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Mental disorders are commonly featured as chronic conditions with often onset during childhood. In this context, inflammation has been associated with a higher risk of developing physical and mental health problems. Interleukin (IL)-6 is a key mediator of inflammatory responses and plays a pivotal role in immune and nervous system interaction. High levels of IL-6 during childhood are associated with mental problems, indicating that the IL-6 molecular pathway may represent a new target for monitoring and treating these conditions. Here, we report the detection of IL-6 in saliva samples from children (N = 118, mean age 4.4 years old) with behavioral problems using an immunosensor based on electrochemical impedance spectroscopy. This work demonstrates that the proposed immunosensor requires smaller sample volumes and is significantly faster and more sensitive than conventional ELISA while maintaining comparable levels of specificity and reproducibility. The point-of care immunosensor for detection of IL-6 in saliva samples presented herewith is, therefore, an attractive solution to the clinical practice as a rapid non-invasive, high-sensitive monitoring tool of mental health problems, especially in vulnerable patient populations such as children.
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Introduction

The human stress response is a natural defense mechanism to preserve and achieve a condition of homeostasis upon an adverse event (Gunnar and Quevedo, 2007). During a normal stress stimulation the hypothalamic-pituitary-adrenal (HPA) axis initiates the release of glucocorticoids into the bloodstream that regulate the levels of pro-and anti-inflammatory molecules. Through a negative feedback mechanism, these molecules control the release of these hormones via the HPA pathway, preventing an exacerbated inflammatory response (Hänsel et al., 2010; del Rey and Besedovsky, 2017). However, uncontrolled or chronic stress responses can disrupt this mechanism, resulting in harmful health effects. In the face of chronic stress or life adversity, there is a deregulation of this bidirectional communication, thus inducing a positive feedback loop, which increases inflammation (Brenhouse and Schwarz, 2016; Jiang et al., 2018). Therefore, affecting the functioning of neural circuits and negatively influences behavior (Miller et al., 2012; Mesquita et al., 2015; Calcia et al., 2016; Simons et al., 2019), and predisposes individuals to the development of psychopathologies (i.e., psychotic behavioral, depressive and anxiety disorders).

Recent studies have demonstrated that adversity during the first few years of life promotes inflammation throughout life, increasing the risk of developing physical and mental health problems (Fagundes and Way, 2014; Simons et al., 2019; Cuartas, 2020; Jiao et al., 2020; Loades et al., 2020). Several studies have provided evidence that childhood and adolescent exposure to adversity significantly correlates with elevated levels of inflammatory biomarkers such as C-reactive 3 protein (CRP) and interleukin (IL)-6 (Danese et al., 2009; Carpenter et al., 2010; Lacey et al., 2014; Raposa et al., 2015; D’Elia et al., 2018). The IL-6 is a pleiotropic cytokine that plays a vital role in interacting between the immune and nervous systems (Erta et al., 2012). While IL-6 has neurotrophic properties and beneficial effects in the central nervous system, its overexpression is associated with neurological, psychiatric and emotional disorders (Erta et al., 2012; Wei et al., 2012; Slopen et al., 2013; de Baumont et al., 2019). In fact, a growing body of evidence proposes that IL-6 has a central role in the pathogenesis of depression (Ting et al., 2020). Additionally, it has been demonstrated that IL-6 levels are associated with presence of internalization and externalization behaviors in children’s (Slopen et al., 2013; Tang et al., 2019), and that increase levels of the IL-6 in childhood are associated with an augmented risk of developing psychosis and depression in young adulthood (Khandaker et al., 2014; de Baumont et al., 2019; Perry et al., 2021). Therefore, scientific evidence suggests that IL-6 pathway may be a new target for diagnosing and treating mental disorders (de Baumont et al., 2019; Perry et al., 2021).

Typically, cytokines are measured using an enzyme-linked immunosorbent assay (ELISA). Conventional ELISA assays lack the ease of use and need trained personnel to perform, require high sample volumes that may be difficult to collect, are time consuming and relatively expensive, contributing to the difficulty of diagnosing diseases rapidly and making them unpractical for the purpose of monitoring cytokine-related diseases and/or conditions. Additionally, in normal conditions, cytokines are usually present at low pg/mL levels in body fluids, falling below the detection limits of ELISA assay, thereby affecting the quantitative analysis and reliable interpretation of results. Thus, to increase the detection accuracy of these biomarkers, there is a necessity to improve highly sensitive and easy-to-use technologies.

In line with this, saliva analysis provides numerous advantages over blood as a non-invasive alternative body fluid, including the ease of sample collection in vulnerable patient populations (i.e., children), lack of need for immediate sample processing, specialized instruments or trained personnel, ability to collect samples in different settings and minimal exposure of healthcare personnel to blood-borne pathogens (Rathnayake et al., 2013; Yoshizawa et al., 2013). In fact, an increasing number of biomarkers associated with local and systemic diseases have been detected in saliva for different pathologies, from oncological (Rapado-González et al., 2020), cardiovascular (Gohel et al., 2018), infectious (Estévez et al., 2011; Napodano et al., 2021) or neurological (Jasim et al., 2018; Corey-Bloom et al., 2020) diseases. Inflammatory molecules (i.e., IL-6, IL-8, tumor necrosis factor (TNF)-α) are among these identified biomarkers present in saliva (Prasad et al., 2016).

Overall, this highlights the relevance of quantifying IL-6 in saliva samples for neurological disease diagnosis and monitoring in children’s. Therefore, this work presents the validation of a label-free immunosensor based on the electrochemical impedance spectroscopy (EIS) system for a non-invasive quantitative detection of IL-6 in saliva samples.



Materials and methods


Immunosensor design and functionalization

Biomarker quantification was performed using gold screen-printed electrodes (SPEs) (DropSens, C223AT) with a printed gold working electrode (WE) (1.6 mm ∅), a gold counter electrode (CE), and a silver pseudo reference electrode (RE) (Cruz et al., 2019, 2021). The gold-SPEs were pre-cleaned with isopropanol and deionized (DI) water, prior to functionalization. To form the self-assembled monolayer (SAM) the sensor was incubated for 20 min at room temperature (RT), with a solution (10 mg/mL) of sulfo-LC-SPDP (sulfosuccinimidyl 6-(3′-(2-pyridyldithio)propionamido)hexanoate) (Thermo Fisher) in 10 mM phosphate buffer (PB, pH7.4) with 5% glycerol and washed with PB. Anti-IL-6 antibodies (eBioscience#88-7066) (0.25 μg/μL antibody solution (in PB) with 5% glycerol), were linked to SAM through overnight incubation, at 4 °C, followed by rinsed with PB. Next sensors were incubated with 0.25% BSA solution in PB at RT for 30 min with 5% glycerol to block non-specific interactions and unreacted sites.



Electrochemical impedance spectroscopy measurements

To characterize the gold WE surface in terms of electron transfer kinetics and redox processes, the Electrochemical Impedance Spectroscopy (EIS) analysis was performed during the electrode functionalization (Bariya et al., 2018). EIS used for IL-6 detection and quantification tests. EIS measurements were conducted using a 10 mM PBS solution containing 5.0 mM of the redox probe [Fe(CN)6]3–/4– (Sigma-Aldrich UK, # 702587 and #60279) at a fixed potential of +0.125 V, using a sinusoidal perturbation with amplitude of 5 mV at a frequency range of 100,000–0.1 Hz.

Using the Nova software, the impedance data was fitted to a Randles equivalent circuit [Rs(CPE- [RctW])] (Randles, 1947; Cruz et al., 2019, 2021; Figure 1 insert). This circuit comprises the ohmic resistance of the electrolyte solution (Rs) the Warburg impedance (W) resulting from the diffusion of the redox-probe, constant phase element (CPE), and the charge-transfer resistance (Rct) (Randles, 1947).
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FIGURE 1
Schematic representation of the detection principle of the EIS-based immunosensor. (A) Randles circuit was used to fit the electrochemical impedance data: electrolyte resistance (Rs), constant phase element (CPE), Warburg element (W), and charge transfer resistance (Rct). (B) A schematic representation of a gold screen-printed electrode system. CE, Counter Electrode; RE, Reference electrode; WE, Working electrode.


For the determination of the calibration curve and extrapolation of IL-6 concentrations, the extracted Rct value was used. All EIS measurements were performed using a potentiostat/galvanostat, equipped with a Frequency Response Analysis module (Metrohm Autolab, PGSTAT302N/FRA32M) and controlled by NOVA software.



Immunosensor analytical performance for IL-6 detection

Several IL-6 solutions (from 1 to 20 pg/mL), were prepared by diluting 200 pg/mL standard IL-6 solutions (eBioscience, #88-7066) in 0.9% NaCl, and used to calculate the IL-6 calibration curve. The antigen/antibody interaction occurs a during 30 min, followed by Milli-Q DI rinsing. The calibration curve was quantified based on the linear correlation between the normalized Rct value ((Rct(IL–6) - Rct(BSA average))/Rct(BSA average)) and the common logarithm (base 10) of IL-6 concentration. LOD corresponds to ((3SDblank - b)/m), where SDblank corresponds to the standard deviation of BSA Rct values. The m (slope) and b (the Y Intercept) values were obtained from the calibration curve. Different concentrations of recombinant TNFα cytokines (eBioscience, #88-7346) or in a cocktail solution with TNFα, IL-6 were used to test the specificity and selectivity of the immunosensor.



Saliva sample collection and processing

Saliva samples were collected from 118 children, upon written informed consent obtained from the families.

Table 1 describes the characteristics of the sample. The sample had a similar proportion of males and females, and was predominantly Caucasian (98.4%), consistent with the general population, and the mean aged of assessment was 4.4 years old. Recruitment took place in preschools with children from families that varied in terms of psychosocial risk. The use of saliva samples was approved by the Portuguese Committee for Data Protection (Authorization number: 2496/2012) and the Ethical Committee of the University of Minho, Portugal (Authorization number: SECVS 027/2016). Informed consent was obtained from all participants included in this study according to ethical committee regulations. Salivette devices (Sarstedt, Rommelsdorft, Germany), following the manufacturer’s specifications were used to collect saliva samples. Children were instructed to place a cotton swab in the mouth and chew for a minute. Salivettes were kept chilled before being centrifuged at 4°C at 3,200 rpm for 10 min. Samples were aliquot and then stored at −80°C. An aliquot was used for each validation test.


TABLE 1    Descriptive information (N = 118).
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Enzyme-linked immunosorbent assay testing for IL-6 detection in human samples

IL-6 was measured, in human saliva samples (n = 119), using commercially available ELISA kits (eBioscience, #88-7066) according to the manufacturer’s specifications.



Immunosensor for IL-6 quantification in saliva samples

Saliva samples were diluted 25% in 0.9% NaCl and the ΔRct determined upon the incubation of 1 μL of sample for 30 min in the WE, followed by rinsing with Milli-Q water. For the recovery test, 3 independent saliva samples were used, and tested in triplicates. For the immunosensor validation, saliva samples from 50 children (male or female) were used and tested in triplicates.



Child emotional and behavioral problems

Emotional and Behavioral problems were assessed with the Child Behavior Checklist. (CBCL) (Achenbach and Rescorla, 2000; Achenbach et al., 2014). Caregivers completed the Portuguese version of the Child Behavior Checklist for children 1.5–5 years of age. For each of the 100 items that describe behavioral/emotional problems, the caregiver rated the child’s behavior on a 3-point scale: 0 = not true, 1 = sometimes/somewhat true, or 2 = very/frequently true. The CBCL shown to have good validity for the Portuguese version (Achenbach et al., 2014). When the score was equal or above 60 in the CBCL total scale, or 17 in the CBCL internalization or externalization score was considered positive for the presence of behavior problems. Table 1 describes the characteristics of the sample.



Specificity and sensitivity of IL-6 biomarker

Children who are tested positive for behavior problems using CBCL (total, internalization or externalization) instrument and have detectable levels of IL-6 were defined true positives (TP); children’s without behavior problems using CBCL (total, internalization or externalization) who tested negative for presence of IL-6 were called true negatives (TN). Children with behavior problems who are tested negative for IL-6 are called false negatives (FN); Children’s without behavior problems who have tested positive for IL-6 are called false positives (FP). The sensitivity (true positive rate) was determine by:[image: image] and the specificity (true negative rate) was determine by: [image: image].



Statistical analysis

GraphPad Prism Software version 6.0 (GraphPad Software Inc.) was used to performed statistical analysis. Pair t-test were used to compare differences between groups. Results are expressed as mean ± standard deviation. Differences were considered significant at p < 0.05.




Results


Impedimetric immunosensor for sensitive and quantitative IL-6 detection

In order to evaluate the presence of IL-6 in saliva samples, a gold screen-printed electrodes (SPE) has been developed with immuno-functionalized working electrode (WE) to transduce the biomarker concentration into electrochemical signals (Figure 1). The IL-6 quantification was performed by electrochemical impedance spectroscopy (EIS) analysis, which is a label and amplification free technique that allows direct molecular quantifications on modified surface electrodes (Sánchez et al., 2008). EIS is used for electrochemical-based biomarker detection as it is able of quantify alterations in electrical properties during working electrode (WE) surface modifications and biorecognition events (Figure 1B). Gold was selected as the material for the WE due to its good stability, biocompatibility and capacity to interact with cross-linking agents such as sulfo-LC-SPDP. Bovine serum albumin (BSA) was used to prevent nonspecific binding.

The gold WEs were modified with a self-assembled monolayer (SAM) of sulfo-LC-SPDP to immobilize the antibody (Cruz et al., 2019, 2021) for the immunorecognition of IL-6 (Arya et al., 2013; Figure 1). Sulfo-LC-SPDP permits N-hydroxysuccinimide (NHS) ester group reaction with amines in the antibody forming a covalent bond, whereas the 2-mercaptopyridine acts as a spacer on the gold surface to facilitate electron transfer (Arya et al., 2013). The chemical modification of the gold WE was analyzed by EIS. Impedance are graphically represented as Nyquist plots and experimental data fitted to the modified Randles equivalent circuit (Figure 1). The charge-transfer resistance (Rct) is set by the semi-circle diameter obtained in EIS (Figure 1A). Rct increase correlates with electron transfer blockage and therefore the successful modification of the WE surface, as seen in Figure 2, indicating the formation of the SAM and subsequent functionalization steps (anti-IL-6 and BSA immobilization). The average Rct and Rct variation between functionalization steps (ΔRct, i-1) for the total number of sensors used to achieve the calibration curve for each biomarker are presented in Table 2.
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FIGURE 2
Evaluation of the functionalization steps by EIS. Nyquist plots of the functionalization process were obtained in 5.0 mM [Fe(CN)6]3–/4– PBS buffer pH 7.4 using a sinusoidal potential perturbation of 5 mV over a frequency range of 1 × 105−0.1 Hz.



TABLE 2    Charge-transfer resistance values (Rct) and variations between the consecutive functionalization steps (Rct,i-1) with the respective standard deviation.
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Immunosensor analytical performance

Previous studies indicate that saliva IL-6 concentrations in healthy individuals varies between of 0.7–10 pg/mL, whereas in different disease patients, the value is higher (Bougea et al., 2020; Corey-Bloom et al., 2020; Moreno-Quispe et al., 2020). Therefore, the immunosensor capacity to detect different concentrations of IL-6 was analyzed. Increasing IL-6 concentrations, were spiked in 0.9% NaCl solution and measured in individual sensors (n = 6). The immunosensor recognition response to increasing IL-6 concentrations is shown in the Nyquist plots (Figure 3A), with the increase in the semi-circle between concentration. The IL-6 immunosensor exhibited linear range between 1 and 20 pg/mL (Figure 3B). The linear regression is given by y = 0.6782x+0.3677 with R2 = 0.9827. The calculated limit of detection (LOD) was 0.088 pg/mL


[image: image]

FIGURE 3
Nyquist plots and biosensor calibration curves. (A) Representative Nyquist plots of increasing concentrations of IL-6. (B) The calibration curves for IL-6 was obtained from an average of six independent sensors (n = 6). Error bars correspond to SD. (C) Immunosensor selectivity and specificity was analyzed by comparing normalized Rct values obtained for IL-6 or TNFa spiked in 0.9% NaCl; IL-6 spiked in a cocktail solution with TNFα, and for 0.9% NaCl solution (n = 5).


The specificity of the immunosensor was assessed using IL-6 in 0.9% NaCl or in a 0.9% NaCl solution with TNFα (n = 5). The normalized Rct values observed for IL-6 alone or in the cocktail solution with TNFα were not significantly different (Figure 3C). Additionally, the Rct variation for IL-6 was in the same variation range of Rct measurements obtained for 0.9% NaCl alone. These results indicate that the immunosensor is highly selective and specific for IL-6.

Next the applicability of the immunosensor in detecting IL-6 in saliva samples collected from control healthy individuals (female and male) was tested. Initially the immunosensor was tested with non-pooled saliva samples (from 3 independent individuals, in triplicates each) spiked with different concentrations of IL-6. However, the immunosensor was unresponsive to increasing concentrations of recombinant IL-6, with Rct values being unaffected with variations in the IL-6 concentrations. These results suggest that saliva matrix impacts immunosensor performance, and a sample preprocessing step is needed, as previously described for other body fluids (Cruz et al., 2019). This limitation is avoided by diluting the saliva sample in 0.9% NaCl. Saliva samples (from 3 independent individuals, in triplicates each) were diluted to 25% in 0.9% NaCl and spiked with different concentration of IL-6. As shown in Table 3, the biological matrix effect was minimized and the immunosensor is able to detect different concentration of IL-6 spiked in saliva samples, with recovery rate of at least 97.6%.


TABLE 3    IL-6 recovery tests in human saliva diluted at 25% in 0.9% NaCl (n = 3).
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Immunosensor applicability to human saliva analysis

The capacity of salivary inflammatory biomarkers to inform about systemic conditions is under evaluation (Rathnayake et al., 2013; Yoshizawa et al., 2013). Saliva samples are easy to collect in vulnerable patient populations like children’s (Rathnayake et al., 2013; Yoshizawa et al., 2013), being a non-invasive body fluid and alternative to blood. IL-6 an inflammatory cytokine is associated with the presence of mental health problems, such as depression or anxiety (O’Donovan et al., 2010; Trapero and Cauli, 2014; Raposa et al., 2015; de Baumont et al., 2019; Müller et al., 2019; Niraula et al., 2019), or internalization and externalization behaviors (Slopen et al., 2013; Tang et al., 2019). Additionally, higher levels of IL-6 in childhood are associated with increased risk of psychiatric disorders in adulthood (Khandaker et al., 2014; de Baumont et al., 2019; Perry et al., 2021). Consequently, highlighting the relevance of detecting IL-6 in human saliva samples from vulnerable populations such as children’s. Therefore, first IL-6 levels were quantified by ELISA in clinical saliva samples collected from children’s diagnose previously with behavior problems (using the CBCL instrument). Although in our cohort (composed of 50.8% female, with a range of 3–6 years), we do not observe differences in the IL-6 levels due to gender or age (Supplementary Figure 1), the results demonstrate that IL-6 levels are higher in saliva samples from children’s with behavior problems (Figure 4A).
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FIGURE 4
Correlation between Immunosensor and ELISA results for detection of IL-6 in saliva samples. (A) Saliva samples from children’s with different behavior problems were analyzed by conventional ELISA assay (n = 118). (B) Graphic representation of ELISA and immunosensor correlation. The dashed line shows the regression line with R2 = 0.9679, ****p > 0.0001.


Yet, a large number of samples were below detection limits of the ELISA assay (LOD = 2 pg/mL). The dynamic range of the ELISA assay is 2–200 pg/mL.

Accordingly, the optimized immunosensor was tested to detect IL-6 in saliva samples (n = 50). The accuracy of the immunosensor for the determination of IL-6 was analyzed by comparing the immunosensor and ELISA results to the same saliva sample. The linear correlation analysis was R2 = 0.9679 (Figure 4B), demonstrating that the results of each sample by both methods are in agreement with each other. Importantly, different IL-6 levels were possible to detect in saliva samples from children’s with behavior problems, that were not detected by the ELISA assay, due to the different LOD (Table 4), increasing the sensitivity of the detection of IL-6 in these samples from 28 to 90% (Table 5). Although, the specificity of the IL-6 biomarker for behavior problems identification is low (24%), the proposed immunosensor is able to increase the specificity of detection to 62% (Table 5). Additionally, the proposed immunosensor uses 50 times smaller sample volumes, and is 10 times faster than the ELISA assay. These results suggest that the label-free and real-time detection capabilities of the immunosensor can serve as a good immunoassay alternative to the laborious and time-consuming ELISA method.


TABLE 4    Example of different patterns obtained for IL-6 concentrations measured in saliva samples, accordingly to the different sensitivity of the ELISA and biosensor assays.
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TABLE 5    IL-6 biomarker matrix used for specificity and selectivity analysis.
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Discussion

Through a gold-based EIS immunosensor, a proof of concept protocol was developed to detect IL-6 in saliva samples. The immunosensor herewith validated is highly sensitive, with significantly lower LOD than conventional ELISA assays while maintaining the same specificity and consistency. Additionally, the proposed immunosensor holds the advantage of being easy to use, having low processing and signal acquisition times and requiring smaller samples volumes. Therefore, demonstrating a potentially effective point-of-care strategy for inflammatory biomarkers quantification in saliva, offering an attractive solution for the diagnosis of different systemic conditions, especially in vulnerable patient population such as children’s.

One of the huge throwback in the mental area, is the difficulty to have reliable accurate and objective methods to identify biomarkers that could help medical decisions (Hidalgo-Mazzei et al., 2018). This is especially important in mental illnesses since patients present enormous heterogeneity in their clinical presentation and are classified by diagnostic categories with a vast range of symptoms. Therefore, the identification of biomarkers, rather than using only behavioral symptoms and signs, might offer an additional precise tool for diagnosis, thereby supporting mental illnesses classification similarly to what is already used in other areas of medicine. In fact, it has been widely accepted that diagnosis based on one single biomarker may not provide sufficient accuracy (Xu et al., 2015). Therefore, the analysis of multiple biomarkers in association with clinical symptoms, may help clinicians to make a better diagnostic decision.

In line with this, the identification of good and reliable biomarkers for mental illness can only be responded with sampling plans that include several quantifications during the day (and across days), within the same individual and in “real life” contexts. The sampling requirement is particularly relevant in children’s, were collection of body fluids by non-invasive means is critical. Additionally, the near- and long-term health implications of identifying mental illness in children’s early in life is essential, particularly due to the public health costs of mental and physical disease, highlighting the need of more accurate diagnostic methodologies to help medical decisions. Therefore, a portable immunosensor, as the one described in this study, capable of detecting biomarkers in non-invasive fluids (e.g., saliva) rapidly, with high sensitivity and in decentralized settings with no requirements for specialized personnel, holds great potential for the identification and screening of multiple molecular biomarker pathways underlying the mechanistic complexity of mental illness.

Nevertheless, the study described here has some limitations, namely the lack of information and children’s cohort profiling concerning the different factors that could potentially influence IL-6 levels in children, such as the socio-economic adversities, the existence of health behaviors or body mass index. Despite the need for additional studies to assure the potential of IL-6 as a relevant biomarker for diagnosing and monitoring mental problems in children’s, in combination with other biomarkers and clinical symptoms, this work demonstrates that this immunosensor is pertinent to ensure this goal.
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