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Plasmon resonance biosensor for interleukin-1b
point-of-care determination: A tool for early
periodontitis diagnosis

Nunzio Cennamo,1,4 Debora Bencivenga,2,4 Marco Annunziata,3 Francesco Arcadio,1 Emanuela Stampone,2

Angelantonio Piccirillo,3 Fulvio Della Ragione,2 Luigi Zeni,1,* Luigi Guida,3,* and Adriana Borriello2,5,*

SUMMARY

Among pro-inflammatory cytokines, Interleukin-1b is crucially involved in several inflammatory-based dis-
eases and even cancer. Increased Interleukin-1b levels in oral fluids have been proposed as an earlymarker
of periodontitis, a broadly diffused chronic inflammatory condition of periodontal-supporting tissues,
leading eventually to tooth loss. We describe the development of a portable surface-plasmon-reso-
nance-based optical fiber probe suitably coated with an anti-Interleukin-1b antibody monolayer. A pico-
nanomolar linear range of determination was obtained in both buffer solution and saliva with a rapid
(3 min) incubation and high selectivity in presence of interferents. Higher Interleukin-1b concentration
in the saliva of a periodontitis patient compared to a healthy control was determined. These measure-
ments were validated by an automated ELISA system. Our results sustain the potential applicability of
the proposed SPR-POF as diagnostic point-of-care device for real-time monitoring of salivary Inter-
leukin-1b, that can support early detection of oral inflammatory-based pathologies and rapid and timely
therapeutic decisions.

INTRODUCTION

Cytokines are important protein mediators that supervise and regulate immune response and inflammation and act as biomarkers for many

local and systemic disorders. Consequently, their quantitation has important repercussions in clinical medicine and biology, giving knowl-

edge about both physiological and pathological processes and helping to improve diagnosis and therapeutic approaches.

Among cytokines, the Interleukin-1 (IL-1) family is a group of 11 soluble proteins, including 7 proinflammatory or pyrogenic cytokines (IL-1a

and -1b,�18,�33,�36a,�36b and 36g) and four antagonists or putative antagonists (IL-1Ra, IL-36Ra, IL-37, and IL-38).1 Prevalently, they play

essential roles in triggering and maintaining the host inflammatory response to infection and injury, and act as a bridge between innate and

adaptive immune responses.2 Mechanistically, IL-1 cytokines bind their receptors activating host defense mechanisms such as phagocytosis

and degranulation. In addition, they stimulate T and B lymphocyte functions implicated in adaptive immunity. Some IL-1 cytokines, like IL-1a

(structurally related to IL-1b, but with weaker activity) and IL-33 are dual-functioning cytokines, being secreted by different cell types (as the

majority of cytokines) and/or acting in the cells where they translocate into the nucleus and induce the expression of leukocyte adhesionmol-

ecules and many genes associated with inflammation, i.e., cyclooxygenase-2, type 2 phospholipase A, and inducible nitric oxide synthase.3,4

IL-1b is mainly produced by activated monocytes, macrophages, and dendritic cells.4,5 However, many other cell types can produce it,

T-lymphocytes and Natural Killer cells, epithelial cells, fibroblasts, and osteoblasts, among others. It is synthetized as a pro-cytokine of

31 kDa that is cleaved by caspase-1 to generate the mature and active form of 17 kDa.6 On its side, caspase-1 is activated by multiprotein

complexes known as ‘‘inflammasomes’’ whose functions are to sense and react to microbial infection and cellular damage.7 First identified

as a pyrogenic factor, IL-1b has been considered a catabolic protein that induces, in different cell types, the expression of several proteolytic

enzymes, such as collagenase, matrix metalloproteinases, and plasminogen, thus contributing to tissue destruction.8 IL-1b, together with IL-

1a, exerts peculiar and important roles in bone metabolism by enhancing osteoclast formation and differentiation and inducing the expres-

sion of RANKL in osteoblasts.9,10 Accordingly, IL-1a/b KO mice, in particular, showed increased bone mass formation, whereas osteoclasts

from IL-1a/b KO animals were unable to resorb bone normally.10–12 Due to these findings, both IL-1a and IL-1b have been defined as

‘‘clastokines’’.
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IL-1b levels increase in several inflammatory-based diseases. The cytokine has been proposed as a biomarker of rheumatoid arthritis,13

allergic rhinitis,14 and several types of cancer like breast and lung tumors.15,16 The increase of IL-1b in biological fluids also correlates with nega-

tive prognosis in both cancer patients and experimental tumormodels since it promotes tumor development, angiogenesis, andmetastasis.17,18

In the oral cavity, the secretion, induced by pathogenic bacteria, of IL-1b by dendritic cells, macrophages, periodontal fibroblasts, oste-

oblasts, and ligament cells, activates a cascade of events leading to the spreading of inflammation in soft tissues,19 periodontal tissue destruc-

tion, and alveolar bone resorption, thus participating in the early development and progression of periodontitis20 and peri-implant

diseases.21 In addition, it has been reported that oral pathogens can produce enzymes that are able to degrade cytokines except IL-1b, re-

sulting in further promotion of osteoclastogenesis.22

Periodontitis is a chronic inflammatory disease caused by oral dysbiosis, with consequent inflammatory and host immune response, char-

acterized by periodontal attachment loss and, eventually, tooth loss,mostly in older people.23 Due to its widespreadprevalence anddisabling

complications, periodontitis is one of themajor public health issues in the oral field.24 Scientific evidence shows that periodontitis is correlated

with a range of systemic diseases, including adverse pregnancy outcomes, diabetes, cardiovascular diseases, and even cancer.25–31

Periodontitis is currently diagnosedmostly through clinical investigations; the assessment of probing depth, clinical attachment level, pla-

que index, bleeding on probing, and radiographic findings are the major traditional measures. Unfortunately, being applicable only when

visual signs of periodontal tissue destruction appear, and requiring long turn-around times, this approach results in an often-delayed diag-

nosis and late therapeutic interventions that aggravate the condition.

Oral fluids (saliva and gingival crevicular fluid, GCF) contain specific biomolecules secreted not only in the cases of oral but also systemic

inflammatory-based diseases.32,33 Saliva, in particular, has recently attracted great interest as a noninvasive and easy-to-collect biofluid, in

certain cases preferable to blood for detection of biomarkers of local and/or systemic conditions.34 Several reports listed periodontium dis-

eases’ biomarkers detectable in saliva and GCF, categorized as: (1) markers of soft tissue inflammation; (2) markers of alveolar bone loss; and

(3) markers (products) of collagen breakdown. Their accurate qualitative and quantitative detection represent a useful tool for disease diag-

nosis and staging, the identification of the current disease activity, the prediction of its progression, and the monitoring of the therapeutic

intervention efficacy.32,33 Among them, IL-1b has been suggested as an early and precocious biomarker of periodontitis, being one of the

primary host response factors linked to the bacterial infection and to development and progression of the disease.35–40 It is now widely

accepted that IL-1b increases in GCF, saliva, and periodontal tissues of periodontitis patients (proportionally to the severity of the dis-

ease),41–44 however its precise concentrations in healthy and pathological conditions have not been univocally defined. In particular, IL-1b

concentrations in healthy and periodontitis (stage R II) saliva samples, determined by immunoassay, were reported as 7.24 G 7.69

(0.43 pM) and 90.94G 85.22 pg/mL (5.35 pM), respectively,45 although a large variability among the salivary IL-1bmeasurements, particularly

for healthy saliva samples, was registered. In the same study, it was shown that panels of analytes (such as IL-1b, IL-6, MMP-8) were able to

increase the sensitivity and specificity of the method, distinguishing health from gingivitis and periodontitis. According to a 2015 study, IL-1b

concentrations were considerably increased in the periodontitis population (102.3G 10.1 pg/mLy 6 pM) in comparison to gingivitis (28.7G

7.3 pg/mL y 1.7 pM) and healthy (14.6 G 2.6 pg/mL y 0.86 pM) participants.46 By similar analytical technologies, different concentrations

were reported, with 94.55 and 216.98 pg/mL (5.56 and 12.76 pM) in healthy and periodontitis samples, respectively.47 In this reported study,

the subjects chewed paraffin wax to favor the collection of ‘‘irritant-provoked’’ saliva.47 Conclusively, the lack of precise disease staging in the

enrolled patients and standardized sampling procedures makes it difficult to compare the results of different laboratories48 and does not

allow for extrapolating ranges of IL-1b concentrations for healthy or pathological conditions. Very recently, Relvas’ group49 demonstrated

that salivary IL-1b amount positively correlates with the pocket depth and clinical attachment loss (CAL) indices. Importantly, the salivary

IL-1b, together with IL-17A, RANK-L, and OPG, levels enable to differentiate between the incipient and the more advanced periodontitis

and, in turn, to discriminate between mild and severe periodontitis conditions,49 in agreement with the current classification criteria for peri-

odontal diseases.50 In this observational study, using the spitting method for saliva collection, IL-1b concentrations, measured through im-

munoassays, were 913.25 G 418.20 pg/mL (�53.7 pM), 1429.38 G 1037.22 pg/mL (�84.1 pM), and 1866.25 G 1152.15 pg/mL (�109.8 pM)

in healthy individuals, in stages I/II, and stages III/IV of periodontitis, respectively.49 Despite the correctness of the reported methodologies,

the small gap between the mean values and standard deviations for the quantitative IL-1b determination implies substantial variability, sug-

gesting that major efforts are needed to determine the precise IL-1b levels in healthy and pathological saliva.

As mentioned in the above-reported studies, IL-1b detection was performed mainly by the enzyme-linked immunosorbent assay (ELISA),

so far the most sensitive and accurate technique applied for cytokine determination, with an average limit of detection (LoD) of 0.2 pg/mL

(0.012 pM).51 The major drawbacks of ELISA are, however, the relatively long sample processing time and the high costs, which make the

method laborious and unsuitable for a rapid out-patient medical diagnosis. On the other hand, an optimal disease diagnostic method should

identify the condition before tissue damage is active and clinically relevant signs become detectable. This could be obtained by measuring/

following the levels of early disease biomarkers such as IL1-b through highly sensitive point-of-care technologies for a real-time diagnosis and

monitoring of the pathology.

Several alternative methods have been proposed for the point-of-care/chair-side detection of IL-1b. The most exploited techniques are

surface plasmon resonance (SPR) (gold nanoparticles, modified AuNPs optical fiber/anti-IL-1b),52 amperometry (4-carboxyphenyl-functional-

ized double-walled carbon nanotubes),53 differential pulse voltammetry,54 and electrochemical impedance spectroscopy (IES).55–58 Table S1

lists some IL-1b-detecting biosensors along with their key features. To date, besides the low limits of detection reached by some chips (from

0.008 to 0.2 pg/mL or 0,00048–0.12 pM), the proposed biosensing systemsmight not completely meet all the criteria for a point-of-care tech-

nology, according to the World Health Organization (WHO).59
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The aim of this study is to exploit SPR phenomena to develop a novel, highly sensitive, easily portable IL-1b point-of-care biosensor. SPR

and Localized SPR (LSPR) are extensively used as label-free detection principles to realize sensitive biosensors operating in different appli-

cations. When a receptor layer is combined with the plasmonic surface to obtain the specificity for the biochemical detection of substances,

the receptor selectively recognizes and captures the analyte present in a liquid sample. This produces a refractive index variation in contact

with the metal surface, causing a change in the plasmonic phenomena. The extent of the refractive index variation depends on the analyte

molecule structure, the receptor layer’s efficiency, and the plasmonic sensitivity.60

SPR biosensors based on Kretschmann and Otto configurations are usually bulky and require expensive optical components. These con-

figurations are difficult to miniaturize and cannot be used outside the laboratory scenario. The use of optical fibers improves plasmonic per-

formances, allows remote sensing, and may reduce the device’s cost and dimensions. In particular, to realize SPR platforms, plastic optical

fibers (POFs) are especially advantageous due to their excellent flexibility, easy manipulation, great numerical aperture, large diameter, and

the fact that plastic can withstand smaller bend radii than silica. Therefore, POF-based SPR sensors are simpler to realize and present several

advantages than those based on silica optical fibers.61 Recently, several SPR-based point-of-care tests (POCTs) use multimode POFs, asso-

ciatedwith simple setups anddifferent recognition elements, to realize agile sensor systems useful for detecting several types of analytes.60–66

Plasmonic POCTs based on nanostructures or nanoparticles combined with specific receptors have been published recently.67 The use of

Figure 2. Selection of the incubation time for IL-1b SPR-POF-biosensor response in buffer solution

The times in the legend (t0-t5) represent the minutes (from 0 to 5) of the SAM exposure to the IL-1b solution (25 pM). On the right, the inset highlights the

magnification of the picks. The inset in the upper part shows the registered resonance wavelengths plotted vs. the selected incubation times.

Figure 1. Plasmonic spectra relative to the functionalization of the proposed SPR-POF chip

The sensing surface was functionalized by exploiting the chemistry of lipoic acid/EDC/NHS for the cross-linking of the anti-IL-1b antibody (see STARMethods for

details). The passivation of unbound carboxyl groups was performed with ethanolamine and, finally, the plasmonic spectrum was acquired (red curve) and

compared to that registered for a non-functionalized SPR-POF (blue curve). The inset highlights the magnification of the picks.
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highly specific antibodies represents the most straightforward choice for biosensor molecular recognition, and technological progresses are

constantly made for obtaining sensitive, reliable, and quantitative determinations.68

The presented SPR-POF chip adopts a highly sensitive and specific anti-IL1b antibody self-assembledmonolayer (SAM) as sensing surface

and exhibits a LoD in the picomolar range as well as very short times of analysis. This allows IL-1b monitoring in buffer solution and, impor-

tantly, in a complex biological matrix like saliva. As a proof of concept, we tested our biosensor on saliva samples from healthy and periodon-

titis subjects and validated the obtained measurements of salivary IL-1b through automated ELISA. The performances of the proposed tech-

nology will make our POCT a valuable tool for detecting IL-1b at the patient’s side as a key marker for a timely diagnosis of oral inflammatory

diseases, enabling an early, effective, and personalized treatment.

RESULTS

Production and characterization of the SAM specific for IL-1b

To develop a sensitive SPR-POF for IL-1b detection, a plasmonic surface manufactured as in62 was functionalized with an anti-human IL-1b

antibody, as described in detail in the STAR Methods. First, to evaluate the efficiency of the functionalization process, the plasmonic spectra

obtained by dropping on the sensitive surface double distilled (Milli-Q) water before and after each step of the functionalization procedure

(including incubation with lipoic acid, NHS/EDC, IL-1b antibody, and ethanolamine buffer) were recorded. Particularly, as shown in Figure 1, it

was evident the shift of about +25 nm of the resonance wavelength caused by the whole functionalization process, with the IL-1b antibody

SAM (red curve) compared to that of the bare surface prior functionalization (blue curve). Indeed, as we previously reported,64–66 this process

results in a resonance wavelength shift to the right that typically ranges from 5 to 30 nm for an SPR-POF chip, due to an increase in the

measured refractive index (RI) determined by the antibody SAM at the gold-dielectric interface in the presence of the same bulk refractive

index (with the same bulk solution). If the change in RI is positive, the resonance wavelength increases, as in this case.

Figure 3. IL-1b SPR-POF biosensor response in buffer solution

(A) SPR spectra at different IL-1b concentrations ranging from 25 to 4 3 103 pM. The solutions were prepared as sequential dilutions starting from the most

concentrated and analyzed from the lowest to the highest concentration.

(B) Dose-response curve and Langmuir fitting of the collected data. Values are the mean of measurements performed in triplicates and error bars correspond to

the major value of the standard deviations.
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For a characterization of the SAM, the sensing surface of the chip was exactly reproduced by stratification and functionalization on cover

glasses and experiments of immunofluorescence were performed as described under ‘‘STAR Methods’’ section. As shown in Figure 1 of the

Supplementary Materials (Figure S1), a strong fluorescent signal could evidence the anti-IL-1b primary antibodies correctly linked on the sur-

face, while no signal was detectable on the glass area not incubated with the antibody during the proper functionalization step.

SPR-POF IL-1b biosensor: Experimental tests in buffer solution

To determine whether the proposed SPR-POF chip was able to specifically detect IL-1b at concentrations suitable for clinical applications, a

dose-response curve in PBS was obtained. In brief, sequential dilutions of human recombinant IL-1b protein (in its cleaved form) were pre-

pared in PBS, starting from 4 3 103 pM to 25 pM, a concentration lower than the IL-1b value reported for healthy saliva.49 Thus, we chose

a concentration range that largely includes physiological and pathological levels of the analyte. First, the incubation time, determined as

the minimum time sufficient for the binding of recombinant IL-1b to the antibody, was experimentally assessed by using a fixed analyte con-

centration (25 pM) and acquiring plasmonic spectra at different incubation time points. It must be noted that, differently from the spectra

relative to the functionalization of the proposed SPR-POF chip, when the analyte-receptor binding occurs, the refractive index of the receptor

layer decreases, and thus the resonancewavelength decreases (shift on the left). This behavior is in accordwith previous studies.63–66 From the

time-response curve reported in Figure 2, 3 min incubation was selected for all the measurements performed in buffered solutions.

Once the exposure time was defined, we focused on the dose-response curve. Figure 3A shows the spectra recorded at different IL-1b

concentrations in PBS solution, after normalization to a reference spectrum obtained in air. More precisely, the tested IL-1b concentrations

range from 25 pM to 43 103 pM (blue curve for PBS only; from red to mustard-colored curves, 25–43 103 pM of IL-1b concentration range).

The analysis of the obtained spectra revealed that a progressive shift of the respective resonance wavelengths toward the left was registered

with increasing IL-1b concentrations, indicating that IL-1b specific binding to the antibodies in the SAM determined a decrease in the refrac-

tive index. This behavior is similar to that previously observed for the detection of other analytes by SPR-POFs functionalized with their relative

antibody SAM.64–66

Moreover, Figure 3B reports the dose-response curve obtained by plotting the absolute values of the resonancewavelength variations |Dl|

versus the IL-1b concentration in PBS, whereas |Dl| = |lc-l0| has been calculated as the difference between the resonance wavelength at the

specific analyte concentration (lc) and that obtained in PBS without analyte (l0, blank). The reported values are the mean of three measure-

ments and the error bars have been calculated as the major value of the standard deviations. A red Langmuir fitting curve could be obtained,

with the relative equation (Equation 1).

jDlj = jlc � l0j = jDlmaxj$
� c

K+c

�
(Equation 1)

The parameters of the Langmuir fitting shown in Figure 3B (generated using the OriginPro software, Origin Lab. Corp, Northampton, MA,

USA) are summarized in Table 1.

Starting from Equation 1, it was possible to calculate the sensitivity at low concentrations (Equation 2). Particularly, at low concentration

where c�K, Langmuir Equation 1 is simplified to a linear relationship, and, at these very low concentrations, the slope of the Langmuir curve

corresponds to the sensitivity (c). This allows to obtain another important parameter, i.e., the LoD (Equation 3), calculated as three times the

standard deviation of the blank (Table 1) divided by the sensitivity at low concentration. Finally, the affinity constant (Kaff) is the reciprocal value

of the K parameter in the Langmuir equation (Equation 4).

Sensitivity at low c =
Dlmax

K
(Equation 2)

Table 2. SPR-POF Biosensor parameters for IL-1b detection in buffer solution

Sensor Parameters Value

IL-1b SPR-POF Biosensor Kaff [pM
�1] 0.014

Sensitivity at low c [nm/pM] 0.096

LoD [pM] 15.5

Kaff, Affinity constant; LoD, Limit of Detection. OriginPro software was used for calculations.

Table 1. Langmuir parameters of the data fitting relative to IL-1b detection in buffer

l0 [nm] Dlmax [nm] K [pM] Statistics

Value St. Error Value St. Error Value St. Error c2 R2

0.21515 0.49474 6.68541 0.31851 69.8783 28.1041 3.42071 0.97641

l0, resonance wavelength measured in PBS without analyte; Dlmax, maximum value of Dl calculated as the difference between the l value at the saturation and

the blank (l0); K, fitting constant. Both the Langmuir and the statistical parameters (c2 and R2) of the fitting curve were calculated using the OriginPro software.
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LoD =
3 � standard deviation of blank ðl0Þ

Sensitivity at low c
(Equation 3)

Kaff =
1

K
(Equation 4)

Accordingly, Kaff, sensitivity at low c, and LoD were calculated for the proposed SPR-POF biosensor and the obtained results are reported

in Table 2. Precisely, a LoD of 15.5 pM was reached.

Since low LoD and high selectivity are two critical parameters in developing a reliable method for the detection of a clinical biomarker in

real matrices, the specificity of the proposed IL-1b detection systemwas tested by evaluating its response to recombinant BSA (1 nM) and the

proinflammatory cytokine IL-6 (1 nM). IgG (1 nM) and IgA (1 nM and 600 nM) were also tested since both found in saliva as important humoral

component of the salivary immunity.69 It must be noted that the normal concentration of IgA in saliva is about 10 mg/dL, 300 nM. Upon in-

cubation, the resonance spectra were recorded, and the plasmonic Dl were calculated for each biomolecule, as detailed above. As shown in

the histogram chart reported in Figure 4, all the analyzed proteins determined a negligible wavelength variation compared to the relevant

negative shift of about 6 nm caused by IL-1b 1 nM, suggesting a very high specificity of the system in detecting IL-1b.

A further important property of any sensing system is its stability. The proposed SPR platforms, when not functionalized, can be left dried

for a prolonged period of time (about 6months). After the functionalization process, the biosensors can be normally stored in solution, partic-

ularly in PBS, pH 7.4 or in the specific Ab storing buffer (without glycerol), at 4�C. Thus, we evaluated the stability to low pH and durability of

our chip. Three SPR surfaces were contemporaneously and equally functionalizedwith anti-IL-1b antibodies. 25 pM IL-1b solutionwas used for

all the subsequent measures. 5 min of incubation with 100mMGlycine-HCl, pH 2.2, were used to test the stability at low pH and as a potential

regeneration strategy of the sensing SAM. It must be underlined that Glycine-HCl buffer is amply used to break the Ag-Ab interaction (in

particular, to separate antigens from antibodies covalently bound to a matrix) and, thus, to regenerate immunospecific matrices.

Following, the description of the chips and the performed treatments and measurements, also schematized in the ‘‘Supplementary

Materials’’ (Figure S2) is reported:

Chip#1: read at t0 (chip#1 t0), immediately regenerated and reused for measurements (chip#1-R);

Chip#2: read at t0 (chip#2 t0), immediately regenerated, stored in Ab storage buffer, and used for spectra acquisition after 6 weeks

(chip#2-R t6w);

Chip#3: stored directly after functionalization and used for the analysis after 6 weeks (chip#3 t6w), then regenerated and reused for spectra

acquisition (chip#3 t6w-R).

The measured Dl did not show significant variations compared to Dl of their proper controls (Figure S2) suggesting the stability of the

biosensor over time and after a low pH treatment.

SPR-POF IL-1b biosensor: Experimental test in saliva

Based on the obtained results, the proposed SPR-POF biosensor was tested to detect IL-1b in a highly complex real-life matrix like saliva.

More in detail, human saliva from a healthy volunteer was diluted 1:50 in PBS to prepare serial dilutions of IL-1b, as those made in PBS. These

solutions were then analyzed for obtaining the relative SPR spectra, shown in Figure 5A, to be used for the construction of the IL-1b dose-

response curve in saliva. Figure 5B shows the mean values of the experimental determinations obtained in triplicate, with the relative error

bars and the Langmuir fitting curve.

Figure 4. IL-1b POF-Biosensor specificity test

Resonance wavelength variation obtained for different recombinant proteins diluted in PBS at the reported concentrations. Interleukin 6 (IL-6), Bovine serum

albumin (BSA), Immunoglobulin G (IgG), Immunoglobulin A (IgA), and IL-1b were analyzed. The wavelength variations (Dl) were calculated with respect to

the blank (buffer only). Threemeasurements were performed for each determination and data are reported asmean value. The bars indicate standard deviations.
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The obtained Langmuir parameters are reported in Table 3. The calculated Kaff, sensitivity at low concentrations, and LoD of the biosensor

in diluted saliva are reported in Table 4. Thus, the proposed biosensor showed high sensitivity in saliva and a LoD of 23.4 pM. Since the LoD

and sensitivity in saliva are mainly in the same order of magnitude as in PBS, it can be assumed that the detection is scarcely affected by the

high complexity of the matrix and, therefore, the system may be suitable and reliable for the determination of the low concentration of IL-1b

also in other complex biological fluids, like the serum.

From both calibration curves (in buffer solution and in real matrix), dynamic linear ranges (in buffer solution and saliva tests) (Figure 6) and

the relative equations (Equations 5 and 6) were calculated by using OriginPro software. Wide linear dynamic concentration ranges were ob-

tained over which a linearly changing instrumental response is observed (25–1000 pM for test in buffer solution, and, importantly, 25–500 pM

for tests in saliva). The derived mathematical function allows direct calculation of IL-1b concentrations in the reported ranges of both phys-

iological and pathological conditions.

Dlout = ð0:005 G 0:001Þ $ c+ ð1:82 G 0:48Þ (Equation 5)

Dlout = ð0:006 G 0:002Þ $ c+ ð1:25 G 0:55Þ (Equation 6)

Dlout corresponds to the difference between the output wavelength of the sample and that of blank, and c indicates the IL-1b concentra-

tion (pM). The related statistical parameters, i.e., Pearson correlation coefficient and R2, for the strength of the linear relationship between

Dlout and c are equal to 0.91 and 0.8 for (5), 0.86, and 0.66 for (6), respectively.

Figure 5. Dose-response curve for the measurements of IL-1b in human saliva

(A) SPR spectra obtained at different concentrations, starting from the blank (diluted healthy human saliva without any addition) to 43 103 pM recombinant IL-1b

diluted in saliva. The inset highlights the magnification of the curve picks.

(B)Dl is calculated with respect to the blank. Measurements at different concentration of IL-1b in human saliva (diluted 1:50) were performed in triplicates and the

obtainedmean values are reported. The error bars correspond to themajor value of the standard deviations. The blue curve represents the Langmuir fitting of the

experimental values.
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A direct correlation between wavelength variations observed in PBS and in saliva for IL-1b measurement (plot shown in Figure S3) allows

the calculation of a correlation coefficient of 0.94446423.

Monitoring of salivary IL-1b levels related to periodontal healthy and pathological conditions

Asaproof-of-concept, topreliminaryevaluate the real applicabilityof the IL-1bdosageby thedevelopedPOCT in thediagnosis andmonitoringof

periodontitis, a pilot experiment was carried out tomeasure IL-1b concentration in saliva samples collected from a periodontally healthy subject

(control) and from a periodontitis patient. The criteria adopted for the selection of the two donors are described in the STAR methods, ‘‘exper-

imental model and study participant details’’ Section. Both samples were diluted 1:2 in PBS and analyzed by the proposed IL-1b-SPR-POF. As

shown in Figure 7A, when the healthy sample was incubated on the sensing surface, the resonance wavelength shifted approximately 0.7 nm to-

ward the left (red curve) compared to theblank (blue curve). This shift corresponds to an IL-1b concentrationof about 40pM, as obtained from the

Langmuir fitting (reported in Figure 5B) of Dl obtained in saliva (Figure 5A) and from the linear curve (blue) reported in Figure 6.

Furthermore, when the saliva from the periodontitis patient was incubated on the sensing surface, a shift of the red curve toward the left of

about 2.5 nm was observed (Figure 7B). Accordingly, the IL-1b concentration in the patient saliva, determined by interpolation on the orange

straight curve in Figure 6 and considering the sample dilution, was estimated to be 210 pM.

Simultaneously, the diluted samples were also analyzed through an automated ELISA as reported in the STAR Methods section. The test,

based on the contemporaneous determination of multiple analytes in multiple samples on cartridges, requires about 2 h for results, as well

as a quite expensive and bulky reader apparatus and plates; so, despite being this strategy a very sensitive hands-off technology, it cannot

be considered a point-of-care system; nevertheless, it is the gold standard for precise determination of the analyte concentrations. Considering

the dilution of samples, the concentration of IL-1b, obtained from the calibration curve of the commercial immunoassay (log blue curve in Fig-

ure 8), were 45 pM (764 pg/mL; %CV = 0.98) and 200 pM (3,351 pg/mL; %CV= 7.96) in healthy and patient saliva specimens (yellow points on the

curve, Figure 8), respectively. The finding appears of great importance in validating the IL-1b measurements obtained by our developed POF.

To test background noise of saliva components, we compare the concentration values of IL-1b in the analyzed patient saliva estimated

from both the dose-response curves (that built in PBS and that obtained using saliva diluted 1:50) with close results (201 pM and 210 pM,

respectively) (Figure S4). It is important to state that ELISA determination of IL-1b in the same sample gave a 200 p.m. concentration value.

Furthermore, a second pathological saliva specimen (sample 2) diluted 1:10 was analyzed through the SPR device and IL-1b concentrations

were estimated from the two dose-response curves as above. Again, the concentrations determined were comparable (250 pM and 259 pM,

respectively), confirming the not relevant interference of matrix components (Figure S4).

Based on the obtained results, our SPR-POF POCT appears highly sensitive and specific for the real-time monitoring of IL-1b in saliva and

effective in recognizing the interleukin at both low (physiological) and high (pathological) concentrations after only 3 min of incubation time.

Thus, it can provide a valuable help for the diagnosis and the management of periodontitis at the chair-side.

DISCUSSION

The potential for using salivary biomarkers as indicators of systemic and/or oral health status has been emphasized by recent investiga-

tions34,70,71 and by the National Institutes of Health recommendation, so that saliva might be considered a valuable analytical biofluid, repli-

cating, in many cases, the blood.72

Focusing on oral health, inflammation and degradation of connective tissue, along with periodontium bone remodeling, can be specif-

ically associated with a number of potential biomarkers.73,74 A general definition of ‘‘biomarker’’ is ‘‘a characteristic that is measured as an

indicator of normal biological processes, pathogenic processes, or a response to an exposure or intervention’’ (FDA-NIH Biomarker Working

Table 4. Biosensor parameters for IL-1b detection in diluted saliva

Sensor Parameters Value

IL-1b SPR-POF Kaff [pM
�1] 0.014

Biosensor Sensitivity at low c [nm/pM] 0.063

LoD [pM] 23.4

Kaff, Affinity constant; LoD, Limit of Detection. OriginPro software was used for calculations.

Table 3. Langmuir parameters of the fitting relative to IL-1b detection in diluted saliva

Matrix

l0 [nm] Dlmax [nm] K [nM] Statistics

Value St. Error Value St. Error Value St. Error c2 R2

Diluted Saliva (1:50) �0.35171 0.49182 4.34678 0.23396 69.4223 39.8834 0.12011 0.95699

l0, resonance wavelength measured in PBS without analyte; Dlmax, maximum value of Dl calculated as the difference between the l value at the saturation and

the blank (l0); K, fitting constant. Both the Langmuir and the statistical parameters (c2 and R2) of the fitting curve for IL-1b detection in human saliva (diluted 1:50)

were calculated using the OriginPro software.
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Group, 2016). Hence, the identification of a biomarker and the determination of its concentrations in biological fluids, such as saliva, have

important clinical implications. Regarding periodontitis, inflammatory cytokines such as IL-1b and IL-6, MIP-1a, and metalloproteinase

such as MMP-8 (particularly in its active form) are, among the biomolecules released in GCF and saliva, the most promising to be referred

to as biomarkers of the condition, often detectable even before the appearance of the radiographic and clinical signs of gingival and alveolar

bone damage.49 Particularly, IL-1b can be considered a very precocious biomarker of periodontium diseases, being secreted in response to

the bacterial infections and strongly contributing to the host inflammatory response. Furthermore, IL-1b, in combination with MMP-8, is able

to discriminate periodontal health from periodontitis in condition of concomitant systemic inflammatory-associated diseases such as type 2

diabetes mellitus.75 Also, as demonstrated by a very recent meta-analysis, the accuracy of early periodontitis diagnosis can be strongly

increased through detection of IL-1b in combination with other biomarkers in saliva.76 In particular, combination of IL-1b with MMP-8, or

with IL-6, and IL-6 with MMP-8 measurements would allow correct identification of 78%–81% of periodontitis patients and the exclusion of

Figure 7. Determination of IL-1b levels in periodontal healthy and pathological saliva

SPR spectra were obtained by the developed biosensor probing saliva samples from a healthy (A) and a periodontitis patient (B). The saliva samples were diluted

1:2 in PBS. The SAMs were exposed to each sample for 3 min only.

Figure 6. Evaluation of dynamic linear ranges for measurements in buffer (PBS, light blue) and real matrix (saliva, orange)

Dlout represents the difference between the output wavelength of the sample and the output wavelength of the blank, calculated for all the included IL-1b

concentrations.
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85–88% of non-periodontitis subjects. Unfortunately, the level of salivary components is rarely determined in oral and systemic clinical prac-

tice. The scarcity of definite data is mainly due to the variability of component concentration, strictly depending on the saliva sampling

method.48 In addition, the analytical assessment of levels of biomarkers such as those of cytokines, mainly by ELISA methods, entails high

costs and time for results. In this scenario, portable devices favoring the analyses at the patient point-of-care represent an important diag-

nostic advancement. So, intensive multidisciplinary efforts have focused on developing highly performant POCT. However, only a small num-

ber of these medical devices are today available for accurate measurements on saliva.

The proposed IL-1b SPR-POFPOCT respects all theWHOcriteria (2006) defined for point-of-care technologies and represents a promising

tool for an early diagnosis of periodontitis (prior to the evidence of tissue damage) and for monitoring the disease evolution and the effec-

tiveness of therapeutic interventions.77–79 Importantly, the IL-1bmeasurements obtained on the saliva samples from a healthy and a periodon-

titis patient were superimposable with those obtained by ELISA (the gold standard for cytokine determination). This finding contributes to

validating the developed biosensor for precise detection of IL-1b.

Furthermore, the device has been designed to be implemented for the dosage of the other markers, i.e., IL-6,66 MMP-8,64 MIP-1a,80 and

malondialdehyde as oxidative stress marker,65 whose salivary levels have been associated with the pathology. Recent investigations also pro-

pose IL-1b detection, with IL-6 and other proinflammatory cytokines, in COVID-19 patients as early biomarker for predicting progression to

sever illness and negative prognosis, and in following disease progression in long COVID.81 Accordingly, intensive efforts are dedicated to

detect such cytokines in non-invasive bodily fluid as saliva. Thus, our biosensor and its upgraded set-ups could represent an intriguing and

feasible method for real-time cytokine monitoring in these clinical settings.

The good performance in the highly complex system of saliva (not interfering with our measurements) implies the potential application of

the developed chip to other liquid biospecimens (for clinical applications) and cell culture media (for scientific research). Finally, since IL-1b

has been proposed as a biomarker for numerous pathologies, including peri-implant diseases,21 allergic rhinitis,14 rheumatoid arthritis,13 and

not least cancer,15–17 our device might greatly expand its applicability.

Regarding future commercialization perspective, the proposed sensing approach is very low-cost with respect to other SPR-based sen-

sors. In particular, the cost of the equipment to implement the setup (the spectrometer and the white light source) is about 5 k euros, whereas

the cost per SPR-POF probe is less than 10 euros. The functionalization process cost is a function of the used receptor. In particular, in order to

obtain the sensor’s reproducibility on an industrial scale, molecularly imprinted polymers (MIPs) can be used instead of bio-receptor layers.

More specifically, the sensor price is around a few euros per chip whenMIPs are used. In fact, this biomimetic receptor presents several favor-

able aspects in comparison to other bioreceptors (aptamers, antibodies, etc.), including better stability out of the native environment, use in

complex matrices, versatility by the changing of the imprinting, low cost, and reproducibility on an industrial scale.

Limitations of the study

Despite the proposed technology can be used for tests at the point of patient care, some improvements can bemade to render it more afford-

able. First, its large-scale production will certainly require further cost cuts, which could be achieved through antibody self-manufacturing or,

alternatively and more cheaply, by applying different sensing surfaces with a predetermined selectivity against the secreted form of IL-1b.

Furthermore, due to the identification of IL1B mutations, surfaces specifically designed for the variants might be made more selective and,

then, overcome potential low-affinity surfaces due to changes of the 3D structure of the mutated cytokine. Importantly, although IL-1b is a

promising biomarker of periodontitis, its detection alonemay not allow for a definite diagnosis due to the broad spectrum of diseases causing

its elevation in human saliva. We are currently working on implementing our technology for a multiplexed assay that will allow for the simul-

taneous detection and measurement of different biomarkers, strongly increasing the sensitivity and specificity of the diagnostic method and

resulting in a definite diagnosis, tailored therapy, precise monitoring of disease progression, and response to treatments. Finally, due to the

Figure 8. Graphical representation of IL-1b concentration (pg/mL) obtained by automated ELISA immunoassay

The healthy (H) and the periodontitis patient (P) saliva samples were analyzed by using the ELLA system (ProteinSimple, San Jose, CA, USA) after a 1:2 dilution in

the ELLA dilution buffer. Each measure was performed in duplicate. Blue curve: standard curve. Green range: dynamic range of the assay.
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IL-1b lower levels in other biological fluids like plasma (both in pathological and physiological conditions), we are working toward changing the

ranges and reducing the limit of detection by using extrinsic polymer-based nanoplasmonic chip as performed in Cennamo et al., 202366; this

kind of technology will provide an important step forward for detecting and monitoring some inflammation-based systemic diseases.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be addressed to the Lead Contact, A. Borriello (adriana.borriello@

unicampania.it).

Materials availability

This study did not generate new unique reagent.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

recombinant antibodies anti- IL-1b [EPR21086] Abcam Cat# ab216995; Rabbit antibody;

RRID: AB_2894877

Biological samples

Healthy human saliva (for the dose-response curve) periodontally healthy

volunteer (aged 19)

N/A

Healthy human saliva periodontally healthy

volunteer (aged 69)

N/A

Pathological human saliva periodontitis patient (aged 61) In this work: sample1

Pathological human saliva periodontitis patient (aged 62) In this work: sample2

Chemicals, peptides, and recombinant proteins

Recombinant human IL-1b protein (active) Abcam Cat# ab259387

Recombinant human IL-6 protein Proteintech Group, Inc Cat# HZ1019

Human IgA Merck KGaA Cat# 400109

Human IgG Merck KGaA Cat# 400122

Ethanol Merck KGaA Cat# 34852

N-Hydroxysuccinimide Merck KGaA Cat# 130672

N-(3-Dimethylaminopropyl)-N0-

ethylcarbodiimide hydrochloride

Merck KGaA Cat# 03449

(G)-a-Lipoic acid ((G)-1,2-Dithiolane-3-

pentanoic acid)

Merck KGaA Cat# T5625

Ethanolamine (2-aminoethanol) Merck KGaA Cat# E9508

Phosphate buffer saline (dipotassium; trisodium;

dihydrogen phosphate; hydrogen

phosphate; dichloride)

Merck KGaA Cat# 524650

Bovine serum albumin Merck KGaA Cat# A3059

Tween 20 (2-[2-[3,4-bis(2-hydroxyethoxy)oxolan-2-yl]-

2-(2-hydroxyethoxy)ethoxy]ethyl dodecanoate)

Merck KGaA Cat# P1379

Critical commercial assays

Simple Plex Human Multianalyte Assay ProteinSimple� custom (cartridge ID 247771; kit ID 225367)

Software and algorithms

Spectra suite Ocean insight https://www.oceaninsight.com/

support/software-downloads/

OriginPro software Origin Lab. Corp https://www.originlab.com/try

Simple Plex software Protein simple Provided with the ELLA system

Mathlab MathWorks https://it.mathworks.com/

products/matlab.html
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Data and code avAilability

� The datasets generated and analysed in this study will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient samples

5 mL of saliva each enrolled subject were collected at the Periodontology Unit of the Integrated Activity Care Department of Oral Surgery

and Stomatology, Maxillo-facial Surgery and Rehabilitation of the University Hospital ‘‘Luigi Vanvitelli’’. All the donors of saliva specimens

participating to this ‘‘proof-of-concept’’ study were carefully selected on the basis of the following criteria: good systemic health, no drug

assumption in the last three months, at least 20 teeth, no oral mucosal pathologies, no instrumental periodontal therapy, no antibiotic or

antiseptic periodontal therapy. Drinking and eating was avoided for at least 2 h before the saliva collection. The study on saliva bio-

specimens was approved by the Medical Ethics Committee (University of Campania ‘‘L. Vanvitelli’’, Prot. 0016318/I, 05/26/2022) and per-

formed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects prior to the participation in

the study.

METHOD DETAILS

Chemicals and reagents

Recombinant human IL-1b protein (active form, 17,000 Da) was purchased from ABCAM (Cambridge, CB2 0AX, UK), together with recombi-

nant antibodies anti- IL-1b [EPR21086], anti-IL-6 [EPR21711]. Recombinant human IL-6 protein (HumanKine) was purchased from Proteintech

Group, Inc (Manchester, UK). Absolute ethanol, N-Hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochlo-

ride (EDC), Lipoic acid, Ethanolamine (2-aminoethanol), PBS (dipotassium; trisodium; dihydrogen phosphate; hydrogen phosphate; dichlor-

ide) tablets, Tween 20 (2-[2-[3,4-bis(2-hydroxyethoxy)oxolan-2-yl]-2-(2-hydroxyethoxy)ethoxy]ethyl dodecanoate), human IgG and bovine

serum albumin (protease- and globulin-free BSA) were purchased from Merck KGaA (Darmstadt, Germany). Human IgA were purchased

from Origene Technology, Inc (Rockville, MD, USA). The cartridge for the Simple Plex Human Multianalyte Assay was from ProteinSimple

(San Jose, CA, USA). The PBS solution was obtained by dissolving tablets in Milli-Q water to yield 10 mM phosphate buffer, 140 mM

NaCl, and 3 mM KCl, pH 7.4. All other chemicals were diluted by using Milli-Q water or PBS solution, as reported in the text. All the reagents

were at the maximum of purity and all the solutions were prepared and filtered just before the use.

SPR optical fiber sensor system

The plasmonic probe used to detect the analyte of interest is based on a modified plastic optical fiber, monitored by a simple experimental

setup. In particular, the used POF probe has been obtained by three low-cost manufacturing steps, in order to excite the SPR phenomenon in

a planar sensing region 1 cm long, as thoroughly described in.65 In detail, we employed the SPR phenomena tomonitor the antigen (analyte)/

antibody binding through the use of a plastic optical fiber (POF) with a core in poly(methylmetacrylate) or PMMA (diameter = 980 mm). In

detail, starting from a classical POF fixed in a specific resin block, we obtained a D-shaped POF region though polishing procedures.

Following that, a multilayer was created on the D-shaped POF planar sensing surface using spin coater and sputter coater equipment. As

detailed in Cennamo N. et al.,62 a photoresist buffer layer having a refractive index greater than the core of the POF was placed between

the POF core and a gold nanofilm in order to increase optical responsiveness. Lastly, by using the chemistry of lipoic acid/N-Hydroxysucci-

nimide/N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride, the receptorial self-assembled monolayer was made on the plas-

monic surface as detailed in the next paragraph.

Functionalization of SPR-POF plasmon surfaces and immunofluorescence

The plasmon surface was functionalized essentially as previously reported by Zeni and colleagues in 2020,63 and appropriately modified as

in.64–66 Briefly, the POF plasmon surfaces were washed 3 times with Milli-Q water (5 min each), and similarly 3 times with 8% ethanol in

Milli-Q water. Subsequently, an incubation of 18 h with 0.3 mM lipoic acid in 8% ethanol was performed, allowing surface coating with

the exposed carboxyl groups. The coated POF surfaces were activated by incubation for 20 min with 200 mM N-Hydroxysuccinimide/

50 mM EDC (NHS/EDC) in phosphate buffered saline, pH 7.4 (PBS) and, thereafter, washed 3 times with PBS. The anti-IL-1b antibody

was covalently immobilized on the activated surfaces by 2 h incubation with 10 mL of anti- IL-1b (ab216995) (0.5 mg/mL). Subsequently,

the SAM was washed 3 times with PBS to remove the excess of the unbound antibody; finally, the non-reacted sites on the monolayer

were deactivated by leaving the biosensing surface in 1 M ethanolamine buffer, pH 8.0, for 30 min. The whole procedure was performed

at room temperature and, at each step, the surfaces were first dried under a gentle nitrogen stream. Finally, the functionalised platforms

were rinsed thoroughly and stored at 4�C in PBS only if used the day after or, alternatively, in PBS/0.01% Sodium azide (NaN3) to prevent

microbial contamination during long-term storage. For the 3D characterization and the evaluation of primary antibody distribution, we

used the immunofluorescence technique: briefly, coverglasses (diameter = 1 cm; thickness = 0.13 mm) were covered with a gold nanofilm

(thickness = 25 nm) and functionalysed as the presented biosensor. The primary antibody against IL-1b was added only in a half of the glass
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surface, to discriminate on the same glass the antibody fluorescence signal from the background. Then, as reported in Bencivenga et al.,

2021,82 the secondary antibodies (conjugated with Alexa Fluor 647 fluorochrome) were incubated for 1 h at room temperature in the dark,

covering all the glass surface and, then, they were washed and transferred on slices with a coverslip sealant. Almost 3 different fields were

analyzed by using ECLIPSE Ti2 inverted microscope/603 plan apo oil objective (1.40 NA)/DS-Qi2 camera and a representative image is

reported in supplementary materials’’ section (Figure S1).

IL-1b binding test in buffer solution and saliva and specificity and stability test

Serial dilutions of human recombinant IL-1b in PBS (from 25 to 43 103 p.m.) were prepared; then, 50 mL of each dilution were dropped on the

sensing region of the SPR-POF sensor and incubated for 3 min, to allow the binding with the immobilized anti-IL-1b antibody. After each in-

cubation step, a wash with PBS was performed, and the related SPR spectrum was obtained by normalizing the transmitted spectrum of IL-1b

solution to a reference spectrum obtained in air (where the plasmonic resonance is not excited) and comparing to a blank (PBS only). Thus,

only the shift in resonance wavelength caused by the specific recognition was determined. All steps were performed at room temperature.

The Langmuir model was used to calculate the LoD, the affinity constant (Kaff), and the sensitivity at low concentrations. To test the specificity

of the detection, the sameprocedurewas followed to analyze PBS solutions containing BSA (1 nM), human recombinant IL-6 (1 nM), IgG (1 nM)

and IgA (1 nMand 600 nM): thewavelength variations (Dl) were calculatedwith respect to the blank (buffer only) and compared to that related

to the measurement of 1 nM IL-1b solution.

The IL-1b detection efficiency was also evaluated in saliva. In detail, a sample of saliva from a healthy volunteer (aged 19) was

collected at the Periodontology Unit of the Integrated Activity Care Department of Oral Surgery and Stomatology, Maxillo-facial Sur-

gery and Rehabilitation of the University Hospital ‘‘Luigi Vanvitelli’’. The healthy donor was carefully selected on the basis of the criteria

listed in the STAR methods, ‘‘experimental model and study participant details’’ section. The healthy saliva was harvested in sterile

tubes enriched with protease inhibitors’ cocktail, diluted 1:50 with PBS and immediately used to prepare serial dilutions of IL-1b

(from 25 to 4 3 103 pM). Then, the samples were analyzed as reported above and, again, the Langmuir model was exploited to calculate

the LoD, Kaff, and sensitivity at low concentrations in saliva. Furthermore, by using both calibration curves (in PBS and in saliva), the

ranges of proportionality, Pearson correlation coefficient and R2 were calculated using OriginPro software (Origin Lab. Corp, Northamp-

ton, MA, USA).

The stability of the proposed device was tested after 6 weeks from functionalization and/or at low pH. In detail, three SPR surfaces were

contemporaneously and equally functionalized with anti-IL-1b antibodies. 25 pM. IL-1b solution was used for all the subsequent measures.

5 min of incubation with 100 mM Glycine-HCl, pH 2.2, were used to test the stability at low pH and as a potential regeneration strategy of

the sensing SAM. These biosensors were used as schematized in Figure S2, and the experiments were performed in triplicates. Finally,

the measured Dl obtained for each condition were compared with their proper controls.

Determination of salivary IL-1b concentration in periodontitis saliva

IL-1b was measured directly in saliva samples from a periodontally healthy subject and a periodontitis patient, chosen according to the case

definitions and the classification of periodontal diseases reported in Caton et al., 2018. Specifically, the two subjects were enrolled in the study

at the Periodontology Unit of the Integrated Activity Care Department of Oral Surgery and Stomatology, Maxillo-facial Surgery and Rehabil-

itation of the University Hospital ‘‘Luigi Vanvitelli’’, according to the protocol (Prot. 0016318/i of May 26, 2022) approved by the Institutional

Review Board. They were both Caucasian males, aged 69 (the periodontally healthy subject) and 61 (the periodontitis patient). The selection

criteria included good systemic health, no drug assumption in the last three months, at least 20 teeth, no oral mucosal pathologies, no instru-

mental periodontal therapy, no antibiotic or antiseptic periodontal therapy. Drinking and eating was avoided for at least 2 h before the saliva

collection. The subjects provided 5 mL of saliva. Protease inhibitors’ cocktail was quickly added to the samples. The specimens were diluted

1:2 with PBS just before the analyses on POF and immediately analyzed, or, alternatively stored as aliquots at�80�C. For measurements, the

spectra were recorded after 3 min of incubation of saliva with the SAM, and each measure was performed in triplicate and expressed in terms

of mean G standard deviation.

The calculated IL-1b concentrations were compared to those derived from Ella system (ProteinSimple, San Jose, CA, USA) analyses per-

formed on the same samples, according to themanufacturer instructions. Briefly, a 2-fold dilution of each saliva sample was spun for 20min at

10003g and 4�C, then added to the cartridge. Subsequently, the cartridgewas quickly inserted into the reader and run for about 90min at RT,

and the IL-1b levels were obtained by interpolation from the calibration curve and expressed as pg/mL. Finally, considering the molecular

weight of the interleukin active form (17,000 Da), the concentrations have been expressed and reported in molarity.

Another sample (sample 2) was examined in order to see whether the matrix components affect measurements. It was obtained from a

second 62-year-old periodontitis patient who met the criteria for enrollment in this study. In order to determine the quantities of the cytokine

in samples 1 and 2 (diluted 1:2 and 1:10 respectively) for the test of background noise, wavelength shifts on both dose-response curves in PBS

and in saliva were interpolated. Then, the estimated concentrations on both curves were compared.
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QUANTIFICATION AND STATISTICAL ANALYSIS

In the dose-response curves and Langmuir fittings of the collected data, the wavelength variations (Dl) related to the reported IL-1b concen-

trations represent the mean values of three different measurements. The error bars (reported in the fitting curves and in the specificity test)

correspond to the major value of the calculated standard deviations. The OriginPro software (Origin Professional, Origin Lab. Corp, North-

ampton, MA, USA) was used to obtain the Langmuir fitting of the experimental values and the statistical parameters, Pearson correlation co-

efficient and R2. The IL-1b concentrations in healthy and periodontitis patient saliva samples were determined by interpolation on the dose-

response curve and origin from the mean values of three measurements on the same biospecimens.
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