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ABSTRACT 

This work describes the development of a novel voltammetric immunosensor for the detection of 
salivary MMP-8 at the point-of-care. The electrochemical platform was based on a graphene (GPH) 
screen-printed electrode (SPE) functionalized by gold-nanospheres (AuNSs) and antibodies against 
MMP-8 protein (anti-MMP-8). The functionalization with anti-MMP-8 was realized by using 11-
mercaptoundecanoic acid (11-MUA), thanks to its ability to give strong sulfur bonds with its -SH 
end, and to cross-link the -NH2 groups of the antibody molecule with the other -COOH end, using 
the traditional EDC-NHS method. The voltammetric sensor showed good performances with a linear 
range of 2.5-300 ng mL-1, a LOD value of 1.0 ± 0.1 ng mL-1 and a sensitivity of 0.05 µA mL cm-2 
ng-1. Moreover, the proposed immunosensor was tested in real saliva samples, showing comparable 
results to those obtained with the conventional ELISA method. The biosensor was single-use and 
cost-effective and required a small quantity of test medium and a short preparation time, representing 
a very attractive biosensor for MMP-8 detection in human saliva. 
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1. Introduction 

Periodontitis is a disease found in the oral cavity which consists of a chronic inflammation of the 
periodontal tissues, due to the accumulation of dental plaque [1,2]. In the United States, periodontal 
disease affects about 40% of adults between the ages of 30–80 and about 8% are severely affected 
[3, 4]. Periodontitis starts as a normal gingivitis and can progress onto a chronic and aggressive 
disease, with destruction of the periodontal tissue leading to tooth mobility and tooth loss [5]. 
The concepts of “staging” and “grading”, extensively developed in the oncology field, have been    
adapted to periodontitis [6].   “Staging” relies on the dimensions of the disease severity and 
complexity of management at presentation, while “grading” refers to the evidence or risk of disease 
progression. Four stages have been identified, stage I (initial), II (moderate), III (severe) and IV 
(advanced periodontitis with extensive tooth loss), which correspond to three grades, from grade A 
(low risk or slow progression) to grade C (high risk or rapid progression) [6]. 
Mild to moderate chronic periodontitis (grades A and B) is manageable with proper mechanical 
biofilm and calculus removal, thorough regular oral hygiene checkups, which prevent disease 
progression. In severe periodontitis (grade C) adequate therapy can no longer prevent tooth loss and 
it is often associated with potential effects on the systemic health of the patient [7]. 
Therefore, it is of extreme importance to diagnose chronic periodontitis in its early stages to prevent 
severe and irreversible tooth damage. As chronic periodontitis is painless during disease progression, 
it’s not common for patients to seek dental treatment in the early stages. Routine diagnostics methods 
include clinical inspections or X-ray based methods, which may provide information only on tissue 
destruction and are not useful for prevention and early diagnosis. In this context, the possibility of a 
non-invasive detection of predictive biomarkers in oral fluids would be a fundamental issue [8]. 
Matrix metalloproteinase-8 (MMP-8), called also neutrophil collagenase or collagenase 2, has been 
found as the major metalloproteinase enzyme involved in periodontal disease [9]. MMP-8 belongs 
to the matrix metalloproteinase family of Zn- and Ca-dependent endo-peptidases, responsible 
for degradation of extracellular matrix [10,11]. Therefore, the analytical detection of MMP-8 
enzyme would enable a reliable quantitative assessment of periodontal “grading”, the disease 
progression key parameter [12]. 
MMP-8 was demonstrated to be the most prevalent MMP in diseased periodontal tissue, oral 
fluid, gingival crevicular fluid (GCF) and saliva, whose concentration correlates with disease 
severity [13]. Various methods have been reported in literature for quantifying MMP-8 in oral 
fluids, such as enzyme-linked immunosorbent assay (ELISA) [14], time-resolved 
immunofluorescence assay (IFMA) [24] and lateral-flow immunoassays [15]. The only POC 
devices for salivary detection of MMP-8 available on the market are PerioSafe ® and Implant 
Safe ® dipstick immunotests, which combine lateral flow technology with ELISA detection,  and 
are able to distinguish between cases of no/very low risk and cases of elevated risk for periodontal 
tissue loss, as demonstrated by the study of Nwhator  et  al., which shows  that  a  lateral-flow  
neutrophil  collagenase- 2  (MMP-  8)  immunoassay  kit  has  high  sensitivity  for  periodontitis 
[16]. 
Voltammetric immunosensors represent interesting alternatives [17], as they are low cost, 
sensitive, rapid and easy to use with possibility of POC analysis. They have been recently 
employed for the detection of 5 out of 23 of the MMPs identified in humans, in particular MMP-
1 [18], MMP-9 [19-21], MMP-2 [22-27], MMP-7 [28-32] and MMP-3 [33]. 
To improve the sensitivity and selectivity of biosensors, nanomaterial-based platforms have been 
used, in particular graphene has attracted particular interest thanks to its unique electronic properties 
[34]. Moreover, combined with metallic nanoparticles, the intrinsic electrocatalytic activity of 
graphene resulted greatly enhanced through nanoparticle electronic structure modification, thus 
providing a better electron transfer pathway [35]. 
In this work, we describe the development of a voltammetric immunosensor for the detection of 
MMP-8 protein in saliva using specific MMP-8 antibodies immobilized on a AuNSs/GPH screen 
printed electrode. The obtained AuNSs/GPH nanocomposite not only increased the surface area to 
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bind larger amounts of antibody, but also promoted efficient electron transfer for improved 
biosensing electrochemical performances. The immunosensor was tested on saliva samples 
showing very good agreement with the results obtained with the standard ELISA assays and a 
significant correlation with the classical clinical parameters of periodontitis allowing to 
distinguish between the different stages of the disease and to evaluate the efficacy of treatment. 
To the best of our knowledge this is the very first time that a voltammetric immunosensor has 
been developed and applied for MMP-8 detection. 

2. Experimental 

2.1. Materials 

MMP-8, MMP-2 and MMP-9 Proteins were purchased from AnaSpec (Fremont, USA) and MMP-8 
antibody (B-1) (anti-MMP-8) from Santa Cruz Biotechology, Inc. 
All chemicals used were analytical grade and used without any further purification: sodium 
monobasic phosphate (Na2HPO4), sodium dibasic phosphate (NaH2PO4), potassium chloride (KCl), 
potassium ferricyanide (III) (K3[Fe(CN)6]), potassium ferrocyanide (II) (K4[Fe(CN)6], (N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, commercial grade (EDC) and N-
hydroxysuccinimide, 98% (NHS), 11-Mercaptoundecanoic acid (11-MUA), ethanol, ≥ 98%, Bovine 
Serum Albumin (BSA), glucose, urea, uric acid, amylase, SP-A and SP-B purchased from Sigma-
Aldrich (Buchs, Switzerland).  
 
All solutions were prepared in phosphate buffer 0.1 M, KCl 0.1 M, pH 7.4 (PBS buffer). A solution 
of 1.1 mM K3[Fe(CN)6 and 0.1 M KCl in water was used in cyclic voltammetric experiments for 
determination of electroactive area (Ae) using the Randles–Ševcik equation. High-purity deionized 
water (resistance: 18.2 MΩ cm at 25 °C; TOC < 10 µg L−1) obtained from Millipore (Molsheim, 
France) was used throughout experiments. 
 

2.2. Apparatus and electrochemical measurement 

The size and shape of AuNSs were examined by transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM) analysis. TEM was performed on a JEOL 1200 EX2 (JEOL 
USA, Massachusetts, USA) operating with an acceleration voltage of 150 kV. The size of the AuNPs 
was determined using ImageJ software25 on at least 10 TEM images. Samples for TEM examination 
were prepared by drop-casting of 10 µL of AuNPs solution onto a Carbon Film on Mesh Copper 
(C200Cu, EMR Resolutions, Sheffield, UK) and left to dry for 24 hours. 
SEM and energy‐dispersive X‐ray spectroscopy analysis (EDX) measurements were performed with 
High‐Resolution Field Emission Scanning Electron Microscopy (HR FESEM, Zeiss Auriga 
Microscopy, Jena, Germany). 
UV-Visible spectra were recorded on a SpectraMax M2e spectrophotometer (Molecular Devices, 
Workingham RG41 5TS, UK) with samples (3 mL of AuNPs solution in water) contained in 
Polystyrene Macro Cuvettes (FisherbrandTM, capacity 4mL), operating at a resolution of 1 nm from 
400 to 700 nm for AuNSs. The blank was carried out in Milli-Q water. The data were successively 
analyzed with the SoftMax Pro software. 
Raman measurements were recorded using iRaman plus, model BWS465-785S (B&WTek) at l=785 
nm, with a probe laser power of 340 mW and using a detector High Quantum Efficiency CCD Array. 
All electrochemical measurements were carried out in a 10 mL thermostated glass cell (model 
6.1415.150, Metrohm, (Herisau, Switzerland) with a conventional three-electrode configuration 
consisting of an Ag/AgCl/KClsat (198 mV vs. NHE), as reference electrode (cat. 6.0726.100, 
Metrohm, Herisau, Switzerland), a glassy carbon rod as counter electrode (cat. 6.1248.040, Metrohm, 
Herisau, Switzerland) and a graphene screen-printed electrode (diameter 3 mm, 110GPH, GPH, 
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Metrohm, Herisau, Switzerland) as a working electrode, respectively. A graphene-gold nanoparticles 
dual screen-printed carbon electrode (diameter 3 mm, C1110GPH-GNP, Metrohm, Herisau, 
Switzerland) was used as comparison. 
All electrochemical measurements were recorded using freshly prepared in 5 mM solution of 
ferrocyanide/ferricyanide [Fe (CN)6]

3−/4−
 1.1 ratio, in PBS pH=7.4 (Zobell’s solution) [36].  

DPV measurements were recorded by scanning from -0.1 to 0.6 V, amplitude 20 mV and step 
potential 5 mV. Base-line corrections were done for all DPV data using the NOVA software.  
EIS experiments were carried out at equilibrium potential called open circuit potential (OCP) without 
bias voltage in the frequency range of 0.1-105 Hz (MWCNTs SPE electrodes), using an ac signal of 
10 mV amplitude at the formal potential of the redox probe (0.2 V vs Ag/AgCl) using Autolab 
Potentiostat/Galvanostat (Eco Chemie, The Netherlands).  
Electrochemical measurements were performed in a glass cell (model 6.1415.150, Metrohm, Herisau, 
Switzerland) with a conventional three-electrode configuration with an Ag/AgCl/KClsat (198 mV vs. 
NHE) as a reference electrode (cat. 6.0726.100, Metrohm, Herisau, Switzerland), a glassy carbon rod 
as a counter electrode (cat. 6.1248.040, Metrohm, Herisau, Switzerland). 
The saliva samples protocol  is as follows: incubation of the sample (10 µL, on the working electrode) 
for 10 min, washing with PBS buffer for about 30 seconds and drop-casting of 40 µL of Zobell’s 
solution on SPE.  
 

2.3. Synthesis of AuNSs 

The gold nanospheres (AuNSs, diameter 18 nm) were synthesized according to a slightly modified 
procedure reported in our previous work [37,38]. In a two necked 250 mL flask with condenser, 125 
mL of a 254 μM HAuCl4 solution were heated at strong reflux under vigorous stirring (oil bath 
temperature 156 °C). When the reflux was stable, 12.5 mL of a 40 mM sodium citrate solution in 
water was added to the reaction flask. After few minutes the solution turned wine red and it was kept 
under stirring for other 10 min. After the synthesis of the AuNPs the solution obtained was 
centrifuged and the AuNSs were resuspended in water and sonicated for 5 minutes. 
 

2.4. Preparation of anti-MMP-8/11-MUA/AuNSs/GPH/SPE immunosensor 

The modified sensors were assembled by the following method: firstly, 10 μL of AuNSs solution 
were drop-casted on the working electrode and let dry at room temperature (RT). Then, the SPE 
was immersed in freshly prepared 5 mM 11-MUA in ethanolic solution overnight. The modified 
electrode was rinsed with ethanol to remove any unbound molecules. 
Successively, the antibody was immobilized onto the surface by EDC/NHS cross-linking chemistry 
by drop-casting a mixture of 3 µL of EDC solution (0.5 mM in PBS 0.1 M, pH 7.2, KCl 0.1 M) and 
3 µL of NHS solution (0.1 mM in PBS 0.1 M, pH 7.2, KCl 0.1 M) for 30 min, according to a 
procedure reported by Gigli et al. [39]. The sensor was then immersed in BSA solution (10 µL, 
0.25% w/v) for 15 min, as blocking agent, to avoid non-specific interactions. The surface electrode 
was washed by buffer solution at the end of each fabrication step and stored at 4 °C before use.   
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Scheme 1. Preparation of modified GPH-SPE by AuNSs deposition, 11-MUA SAM formation, BSA 
surface blocking and antibody coupling by EDC/NHS cross-linking chemistry. 
 

2.5. Collection and preparation of human saliva samples 

Unstimulated saliva samples were collected by direct expectoration of the patients into plastic tubes 
(1 mL), centrifuged for 10 min at 1500 g at 4 °C and then used for measurements.  Samples not 
immediately tested are stored at -80 °C. Volunteers are only asked to drink a glass of water before 
saliva collection, to match the requirement of a POC device. 
 

3. Results and Discussion 

3.1. TEM and SEM characterization 

TEM and SEM measurements were performed in order to characterize shape, dimensions and size 
distributions of AuNSs. Figures 1 A, B, C, D and E show Au nanoparticles with spherical form, 
homogeneous size distribution and crystalline structure without aggregates and clusters. The average 
diameter of the AuNSs resulted to be 18.9 nm. 
EDX experiments (Figures 1 F, G) show the elemental mapping analysis of the AuNSs, confirming 
the presence of the Au atom in the scanned electron micrograph image and therefore the effective 
immobilization of the AuNSs on the electrode surface. 
 

3.2. UV-VIS characterization 

The size of the particles was further confirmed by UV-VIS spectrum that showed a strong absorption 
band at about 520 nm (Fig. 2). This result is in good agreement with l values reported in literature 
for AuNPs with a diameter of about 20 nm [40,41], as it is well-known that the SPR band shows a 
l shift between 515 and 530 nm at increasing AuNPs diameter from 5 to 40 nm.  
 

3.3. Raman characterization 

Raman spectroscopy has been used to investigate the features of the nano-modified graphene, based 
on the change in frequency of photons. Figure 3 shows the Raman spectra of GPH and AuNSs/GPH 
screen-printed electrodes. Both samples showed the characteristic D band at about 1350 cm-1, 
corresponding to defects in graphene surface, and G band at about 1525 cm-1, corresponding to the 
optical mode vibrations of sp2 bonded carbon atoms. An enhancing effect of the Raman signals of 
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graphene can be observed after the modification of the electrode surface with AuNSs and the ID/IG 
ratio decreases substantially (from 0.83 to 0.66), pointing out increased defects in the graphene 
network due to the presence of gold atoms which act as defect sites. 
 

3.4. Electrochemical characterization of MMP-8 immunosensor platform 

Characterization of each modification step of the immunosensor surface was performed using CV, 
DPV and EIS measurements, utilizing a 5 mM of [Fe(CN)6] 3−/4− redox couple solution.  
 

3.4.1. CV and DPV characterization 

Fig. 4A shows the CVs curves after each modification step. Two reversible well-defined redox peaks, 
due to the oxidation/reduction of ferricyanide, are clearly visible on both bare GPH/SPE (black curve) 
and AuNSs/GPH/SPE (red curve) electrode, with a marked increase of the peak currents in the last 
case. This electrochemical behavior is well -known in literature and is due to the increase of the 
electrical conductivity of the electrode surface after AuNSs immobilization, thanks to the increased 
electroactive area and the better electron transfer-promoting features of the gold nanomaterial.  
It is interesting to note that the peak currents obtained with AuNSs are higher than that obtained 
with the commercial GNPs/GPH/SPE (green curve), indicating the superior electrochemical 
performances of the NSs, in terms of better conductivity allowing a faster electron transfer between 
ferricyanide and the electrode surface.  
However, a clear decrease of the redox current is observed after immobilizing 11-MUA SAM (11-
MUA/AuNSs/GPH/SPE, blue curve), and a further decrease after the immobilization of the antibody 
in addition with BSA (anti-MMP-8/BSA/11-MUA/AuNSs/GPH/SPE electrode, pink curve) on the 
electrode surface. Furthermore, a significant decrease of the electrochemical reversibility is 
registered with anodic and cathodic peak potentials shifted to more positive and negative potentials, 
respectively, with corresponding larger ΔEp values. Table 1 shows all electroanalytical parameters 
before and after the modification steps, such as ΔEp, electroactive area (Ae), roughness factor (r) 
and the heterogeneous transfer rate constant (k0). The Ae values have been calculated by using the 
following Randles-Sevcik equation for a reversible process [42]: 
 
Ip = 2.686 × 105 n3/2 Ae D0

1/2 C0 υ
1/2                      (1)  

 

where Ip=the peak current, n=number of electrons (n = 1), Ae=electroactive area (cm2), D0= diffusion 
coefficient (7.6 × 10−6 cm2 s−1 for Fe(CN)6]3−/4−), C0=concentration (mol cm−3), and υ=scan rate 

(Vs−1). The Ae values have been evaluated by using the Ip vs υ1/2 slope for each electrode, k0 values 
by using the merged Klingler-Kochi/Nicholson-Shain method [43,44], and ρ from the Ae/Ag ratio 
for each electrode, where Ag is the geometric area of the electrode. 
The calculated k0 values agree with the ΔEp data pattern. Larger ΔEp correspond to a lower electron 
transfer kinetics of the redox probe (lower k0 values), due to the blocking effect caused by the 
immobilized layers of 11-MUA-SAM, and anti-MMP-8/BSA. In particular, the formation of the 
MMP-8/antibody complex on the electrode surface caused the interface to severely block the 
electrochemistry of [Fe(CN)6]3−/4− with a significant reduction of the electron transfer rate of the 
redox probe from (2.68 ± 0.21) × 10−3 cm s−1 to (1.59 ± 0.19) 10−3 cm s−1.  
These results clearly attest the effective covalent immobilization of both 11-MUA SAM and anti-
MMP-8 antibody. Firstly, a thiol functionalized gold (Au-S bond) between Au atoms of AuNSs and 
the S-atom of the SAM is generated by the 11-MUA molecule. Then, the terminal -COOH of 11-
MUA, activated by the EDC/NHS forming a typical NHS-ester, formed a very strong covalent 
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“amidic” linkage with the amino group of the antibody molecule, thus hampering the electron-
transfer kinetics of [Fe(CN)6]3−/4− at the electrode/electrolyte interface. 
It is interesting to note that the peak current reduction observed for the pink curve in Fig. 5 is partially 
due to the insulating BSA molecule, immobilized together with the antibody as blocking agent of the 
non-binding sites at the biosensor surface. 
The same electrochemical behavior is observed with DPV curves (Fig. 4B), confirming the results 
obtained with CVs experiments. 
 
 

3.4.2. EIS characterization 

To assess the effectiveness of the AuNSs immobilization as well as the antibody binding by SAM 
technique, electrochemical impedance spectroscopy (EIS) experiments were also performed, by 
measuring the impedance difference between bare, AuNSs modified, SAM modified and antibody-
bonded SAM electrode. 
Fig. 5 shows the Nyquist plots of GPH bare, AuNSs-GPH, 11-MUA/AuNSs/GPH and anti-MMP-
8/11-MUA/AuNSs/GPH screen printed electrode. The semicircle diameter of the Nyquist plot 
obtained with AuNSs is smaller than the bare electrode, confirming the excellent conductivity of the 
nanomaterial, which results strongly immobilized onto the electrode surface, resulting in a faster 
electron-transfer kinetics of the redox probe. After the binding of 11-MUA and anti-MMP-8 a 
progressive increase in the semicircle diameter has been observed (blue and pink curves), due to the 
hampering effect of both immobilized molecules on the charge transfer. 
The impedance spectra were fitted by a simple Randles circuit [R(Q[RW])] (Fig. 5, inset) in order to 
obtain the charge transfer resistance (RCT) values, corresponding to the semicircle of the Nyquist plot, 
the constant phase element and the Warburg constant values (Table 2). The RCT values confirmed the 
trend of the Nyquist plot with an initial decrease after electrode modification with AuNSs and a 
successive large increase after 11-MUA and antibody immobilization, responsible for the hindering 
of the electron transfer between the redox probe and the electrode surface. 
The results obtained by EIS characterization perfectly agreed with those obtained with CV and DPV 
reported above. 
In order to demonstrate the efficacy of the antibody binding by SAM technique compared to physical 
adsorption, EIS experiments were conducted also in absence of immobilized 11-MUA SAM after 8 
h of physical immersion in an anti-MMP-8 solution.  The RCT values for physically adsorbed and 
self-assembled monolayer (SAM) of anti-MMP-8 are reported in Figure S1 in absence and in 
presence of MMP-8 molecule. The results demonstrated that a lower RCT values is obtained without 
SAM technique due to the presence of less immobilized molecules of anti-MMP-8 on the electrode 
surface. However, the physically adsorbed anti-MMP-8 was not sufficient to show any variation of 
the RCT signal in presence of MMP-8 molecule. This can be ascribed to the random orientation of the 
antibody adsorbed onto the electrode surface, whereas there is a higher probability that the SAM-
linked antibody is proper-oriented for MMP-8 binding. In this case, the amino groups involved in the 
covalent attachment (amidic bond) may irreversibly fix the MMP-8 antibodies allowing a “Fab 
accessible” orientation for the successive MMP-8 binding. 
 
 

3.5. Optimization studies of MMP-8 immunosensor platform 

Optimization studies were carried out on the concentration of immobilized MMP-8 antibody and its 
binding time on the modified electrode surface by DPV technique. 
The current density reached a minimum value, attesting saturation of the electrode surface, at an 
antibody concentration of 40 µg mL-1 and with a binding time of 20 min (Fig. S2A and B) and 
therefore these values were chosen for further experiments. 



 8 

DPV experiments were also used to investigate the optimum incubation time of MMP-8 for different 
time periods between 1 and 30 minutes. At an incubation time of 10 minutes the current response 
reached a plateau (Fig. S2C), demonstrating the reaching of the electrode surface saturation for the 
optimized antibody concentration. 
 

3.6. Analytical performances of MMP-8 immunosensor 

Under the optimal conditions, DPV technique has been used to construct the calibration plot of the 
MMP-8 immunosensor obtained with MMP-8 concentrations in the range 2.5-500 ng mL-1 in PBS 
pH=7.4 using [Fe(CN)6]3-/4- as redox probe. When MMP-8 is exposed to the anti-MMP-/11-
MUA/AuNSs/GPH/SPE biosensor, a blocking effect is observed by the progressive peak currents 
decrease due to the formation of MMP-8-bound antibodies at the sensing interface, creating a 
substantial barrier to [Fe(CN)6]3−/4− electron transfer kinetics. As shown in Fig. 6, the current density 
resulted linear with MMP-8 concentration in the range 2.5-500 ng mL-1, with a detection limit of 1 
ng/ml, calculated with the formula 3s/S, with s the standard deviation of the intercept and S the 
slope of the calibration plot, and a sensitivity of 0.05 µA mL cm-2 ng-1. The corresponding linear 
regression equation resulted to be y= 0.05x+11.57 with an R2 value of 0.986 (n=3, RSD < 4%). 
The reproducibility of the biosensor was investigated by analyzing DPV response of one MMP-8 
level for ten replicate measurements with the same immunosensor and the repeatability was also 
estimated by measuring one MMP-8 level with ten different immunosensors realized according to 
the same electrode modifying procedure, independently. All biosensors were incubated with 50 ng 
mL−1 MMP-8 in Zobell’s solution. The relative standard deviation (RSD) of the intra- and inter-assay 
resulted to be 7.1% and 6.3%, implying acceptable reproducibility and repeatability of the proposed 
biosensor. 
Furthermore, about 90% of the DPV response of the biosensor to 50 ng mL−1 MMP-8 was maintained 
when the biosensor is kept at 4°C for 2 weeks, indicating a desired storage stability of the proposed 
MMP-8 biosensor. 
Table 3 shows a brief overview of the electrochemical biosensors reported in literature for measuring 
different MMPs [19-33, 45-56].   Our results are consistent with these works but show higher LOD 
values. However, the linear range of our biosensor is within the clinically relevant range of MMP-8 
and therefore it can be a potential useful tool for POC diagnosis of periodontal disease. The only 
biosensor reported in literature for MMP-8 detection is based on piezoelectric surface acoustic wave 
(SAW) technology. The analytical performances are reported in the last row of Table 3. In this case 
the biosensor shows a more extended linear range (up to 1000 ng mL-1) but a higher LOD (62.5 ng 
mL-1) [57]. 
 

3.7. Selectivity studies 

Cross-reactivity studies were performed to evaluate the effects of possible interfering substances in 
real saliva samples and to assess the selectivity of the method. Glucose, urea, uric acid, amylase, SP-
A and SP-B and the two gelatinase enzymes of the MMP family, namely MMP-2 and MMP-9, which 
seem to have a role in chronic periodontitis, have been tested. In healthy people, the concentration of 
glucose in saliva ranges from 5-10 ng mL-1, thus a concentration of 50 ng mL-1, much higher than in 
human body, has been selected, while a concentration of 250 ng mL-1 was selected for all other 
potential interferents, 10-times higher than the concentration of MMP-8 used in the test (25 ng mL-

1). Compared with the target analyte, this method showed almost negligible current signal for the 
other non-target analytes, although the higher concentrations were employed (Fig. 7). These results 
clearly indicate no cross-reactivity event against the MMP-8 protein tested. 
Table S1 shows the alignment sequence between MMP-8, MMP-2 and MMP-9 and a target sequence 
obtained from the manufacture’s technical support, indicating the binding region of MMP-8 to the 
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antibody. The sequence identity for MMP-2 and MMP-9 is less than 50%, with a positivity index for 
MMP-2 slightly higher than for MMP-9, resulting 60% and 58%, respectively.  
Structural overlap analysis showed that both MMP-2 and MMP-9 present a similar secondary 
structure of the target compared to MMP-8, although the different amino acid composition of the 
target region (Fig. 8). The target (red color) is localized in the same portion for MMP-8 (green) and 
MMP-2 (cyano), whereas for MMP-9 (magenta) is in a different portion. These results may explain 
the low selectivity of the antibody towards MMP-2 and especially MMP-9, as reported above. 
 

3.8. Application in real saliva samples  

The efficiency of the proposed immunosensor was assessed using saliva samples of 10 volunteers, in 
particular: 5 healthy individuals, 3 affected by gingivitis and 2 by chronic periodontitis. 
The human saliva samples were used directly after collection by simple drop-casting onto the 
electrode surface (10 µL) after 1:2 dilution in water. The results obtained with the biosensor were 
compared to the conventional ELISA method and are shown in Table 4. A good agreement between 
the two methods (RSD% values between 4.7 and 12.4) is observed, indicating a satisfactory accuracy, 
suggesting the possible use of the proposed immunosensor in the assay of MMP-8 in human saliva 
samples. It is interesting to note that higher salivary MMP-8 levels are detected in individuals affected 
by gingivitis and periodontitis compared to healthy participants, although cut-off values have not 
been reported in literature [14].  The results were also compared with Periosafe ® kit (Dentognostics 
GmbH, Jena, Germany), the commercially available active MMP-8 lateral-flow POC immunotest, 
which combines lateral flow technology with ELISA detection [8,57].  The cut off value of Periosafe 
test is 25 ng mL-1 in 5 mL mouth rinse samples (3-4 drops of oral rinse), which corresponds to the 
presence of a light line on the test stick (positive test). Moreover, the color intensity of the line 
indicates the level of risk: a light line corresponds to low risk, a dark line to high risk.  
 

4. Conclusions 

By immobilizing AuNSs onto a graphene SPE and after its proper functionalization with SAM 
technique, we developed a promising immunosensor for fast and sensitive detection of MMP-8 in 
human saliva. The decrease in the voltammetric current and the increase in the RCT values 
demonstrated that functionalization was successful. The new AuNSs based immunosensor is 
sensitive to concentrations of MMP-8 as low as 1 ng mL-1, with a linear range between 2.5 and 500 
ng/mL and a sensitivity of 0.05 µA mL cm-2 ng-1, comparable to ELISA assay.  However, the new 
device is much simpler to perform, faster and cheaper. Although gold is quite expensive, the total 
cost of the biosensor is low (around $5/sensor), as small amounts of AuNSs are employed. The 
biosensor showed also good selectivity, reproducibility and stability. 
Furthermore, regarding potential clinical relevance and practical advantages, the proposed biosensor 
represents a promising tool for non-invasive screening of periodontitis at the POC/chairside.  The 
biosensor may be useful for prediction of risk of periodontal disease or periodontal disease 
progression and reflects also the therapeutic response. Thanks to its high sensitivity and selectivity, 
it is able to differentiate between periodontal health, gingivitis and the different stages of 
periodontitis. Of course, there is a wide inter-subject variability in the MMP-8 salivary concentrations 
[58], which still makes correlations difficult and may affect the diagnosis. Therefore, more studies 
and randomized designs with larger number of samples are still needed in order to develop affordable 
criteria and “cut-off” value for clinical association of measured MMP-8 levels with periodontal health 
status as well as with other chronic conditions, such as diabetes and cardiovascular diseases, which 
recent studies [3] demonstrated to be correlated to high MMP-8 levels. The knowledge of the 
relationship between salivary MMP-8 biomarker and oral- and systemic diseases is still in its infancy 
and additional work is still required for an accurate use of MMP-8 levels as prognostic value. 
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Table 1. Comparison of electrochemical parameters before and after the modification of GPH-SPE: 
electroactive area (Ae, mm2), roughness factor (ρ) and electron transfer rate constant (k0, cm s−1). 
Geometric area (Ag) = 11 mm2. 
 
GPH/SPE DE/mV Ae/mm2 r k0/10-3 cm s-1 
 
bare 
GNPs 

 
93 
92 

 
13 
18 

 
1.5 
1.64 

 
2.05 ± 0.13 
2.18 ± 0.19 

AuNSs 90 23 2.09 2.68 ± 0.21 
11-MUA/AuNSs 254 10 0.91 1.93 ± 0.15 
anti-MMP-8/BSA/11-MUA/AuNSs 253 8 0.73 1.59 ± 0.19 
     

 

 
 
 
Table 2. Parameters for Randles model on bare and modified GPH-SPE. 
 

SPE RCT ( W) CPE (µMho*sN) N W (mMho s1/2) 

bare 360 63.2 0.667 0.77 
GNP 349 30.1 0.740 1.16 
AuNSs 164 3.81 0.696 1.72 
11-MUA/AuNSs 546 1.83 0.655 1.11 
anti-MMP-8/BSA/11-MUA/AuNSs 717 1.49 0.645 1.03 
MMP-8/anti-MMP-8/BSA/11-MUA/AuNSs 1560 2.73 0.918 1.77 
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Table 3. Comparison with other electrochemical and piezoelectric biosensors for MMPs reported in literature. 
List of abbreviations: NG: Nitrogen-doped graphene sheet; PDA: polydopamine; GO: graphene oxide; HRP: horseradish peroxidase; depAu: electrodeposition of gold nanoparticles; 
GCE: glassy carbon electrode; NPs: nanoparticles; pPtNPs: porous platinum nanoparticles; P1: peptide; Pep: peptide; Fc: ferrocenylacetic acid; PSC: polystyrene microsphere;  SA: 
streptavidin; Thi: thionine; mhCeO2NS: mesoporous-hollow ceria nanospheres; GS graphene sheets; PSt: Polystyrene spheres;  NTs: nanotubes; CB[7]:cucurbit[7]uril;  Fc-HRP/Fc-
GOx: ferrocene-labeled HRP and  ferrocene-labeled glucose oxidase (GOx); QDs: quantum dot; SiNW: Silicium nanowires; rGO: reduced graphene oxide; MB: methylene blue; 
SAH: sodium alginate hydrogel; SAM: self-assembled monolayer  of HS(CH2)11COOH; GNR: graphene nanoribbon; HSPCE: heated screen-printed carbon electrode; :IDAMs: 
interdigitated array microelectrodes; PS: polyethylene sphere; CA: cysteamine  hydrochloride; Abs: antibodies; DPV: differential potential voltammetry; ChA: 
Chronoamperometry; SWV: square wave voltammetry; PEC: photoelectrochemical immunoassay; ASV: anodic stripping voltammetry; ECL: electrochemiluminescence;  FET: 
Field-Effect Transistor; EIS: electrochemical impedance spectroscopy; SAW: Surface Acoustic wave. 
 
 

MMP Sensing Platform Signal 

Transductor 

Linear Range/ng mL-1 LOD/ng mL-1 Sample Ref. 

MMP-2 Au-NG/PDA-GO-HRP  DPV 0.5 10-3 ÷ 50  0.11 10-3 PBS [45] 

 depAu/GCE-S-pPtNPs-P1  DPV 1 10-3 ÷ 10  0.32 10-3 PBS [22] 

 Au electrode-Pep-Fc  DPV 100 10-3 ÷ 200  0.3  human serum [46] 

 PSC-Pep-AuNPs-DNA 1  DPV 0.5 10-3 ÷ 50  0.15 10-3  human serum [23] 

 SA/Thi/Pt/Pd/mhCeO2NS  DPV 0.1 10-3 ÷ 10  0.08 10-3 human serum [24] 

 K-GS/aptamer ChA 10-4 ÷ 10 35 10-6 human serum [47] 

 PSt@PDA-AgNPs SWV 10-5 ÷ 1000  5 10-6 human serum [48] 

 TiO2-NTs/CdS:Mn/CdTe PEC 10 10-6 ÷ 500 10-3 3.6 10-6 - [49] 

 PtNPs@CB[7]/Fc-HRP/Fc-GOx DPV 0.1 10-3 ÷ 20  0.03 10-3 human serum [25] 

 Au-QDs core-satellite nanoprobes ASV 1 10-3 ÷ 500 10-3 0.03 10-6  human serum [26] 

 Au electrode-Pep-Ru1 ECL  10-÷ 300  5  living cells [50] 

 SiNW-peptide FET 1.4 10-5 ÷ 1.4 10-3 1.4 10-5 - [27] 

 SiNW-peptide-DNA-AuNPs FET 1.4 10-9 ÷ 0.14 10-3 1.4 10-9 PBS, human plasma [32] 

MMP-3 SWCNT/polybeads ChA 4 10-3 ÷ 300 10-3 4 10-3 calf serum [33] 

MMP-7 Fc-peptide-Au electrode SWV 0.1 ÷ 10  0.07  Tricine buffer [28] 

 Au electrode-Pep-Fc SWV -  cells [19] 

 Au-rGO/MB-SAH-Pd-SAM-PDA SWV 10 10-6 ÷10 3.1 10-6 healthy human serum [29] 
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 depAu/GCE SWV 0.1 10-3 ÷ 50  0.02 10-3 - [30] 

 depAu/GCE-S-pPtNP-P1 DPV 0.2 10-3 ÷ 20  0.05 10-3 - [31] 

 Au electrode-Pep-Ir1 ECL 0.05 ÷ 1  10 10-3 living cells [50] 

 rGO-peptide FET 10 ÷ 1 103 10  - [32] 

MMP-9 SAM-Au macrodisc electrode EIS - 100  mock wound fluid [51] 

 Au electrode-Pep-MB SWV 5.58 ÷ 4650 5.58  PBS [19] 

 GNR/HSPCE SWV 10 10-6 ÷ 1 103 5 10-6 PBS [48] 

 IDAMs  Capacitive 0.93 ÷ 930  0.93  MCF-7 cells in PBS [52] 

 MB/poly-HRP ChA 30 10-3 ÷ 1000 10-3 18-28 10-3 human plasma / uterine 

aspirates 

[53] 

 MB/poly-HRP ChA 0.03 ÷ 2  13 10-3  human plasma [54] 

 PS@PDA/CdTe-QDs DPV 0.3 10-3 ÷ 10 0.033 10-3 human serum [55] 

 Au electrode-Pep-MB CV 0.093 ÷ 93  0.65 PBS [56] 

 Au/Pep-hydrogel/dextran/CA EIS 50 ÷ 400  15  Tris buffer [20] 

 MoS2-Aβ1-42 FET 0.093 ÷ 930 0.093 MCF-7 cells  [21] 

MMP-8 anti-MMP-8/BSA/11-MUA/AuNSs/GPH/SPE DPV 2.5-300 1 PBS, saliva  this work 

 Specific-Abs biochip SAW 0÷ 1000 62.5 saliva [57] 
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Table 4. MMP-8 determination in human saliva samples using the proposed immunosensor and a 
conventional ELISA assay. 
 

Saliva 
Sample 

Oral health status MMP-8 
immunosensor 

(ng mL-1) 

MMP-8 
ELISA assay 

(ng mL-1) 

RSD% Periosafe ® 
Test 

patient 1 health 52.6 48.1 8.6 - 
patient 2 health 26.1 28.0 6.8 - 
patient 3 health 74.8 80.3 6.9 - 
patient 4 health 95.1 107.7 11.7 - 
patient 5 health 66.7 73.6 9.4 - 
patient 6 gingivitis 229.2 201.2 12.3 + 
patient 7 gingivitis 348.1 365.0 4.7 + 
patient 8 gingivitis 129.7 141.2 8.2 + 
patient 9 periodontitis 672.0 589.3 12.4 + 
patient 10 periodontitis 888.5 956.2 7.1 + 
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A                                                                                     B 
 

          
 
 
C 

 
Fig. 1. TEM images of AuNSs at the following magnification: 10.000X (A) and 30.000X (B) and (C) 
histogram analysis of particle size distribution.  
Count: 200; mean 18.908; SD: 1.581; bins: 10; min: 15.500; max: 24.772; mode: 18.282 (48); bin 
width: 0.927. 
 
 
 
 
 
 
 
 
 

15.500 24.772



 20 

 
Fig. 2. UV-Vis spectra of a colloidal solution of AuNSs in water. 
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Fig.3. Raman spectra of GPH-SPE (black) and modified AuNSs-GPH-SPE. 
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Fig. 4. ( A )  CVs at 25 mV s-1 ( A )  a n d  D P V s  ( B )  of bare (black), GNPs (green), AuNSs 

(red), 11-MUA/AuNSs (blue) and anti-MMP-8/BSA/EDC-NHS/11-MUA/AuNSs (pink) GPH/SPE 

in Zobell’s solution. 
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Fig.5. Nyquist plot of bare (black), GNPs (green), AuNSs (red), 11-MUA/AuNSs (blue) and anti-
MMP-8/BSA/EDC-NHS/11-MUA/AuNSs (pink) GPH/SPE in Zobell’s solution. Frequency 
measured from 10−1 Hz to 105 Hz, with amplitude of 10 mV, potential applied at + 0.167 V. 
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                       B 

 
Fig. 6. (A) Typical DPV of immunosensor at increasing MMP-8 (2.5, 50, 100, 200, 300, 500 ng mL-

1 in Zobell’s solution, black curves; the pink curve is relative to the anti-MMP-8 without MMP-8 
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antigen; (B) Calibration curve of the MMP-8 immunosensor at increasing MMP-8 concentrations 
(2.5, 50, 100, 200, 300, 500 ng mL-1 in Zobell’s solution). R2=0.986. 
 
 
 
 

 
 
 
Fig. 7. Histograms of selectivity assay for MMP-8 vs. different interferent proteins in Zobell’s 
solution. 
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Fig. 8. Superposition in carton ribbons of the MMP-8 (green), MMP-2 (cyano) and MMP-9 (magenta) 
structures (using AlfaFold coordinates). The target regions are colored in red. 
 
 
 
 
 


