comparisons (Bonferroni) was used in pairwise 

comparisons in the repeated measures ANOVA. One patient in the FLJ 

group had an outlier in aMMP-8 (extreme outlier, value above Q3+3*IQR) 

and VPI (outlier, value above Q3+1.5*IQR) measurements at the third 

time point (30 days) that was taken account in the statistical calculations 

(with and without this patient). A two-tailed p-value below 0.05 was 

considered significant. All statistical calculations were performed using 

SPSS Statistics, version 27 (IBM Corp, Armonk, NY, USA) for Macintosh 

and the Rstatic package (version 0.6.0) in R statistical software, version 

3.6.3. 

 

In Study VI, Wilcoxon non-parametric analysis of paired groups was 

performed to compare the difference of continuous variables (aMMP-8, 

VPI, and PPD) and Chi-square contingency analysis for the dichotomous 

variable (BOP) between the pretreatment and final measurements. A p-

value less than 0.05 was considered significant. GraphPad software, 

version 9.1.0 (GraphPad Software, La Jolla, CA, USA) was used to 

analyse the data and create graphs. 
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5. RESULTS 
 

5.1 Potential biomarkers to detect and monitor periodontitis and 
peri-implantitis (I) 
 

Study I, the aMMP-8 PoC test, ELISA, IFMA, and gelatin-zymography 

were used to measure (n=52) dental implant patients’ condition of peri-

implant tissue. The aMMP-8 ImplantSafe -ORALyzer® kit (p=0.001) 

detected peri-implantitis more precisely than aMMP-8 (IFMA) (p=0.001), 

MMP-8 IFMA/TIMP-1 molar ration (p=0.001), TIMP-1 (p=0.249) PMN 

elastase (p=0.001), MPO (p=0.001), or aMMP-9 (gelatin-zymography) 

(p=0.826), proMMP-9 (p=0.227), and BOP (p=0.009).  

 
aMMP-8 PoC test diagnosed peri-implantitis and healthy implants more 

accurately than BOP or the other biomarkers, i.e., PMN elastase, MPO, 

and MMP-9. SROH questionnaires allow screening in similar settings, but 

they lack information (patients are unable to self-assess oral health and 

periodontitis may be asymptomatic) on current disease activity of 

periodontitis and peri-implantitis, which is essential in periodontal 

diagnostics and treatment monitoring. In this study were also monitored 

(n=15) SRP periodontal treatment effects of anti-infective treatment. SRP 

reduced the majority (11/15) of elevated (+) aMMP-8 levels below 20 (-) 

in periodontitis patients. In contrast, 2/15 cases were reduced but 

remained elevated (+) at the first and second follow-up visits in 

periodontal patients. Overall, the effect of periodontal treatment on clinical 

parameters was significantly decreased in most periodontitis patients. 
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5.2 Validation of ImplantSafe®/ORALyzer® for diagnostic tools 
for peri-implantitis (I, II) 
 
Studies, I, and II continued the validation of the 

ImplantSafe®/ORALyzer®/visual as a tool combination for the diagnosis 

of peri-implantitis. Effect of peri-implant treatments on aMMP-8 

PoC/chairside in PISF visual test results (+ and −, n = 6) before and 4–6 

weeks after treatment. The aMMP-8 levels were decreased with anti-

infective treatment. These potential biomarker candidates tMMP-8, 

CALP, IL- 6 by ELISA assays, activities of MMP-2 and -9 by gelatin 

zymography, and the expression of different molecular weight forms of 

MMP-8 in PISF by WB. have not so strong association with peri-implantitis 

as aMMP-8. Based on a careful statistical analysis of the 

ImplantSafe®/with or without ORALyzer® (= visual result), this validation 

was shown the test can be implemented to alert for and detect early and 

advanced stages of peri-implantitis.  

 

 

5.3 Evaluation Implantsafe®/ORALyzer® in grading and 
staging purposes (II)  
 
The aMMP-8 PoC/Chairside quantitatively and qualitative (visual) test 

show in Study II that the highest diagnostic performance for quantitative 

and visual aMMP-8-PoC tests were both in univariable (AUC = 0.833 and 

0.773, respectively) and adjusted models (AUC = 0.880 and 0.883). There 

were the significant positive association between qualitative aMMP-8 

PoC/Chairside test and peri-implantitis (p < 0.001) The largest agreement 

between the quantitative and qualitative aMMP-8-PoC/Chairside tests 
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were obtained by setting two thresholds: aMMP-8 = 20 and 80 ng/ml. That 

settings were used as estimates of cut-offs for peri-implant health and 

peri-implantitis risk: no/low risk (aMMP-8 < 20 ng/ml), elevated risk 

(aMMP-8 ≥ 20 and aMMP-8 < 80 ng/ml), and high risk (aMMP- 8 ≥ 80 

ng/ml). 

 

5.4 Evaluation potential biomarkers and questionnaires (III) 
 
In this cross-sectional study (III), we were looking for an effective strategy 

based on potential biomarkers and an interview covering periodontitis risk 

factors to identify undiagnosed periodontitis, especially by medical 

professionals. Based on ROC analysis: aMMP-8 AUC (95% CI) p= 0.834 

(0.761–0.906), tMMP-8 p = 0.800 (0.722–0.878), aMMP-9 p = 0.787 

(0.704–0.870), tMMP-9 p = 0.767 (0.680–0.855) and CALP p = 0.773 

(0.687–0.858) adjunct with the questionnaire vs. plain questionnaire p = 

0.764 (0.676–0.851). Thus, aMMP-8 levels and periodontal degeneration 

had the best precision when adjunct with the questionnaire compared with 

tMMP-8, aMMP-9, tMMP-9, and CALP, and the plain questionnaire to 

improve the identification of the undiagnosed periodontitis cases that 

need to be referred to a dentist.   
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5.5 aMMP-8 and IL-6 to use monitoring of periodontal health 
during HNC radiotherapy (IV)  
 

The role of aMMP-8 and IL-6 as oral fluid biomarkers for monitoring the 

periodontal degeneration occurring in radiotherapy-treated HNC patients 

was investigated in this pilot study (IV). Complete oral status was 

performed pre-radiotherapy and one month after radiotherapy assayed by 

PerioSafe®/ORALyzer® for aMMP-8 and in laboratory condition ELISA 

for IL-6 levels in mouth rinse. Based on very thorough statistical analyses 

- more details in original article Study IV - there was a moderate to strong 

correlation between the mouth rinse aMMP-8 and IL-6 levels during HNC 

radiotherapy. 

 

 

5.6 The effect of home treatment modalities (V, VI) 
 

5.6.1 The effects of FLJ mouthwash (V) 
 
In Study V, the effects of FLJ as a mouthwash were evaluated on the 

levels of aMMP-8 (ImplantSafe®) both BOP and VPI- indexes. In this pilot 

study, the reductive effects on aMMP-8 level, BOP, and VPI in the FLJ 

mouthwash group were able to observe. However, based on statistical 

comparisons, there was not significantly reduce aMMP-8. The main effect 

for time was significant for VPI (p = 0.002, n = 20; p = 0.003, n = 19), 

showing a significant difference between the first two time points (baseline 

and 15 days; p = 0.007, n = 20 and p = 0.013, n = 19) and the first and last 

time points (baseline and 30 days; p = 0.026, n = 19). At the beginning of 
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the experiment, there were 10 participants, but at the end, only 9 subjects 

belonged to the FLJ group. The effects on the extreme outliers could be 

observed in the aMMP-8 and VPI levels among the final 15 days in the 

FLJ group. 

 

5.6.2 The effects of aPDT (VI) 
 
The effects of this antibacterial photodynamic therapy were evaluated 

with BOP-, VPI-, and PPD-indexes both on the levels of aMMP-8 

(ImplantSafe®). The time points of measurements were performed on day 

0, day 15, and day 30. There was a reduction in aMMP-8 measured from 

PISF between the pretreatment values and those at four weeks of 

treatment. After two weeks of once-a-day use of the dual-light aPDT 

device, a suggestive reduction of VPI was measured. After the 

subsequent twice-a-day use, a significantly lower VPI was noted. BOP 

was positive in all study subjects at the beginning of the study. However, 

it was negative in three patients at four weeks. No adverse events were 

observed. 
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6. Discussion 
 
 
6.1 Quantitative aMMP-8 enzyme test result in detecting 
periodontal and peri-implant diseases 
 
Traditional tools, like dental probes and X-rays, or clinical examination by 

inspection are unable to reliably identify active collagenolysis or the 

pivotal point between health and disease because the onset of 

inflammation is very difficult to visually detect. Periodontal probing is an 

invasive method, while the oral fluid tests are non-invasive. Oral fluid 

testing is thus safe to use and can be applied to identify an initial 

inflammatory condition. The hypothesized were that aMMP-8 

PoC/chairside (ImplantSafe®/PerioSafe®/ORALyzer®) test technology 

would be accurate in the detection and prediction of periodontal and peri-

implant diseases compared with other potential biomarkers. We found a 

significant association between elevated aMMP-8 enzyme levels and 

peri-implantitis incidence. Peri-implant tissue damage involving active 

collagenolysis, indicated by elevated aMMP-8 levels, was significantly 

more common in dental implants that had peri-implantitis than in healthy 

implants (Alassy et al., 2019). This means that the test was able to 

distinguish healthy implant tissue from diseased tissue. 

 

Analysing oral fluids for aMMP-8 levels offers a non-bacteraemic and non-

invasive method to make the invisible process of collagenolysis visible. 

Based on the result of aMMP-8 analysis, it is possible to evaluate the 

current state and disease activity of periodontal/peri-implant tissues, and 

thus, to conveniently assess the risk of both developing and ongoing 

collagen degradation/collagenolysis to predict possible future attachment 
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tissue loss. This was also confirmed with Western immunoblot analysis, 

demonstrating the elevation of activated and fragmented MMP-8 species 

in diseased PISF, but not in healthy PISF, which contained only latent 

MMP-8 molecular weight forms (Al-Majid et al., 2018; Kivelä-Rajamäki et 

al., 2003; Sorsa et al., 2016). Collagenase activity (active MMP-8, not 

latent or total MMP-8) in the progression of attachment loss, but also 

aMMP-8 levels in oral fluids, correlated well with clinical periodontal/peri-

implant parameters in adults, consistent with Gul et al. (2020) and Luchian 

et al. (2022). The test, especially the ImplantSafe® test, is available for 

professional use and it is the only aMMP-8 PoC/chairside test developed 

for clinicians on the market today (Alassiri et al., 2018). 

 

 

6.2 Utilization of potential biomarkers in diagnosis of 
periodontal and peri-implant diseases  
 
Diagnosis of periodontitis and peri-implant diseases is mainly based on 

clinical and radiographic examination. In general, these methods are very 

good and are used worldwide. However, their accuracy in assessing 

disease activity and progression and in monitoring treatment remains 

limited. The main restriction of the conventional diagnostic method is that 

these clinical parameters provide information about the past and show the 

history of inflammation but do not give us information about the future of 

the disease. Also, the sensitivity and specificity of clinical parameters are 

usually low because there is no accurate way to define either risk or the 

presence of current disease activity at a single clinical visit (Buduneli, 

2020). Based on this conclusion, oral fluid biomarkers that reveal ongoing 
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inflammation can be considered a good addition to diagnostics of 

connective tissue health (Alassiri et al., 2018; Sorsa et al., 2016).  

 

In Studies I-IV, we measured different biomarkers with alternative 

laboratory tests like ELISA, IFMA, WB, and gelatin substrate zymography 

and aMMP-8 enzyme levels with PerioSafe® (Studies I, III, IV) and 

ImplantSafe® (Studies I, II, V, VI) tests. The hypotheses were that the 

aMMP-8 PoC/chairside test would be more accurate in diagnosing peri-

implantitis and healthy implants than BOP or compared with other 

potential biomarkers. The conclusions were that the aMMP-8 PISF PoC 

test provided significantly better discrimination of peri-implantitis disease 

than tMMP-9 or other biomarkers. Based on our analysis, the aMMP-8 

levels by IFMA had the second-best classification ability but also aMMP-

8/TIMP-1 molar ratio, PMN elastase, and MPO showed better potential to 

classify peri-implant disease and health than BOP, whereas tMMP-9 and 

TIMP-1 showed lower potential than BOP. Moreover, aMMP-8, MMP-

8/TIMP-1 molar ratio, PMN elastase, and MPO seem to be possible 

alternatives to BOP as more accurate indicators of peri-implant tissue 

destruction and peri-implantitis. These different biomarkers were selected 

for investigation since they are known to be present in inflammatory 

conditions of oral connective tissues, and as such, provide a good and 

relevant baseline. 

 

Microbial burden could act as an up-regulator in the aMMP-8 cascade 

(proteolytic activation of MMP-8 to aMMP-8) (Gürsoy et al., 2018; 

Nieminen et al., 2017). Onset of the disease is hence heralded by the 

elevation of periodontal/peri-implant tissue destruction-associated 
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biomarkers, indicating collagenolysis. Furthermore, aMMP-8 levels 

provided better precision than tMMP-8 levels, while aMMP-9, tMMP-9, 

and CALP showed minimal incremental values as adjuncts to the 

questionnaire. However, other studies with tMMP-8 levels were not in line 

with the current result, suggesting that tMMP-8 levels may not considered 

as accurate and reliable compared to aMMP-8 in periodontal disease 

diagnostics (Romero-Castro et al., 2020; Verhulst et al., 2019). Such 

immunological criteria are crucially influenced by the antibody utilized. 

When measuring tMMP-8 levels, the concentrations of complex, latent, 

active, and fractional molecular forms are measured simultaneously. As 

expected, this measurement method is less accurate in diagnosing a 

clinical condition than a specific concentration of aMMP-8 alone, as used 

in the PerioSafe®/ImplantSafe® tests (Alassiri et al., 2018; Al-Majid et al., 

2018; Räisänen et al., 2019; Sorsa et al., 2020). 

 

In Study II, we extended our analysis to compare the aMMP-8 PoC test 

assay measuring aMMP-8 and its levels with other potential biomarkers 

(tMMP-8, CALP, and IL-6 ELISAs). Although their levels, in addition to 

aMMP-8, were elevated in peri-implantitis compared with healthy 

implants, aMMP-8 PoC test had the best diagnostic accuracy in 

discriminating peri-implant health and disease as judged from ROC 

analysis. In addition, the analysis confirmed that HNC radiotherapy 

impairs the health of the periodontium and impact biomarkers aMMP-8 

and IL-6 in a mouth rinse (Study IV). 
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6.3 aMMP-8 POC/chairside test in grading and staging purposes  
 
The 2017 classification system of periodontitis has the necessary 

framework to incorporate use of biomarkers. Thus, the biomarker aMMP-

8 could be integrated for the assessment of peri-implant status in the 

official classification system of peri-implant diseases (Berglundh et al., 

2018; Sorsa et al., 2020; Tonetti et al., 2018). The hypothesized was that 

the aMMP-8 ImplantSafe® test would be reliable and efficacious with a 

quantitively method (ORALyzer®) for grading and staging purposes. 

Furthermore, low aMMP-8 levels (< 20 ng/ml) in PISF were clearly linked 

to a healthy implant, while moderate aMMP-8 levels (≥ 20 ng/ml) indicated 

an elevated risk of peri-implantitis, and high aMMP-8 levels (≥ 80 ng/ml) 

a high/severe disease and more rapid disease progression. 

 

The cut-off for the ImplantSafe®/PerioSafe® tests used in all of our 

studies is 20 ng/ml for healthy and diseased tissue. The qualitative view 

of the test supports this figure. However, with the ORALyzer® device it is 

possible to read this smaller value quantitatively, but lower values do not 

indicate disease. In Studies I-VI, we use the same cut-off value (negative 

test < 20 ng/ml and positive test ≥ 20 ng/ml) both qualitatively and 

quantitatively.  
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6.4 Implementation of the aMMP-8 PoC/chairside-test in 
healthcare 
 
The results (Study III) show that oral fluid biomarker analysis in addition 

to an interview/questionnaire covers risk factors for periodontitis. The 

hypothesized was that using aMMP-8 PoC/chairside test had potential to 

use at a low threshold to identify patients at risk also beyond dental clinics 

and to monitor treatment outcomes in maintaining oral health. The 

combination of questionnaires and emerging rapid PoC technologies 

could further benefit medical practitioners in the identification of at-risk 

patients. This is especially important to consider in people with systemic 

diseases. The aMMP-8 PoC test is rapid, user-friendly, and does not 

require dental expertise. The aMMP-8 PoC test could be a feasible tool 

for the timely identification of asymptomatic, undiagnosed periodontitis 

patients by medical professionals. This kind of PoC testing requires only 

the collection of a mouth rinse sample. It is a non-invasive and non-

bacteraemic method necessitating no antibiotic prophylaxis and is 

painless. Thus, this diagnostic tool can be used for a wide range of 

patients without compromising their general health. 

 

The findings in Study III suggest that using an interview/questionnaire 

covering risk factors for periodontitis and an aMMP-8 PoC test together 

by medical professionals had the best potential for identifying patients 

with undiagnosed periodontitis. The hypothesized was that using a 

questionnaire and aMMP-8 PoC/chairside test together had potential to 

use. Therefore, this could be practical among patients with diabetes and 

cardiovascular diseases who are at greater risk for complications with 

periodontitis (Grigoriadis et al., 2019). Patients with toothache know how 
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to seek a dentist’s office but may not be able to associate oral problems 

with general health or illness. While a survey may provide professionals 

with information about a patient's oral health, it cannot predict connective 

tissue disease. Particularly aMMP-8 PoC testing adjunct to 

questionnaires (Study III) seems to offer great potential for new 

possibilities for medical professionals. This would strengthen the 

identification of patients at risk for periodontitis and improve the treatment 

of systemic diseases.  

 

The pilot study (IV) extends our knowledge on the periodontal side effects 

of radiotherapy in HNC patients. The results -for the first time- help in 

developing diagnostic and preventive methods for side effects of 

radiotherapy. As a biomarker, aMMP-8 has the potential to influence and 

improve not only the diagnostics of periodontal and peri-implant diseases 

but also the interdisciplinary collaboration between dental and medical 

professionals in their efforts to achieve good oral and general health for 

patients. To our knowledge, the results are the first to present the potential 

usefulness an aMMP-8 PoC/chairside mouth rinse test as an adjunctive 

diagnostic method in HNC radiotherapy patients, as well as the 

association between two periodontitis biomarkers, aMMP-8 and IL-6, in 

oral fluids in vivo.  
 

This study confirms our understanding of the diagnostic use of the aMMP-

8 PoC test in a wide range of different risk diseases. 
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6.5 Home treatments modalities to reduce the inflammatory 
response in peri-implant diseases 
 
In Study V, fermented lingonberry juice was a natural and safe 

supplement for oral and dental implant home care. The hypothesized was 

that this FLJ is an anti-inflammatory agent, and can reduce BOP, VPI, and 

aMMP-8 levels. It was shown to be a promising and safe aid in oral home 

care in reducing VPI, BOP, and inflammation to improve overall oral 

health, considering the relatively short study period. Fifteen days of using 

FLJ mouthwash seemed to have positive, decreasing effects on PISF 

aMMP-8, VPI, and BOP levels around the dental implants. While 

differences in mean aMMP-8, VPI, and BOP levels between the FLJ and 

control groups were just weakly significant, this is the first study to 

examine the effect of FLJ on oral health in implant patients. Natural 

products and especially fermented lingonberry juice can provide an 

alternative treatment to reduce inflammation in the mouth. In addition, it 

is harmless to use comparing for instance CHX-solution. Pärnänen and 

colleagues (2017) developed and patented FLJ to reduce yeast growth in 

the oral cavity. Her latest studies have shown that FLJ reduces and 

inhibits some oral pathogens such as those in Section 2.8.2 (Pärnänen et 

al., 2017, 2019, 2020). The findings of Study V, where BOP and VPI 

decreased, confirm the multifaceted ability of FLJ to maintain overall oral 

health. 

 

Antibacterial photodynamic therapy and antibacterial blue light were 

presented in Study VI as new antibacterial methods. The hypothesized 

was that this new anti-inflammatory therapy can reduce the signs of the 

inflammation in the oral cavity. Both methods provide a significant dose-
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dependent antibacterial action. We observed improved oral hygiene in all 

subjects, measured as a reduction of VPI. The aMMP-8 in PISF levels 

was clearly reduced, being in line with the decrease in inflammation 

measured by BOP. We observed a negative BOP index in three studies 

at four weeks after aPDT use. A 30-60 J/cm2 dose of aPDT is effective in 

inactivating biofilms as well as anaerobic bacteria. We found that a double 

dose increased the efficacy of treatment. However, this is only necessary 

in patients with peri-implantitis or an ongoing disease. The rapid 

development in LED technology has provided an opportunity to attack 

dental plaque with light-based treatment applications. The LED 

technology can transfer the treatment location from clinics to the home. 

To our knowledge, no significant side effects exist for aPDT, which 

subsequently could provide the best alternative to CHX treatment or other 

disinfectant oral care agents (Nikinmaa et al., 2020).  

 

Our studies (V, VI) confirm the benefits of both FLJ and aPDT in 

maintaining and improving oral hygiene alongside traditional mechanical 

cleaning methods. These Finnish products enable good and efficient 

home care for dental implants, increasing the lifespan of implants as the 

risk of inflammation diminishes. Overall, we have shown in this 

dissertation that the benefits in improving oral health for both patients and 

health care professionals are significant with these Finnish innovations 

(PerioSafe®/ImplantSafe®, Lingora®/Lumoral®). Thus, through 

laboratory experiments and studies we have developed products usable 

for the market. We have presented safe and reliable methods to diagnose 

oral health while treating and maintaining oral health with natural 

methods. 
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6.6 Limitations and strengths of the study 
 
Limitations of the present studies were that most had small sample sizes: 

Study I (dental implant patients), n = 52, and (periodontitis patients), n= 

15; Study II, n = 68; Study IV, n = 11; Study V, n = 20; Study VI, n = 7. 

Larger sample sizes would have given more reliable results, but 

conveniently and in a straightforward manner achieved effects size with 

our samples. These were among the first studies to examine the aMMP-

8 test in periodontitis/peri-implantitis and their treatments, and eventually 

was more realistic to address the questions using the small sets first. 

 

Periodontal and peri-implant diseases are complex and multifactional, 

thus, clinical periodontal/peri-implant outcomes are the overall results of 

complex interactions between microbial factors, genetic susceptibility 

factors, systemic diseases, host response, and environmental factors. It 

is not easy to develop a practical test that takes these factors into account 

as fully as possible. To our knowledge, there are no other PoC tests 

available on the market for clinicians and medical professionals. Thus, 

validation reveals its suitability as a diagnostic tool.  

 

A strength of Study III was the reasonably large sample size (n = 149). In 

addition, all studies had been performed by individuals well informed 

about performing tests and detecting clinical signs. The aMMP-8 test was 

invented by Professor Timo Sorsa and the tests have since been 

accepted by the FDA. The latest qualitative and quantitative test 

technologies were in use throughout the studies. Patent holder Timo 

Sorsa has no affiliation with the companies Medix Biochemica or 

Dentognostics GmbH. 
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In Studies I-IV, we compared the aMMP-8 assay with other potential 

biomarkers, thus confirming the reliability and efficacy of these aMMP-8 

tests (PerioSafe®/ImplantSafe®). We demonstrated the performance of 

aMMP-8 biomarker levels as the long-needed and sought-implemented 

biomarker in grading and staging peri-implant diseases according to the 

new periodontal and peri-implant health and disease classification 

system. We introduced and implemented the use of the aMMP-8 test to 

other health care professionals and the ability of the test to survey oral 

health through innovations. 
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7. Conclusions 
 

 

1. The aMMP-8 PoC/chairside test can be used to detect active and 

early collagenolysis in periodontal and peri-implant tissues.   

2. The aMMP-8 PoC/chairside test was far more accurate in 

diagnosing peri-implantitis and healthy implants than BOP or the 

other potential biomarkers, consequently, the aMMP-8 levels 

measured by IFMA had the second-best classification ability, but 

also MMP-8/TIMP-1 molar ratio, and concentration of PMN 

elastase, and MPO showed better potential to classify peri-implant 

disease and health than BOP.  

3. A significant association emerged between the aMMP-8 

PoC/chairside test results and the prevalence of peri-implantitis 

and clinical peri-implant risk factors. Our recommended risk limits 

of low aMMP-8 levels < 20 ng/ml in PISF were clearly linked to 

healthy implants, moderate aMMP-8 levels ≥ 20 ng/ml to elevated 

risk of peri-implantitis, and high aMMP-8 levels ≥ 80 ng/ml to 

enhanced risk and more rapid disease progression. 

4. Using a questionnaire covering risk factors for periodontitis and an 

aMMP-8 PoC/chairside test together had good potential to identify 

patients with undiagnosed periodontitis. The aMMP-8 levels had 

better precision than tMMP-8 levels, while tMMP-9, pMMP-9, 

aMMP-9, and CALP showed minimal incremental values as 

adjuncts to the questionnaire.  
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5. HNC radiotherapy had a significant impact on periodontal 

biomarkers aMMP-8 and IL-6. So, the use of the aMMP-8 

PoC/chairside test can be used to monitor the oral health status. 

The aMMP-8 PoC technologies in medical and dental settings can 

be used for screening and detecting periodontally diseased 

patients and peri-implantitis patients in a non-invasive way. 

6. Fermented lingonberry juice in daily use reduces the amount of 

plaque, aMMP-8, and BOP. The FLJ is natural and safe to use as 

a supplement for oral and dental implant home care. 

7. Dual-light therapy is a new antibacterial method and seems to be 

a promising home care tool to reduce VPI, BOP, and aMMP-8 in 

PISF. It is easy and safe to use without any adverse effects. It 

increases hygiene levels and improves oral health. 

8. It has previously been regarded to be difficult or almost impossible 

to develop from scientific lab findings internationally (EU/FDA 

[USA]) accepted/granted products available for laymen and 

medical/dental professionals in the market. Nonetheless, the 

aMMP-8 PoC/ORALyzer®, Lingora®, and Lumoral® technologies 

are representative examples of patented discoveries developed to 

translational biomedical products available to laymen and 

medical/dental professionals. 
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