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ABSTRACT 

Oxidative stress, resulting from an imbalance between reactive oxygen species and antioxidant defences, is a critical factor in the onset and 

progression of numerous diseases, including cancer, cardiovascular conditions, and neurological disorders. Early detection of oxidative 
stress biomarkers is essential for timely diagnosis and effective treatment. Saliva has emerged as a highly attractive biofluid for this pur-

pose due to its non-invasive, easily accessible, and cost-effective collection. Recent advancements in electrochemical biosensors have sig-
nificantly enhanced the sensitivity, selectivity, and reliability of detecting oxidative stress indicators in saliva. These innovative sensing 

platforms enable real-time monitoring of key biomarkers at low concentrations, offering great potential for clinical and point-of-care ap-
plications. However, challenges such as sensor stability, biofouling, and interference from complex salivary components remain to be ad-

dressed to ensure robust performance in practical settings. This review summarises the latest developments in electrochemical biosensing 
of salivary oxidative stress biomarkers, highlights existing limitations, and discusses prospective strategies to overcome current barriers. 

The continued evolution of this technology promises to facilitate early disease detection and improve patient outcomes through accessible 
and precise oxidative stress monitoring. 

Keywords: Disease monitoring; Electrochemical biosensors; Non-invasive diagnostics; Oxidative stress; Point-of-care sensing; Reactive 
oxygen species 

 

1. Introduction 

A pathological state caused by an imbalance between an-

tioxidant defence mechanisms and reactive oxygen/nitrogen species 

(ROS/RNS), oxidative stress is a major factor in the development 
and progression of many chronic diseases, such as diabetes, cancer, 

autoimmune diseases, cardiovascular diseases, and neurodegenera-
tive disorders [1]. Protein folding and oxidative phosphorylation 

are two examples of regular biological processes that produce reac-
tive oxygen and nitrogen species (ROS and RNS) [2]. These com-

prise both non-radical (like hydrogen peroxide and hypochlorous 
acid) and radical (like superoxide, hydroxyl, and nitric oxide) 

forms, each with unique biological functions and reactivities [3]. 
Although ROS and RNS are vital for cell signalling, too much of 

them can lead to oxidative stress and harm various parts of the cell. 
Even with their acknowledged importance, research is still ongoing 

to distinguish between their physiological and pathological func-

tions [4]. Despite the critical role of reactive oxygen and nitrogen 
species (ROS/RNS) in cellular signalling and stress responses, 

there is a lack of effective tools for their selective and real-time 
detection in living systems. Electrochemical methods using cus-

tom-designed microelectrodes offer promising solutions, enabling 
direct, in situ monitoring of specific ROS/RNS like hydrogen per-

oxide (H₂O₂), nitric oxide (NO), peroxynitrite (ONOO⁻), and su-
peroxide (O₂•⁻) with high spatial and temporal resolution [5]. 

   Under normal conditions, antioxidant systems tightly regulate 

ROS levels to maintain redox balance. However, both deficiency 
and excess of ROS can disrupt physiological processes [6]. Low 

ROS levels impair immune response, wound healing, and cell sig-
naling, while excess ROS leads to oxidative damage of DNA, pro-

teins, and lipids markers such as 3-nitrotyrosine (3-NT), 
Malondialdehyde (MDA), and 8-Hydroxy-2'-deoxyguanosine (8-

OHdG) are often used to assess this damage in clinical samples [7]. 

mailto:k.maryam.edu@gmail.com
https://orcid.org/0000-0003-1085-1346
https://orcid.org/0009-0000-4720-7840
https://orcid.org/0009-0009-0861-1248


© Journal of Engineering, Science and Technological Trends (JESTT)  ISSN(e):2959-1937 published by SCOPUA 

 

2 

Still, these biomarkers reflect downstream effects rather than real-
time ROS dynamics and fail to distinguish between specific ROS 

types. Current analytical techniques like electron paramagnetic 
resonance and photon-emission spectroscopy are limited by cost, 

complexity, and low temporal resolution [8]. Thus, there is a press-
ing need for highly sensitive, selective, and rapid-response tools 

capable of detecting specific ROS in real-time. Developing such 
electrochemical sensors remains a key challenge in advancing our 

understanding of oxidative stress and improving disease diagnostics 

and treatment evaluation. 

    Saliva's simplicity of collection, low sample processing re-

quirements, and association with systemic health have made it an 
attractive non-invasive biological fluid for the identification of 

oxidative stress indicators [9]. Conventional analytical techniques 
like GC-MS, ELISA, LC-MS/MS, and HPLC have been used to 

measure these biomarkers in biological matrices [10]. These meth-
ods are less appropriate for point-of-care or real-time monitoring 

applications, though, because they frequently include drawbacks, 
including high costs, laborious procedures, the requirement for 

trained staff, and complicated equipment. 

   Because of their intrinsic benefits, high sensitivity, specificity, 
portability, minimal sample volume needs, quick response, and 

compatibility with wearable formats, electrochemical biosensors 
present a strong alternative [11]. By boosting active surface area, 

enhancing conductivity, and facilitating selective molecular recog-
nition, the incorporation of nanomaterials like metal nanoparticles 

(like AuNPs), graphene oxide nanoribbons (GONRs), multi-walled 
carbon nanotubes (MWCNTs), and molecularly imprinted poly-

mers (MIPs) has further improved the performance of these sensors 
[12],[13]. MIP-based electrochemical sensors are particularly well-

suited for detecting tiny oxidative stress indicators like 3-NT and 8-
OHdG in intricate biological settings like saliva because they repli-

cate antibody-antigen interactions with enhanced stability and re-
duced manufacturing costs [14]. 

   With an emphasis on 3-NT, 8-OHdG, MDA, and ROS, this re-
view aims to give readers a thorough grasp of saliva as a potentially 

useful diagnostic fluid, emphasising its capacity to track both men-
tal and physical function. The development of electrochemical bio-

sensors as dependable instruments for their detection is next cov-
ered, along with an examination of important oxidative stress indi-

cators. These biosensors are perfect for continuous and non-
invasive health monitoring since they have real-time sensing capa-

bilities and can be easily integrated with wearable electronic plat-
forms. 

2. Salivary oxidative stress biomarkers 
   Saliva has drawn interest as a diagnostic fluid since it is simple 

to collect, requires little training, and can be self-collected, making 
it available to a variety of people, including young children and the 

elderly. Samples are convenient since they may be collected in a 
variety of locations, including at home or work. Biomolecules such 

as proteins, hormones, and enzymes found in saliva are connected 
to stress, illness, and general well-being [15]. Saliva-based diagnos-

tic tests for ailments like stress, mental health, and oral disorders 
have been developed as a result of these advantages. However, 

there are still issues like pollutants, individual biomarker variance, 
and temporal lags between blood and saliva changes. Saliva's non-

invasiveness, ease of collection, and capacity to track a variety of 
biomarkers connected to stress, illness, and general health have 
made it a potential diagnostic fluid.  

   Proteins, enzymes, and hormones are just a few of the macro-
molecules found in saliva that represent physiological alterations 

linked to illness and stress. Salivary α-amylase, chromogranin A 
(CgA), cortisol, brain-derived neurotrophic factor (BDNF), and 

immunoglobulin A (IgA) are some of the biomarkers frequently 
examined in stress research [16],[17],[18]. For example, both acute 

and chronic stress cause an increase in salivary α-amylase, whereas 
cortisol levels rise during acute stress but may become dysregulated 

under chronic stress. Stress usually causes immunoglobulin A lev-
els to drop, which is a sign of immunological suppression. In-

creased levels of CgA, a protein generated by the adrenal glands 
under stress, are seen under both acute and chronic stress. CgA is 

also used to measure alterations associated with stress [19]. 
     Furthermore, stress can affect BDNF, a growth factor impli-

cated in brain plasticity, which exhibits higher levels during acute 
stress but lower levels under chronic stress [20]. Saliva has a lot of 

promise for diagnostics; however, there are still issues with bi-
omarker variability because of things like sample collecting tech-

niques, time lags between blood and saliva changes, and individual 
variations in concentration gradients. Saliva, however, provides an 

easy-to-use way to track health and stress reactions, and research is 
being done to maximise its utility in clinical settings. 

        One well-researched ROS that serves as a signalling molecule 
and an indication of oxidative imbalance is hydrogen peroxide 

(H2O₂) [21]. The nitration of tyrosine residues in proteins produces 
3-nitrotyrosine (3-NT), a particular marker that indicates oxidative 

and nitrosative damage [22]. Through their involvement in redox-
sensitive signalling cascades, protein phosphorylation levels, which 

are changed in oxidative environments, also function as indirect 
indicators. As an indicator of oxidative DNA damage, 8-Hydroxy-

2'-deoxyguanosine (8-OHdG) is one of the most researched oxida-
tive stress biomarkers currently being explored. Furthermore, 3-

nitrotyrosine (3-NT) has emerged as a crucial indicator of protein 
nitration, indicating oxidative protein damage [4]. Reactive oxygen 

species (ROS), which are a direct indicator of oxidative stress lev-
els, and Malondialdehyde (MDA), a byproduct of lipid peroxida-

tion, are also important indicators of oxidative imbalance in the 
body [23]. The increased attention paid to these biomarkers, in 

particular, 8-OHdG, 3-NT, and MDA, highlights their potential for 
real-time oxidative stress monitoring and early disease diagnosis, 

offering insight into the mechanisms driving stress and related ill-
nesses. Table 2 represents the electrochemical biosensors for Key 

salivary oxidative stress biomarkers 

   The pre-analytical stability of saliva oxidative indicators varies 
greatly with temperature, storage period, and enzymatic activity. 

Saliva, as opposed to blood, is abundant in enzymes such as amyl-
ase and proteases that can hydrolyse biomarkers for MDA, 3-

nitrotyrosine, and 8-OHdG as soon as they are sampled. Studies 
have shown that biomarker concentrations significantly decrease 

within 30 to 60 minutes if cooling is delayed or protease inhibitors 
are not added. Effective sample handling requires fast chilling, 

storage at −20°C or lower, and the absence of freeze-thaw cycles. 
Accuracy may also be impacted by consistency in salivary flow and 

collection methods. Hence, standardised methods are important for 
biosensor-based diagnoses to be reliable. 

 

3. Comparative analysis of the diagnostic           

accuracy of salivary oxidative stress                 

biomarkers: Saliva vs blood, urine and          

cerebrospinal fluid (CSF) 
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          Saliva offers a practical, easily available, non-invasive bio-

fluid for evaluating oxidative stress biomarkers, but its diagnostic 
accuracy in comparison to more conventional fluids such as blood, 

urine, and cerebrospinal fluid (CSF) remains a major problem.  
Table 1 shows the comparative analysis of biofluids for detection of 

oxidative stress biomarkers. Because of things like selective diffu-
sion across acinar cells, active transport processes, and enzymatic 

degradation by salivary enzymes like amylase and peroxidase, the 
levels of oxidative stress indicators in saliva are often significantly 

lower than in plasma or CSF. For example, the levels of 8-hydroxy-
2′-deoxyguanosine (8-OHdG) in plasma can range from 0.2 to 1.0 

ng/mL, whereas in saliva they are normally between 0.05 and 0.3 
ng/mL [24]. Malondialdehyde (MDA) and 3-nitrotyrosine can also 

be found in saliva, although in smaller amounts than in blood. De-
spite these variations, several studies have demonstrated statistical-

ly significant relationships between oxidative stress marker concen-
trations in serum and saliva in clinical populations, such as patients 

with neurological disorders, diabetes, and cardiovascular disease 
[9],[21].  

 
   Additionally, saliva can be collected by self-collection to re-

duce patient discomfort and contamination risk, unlike blood and 
CSF, which require invasive procedures and specialised care. Ac-

cording to Monosik et al. [11], this makes saliva the best material 
for repeated or real-time monitoring, especially when paired with 

electrochemical biosensor technologies that offer great sensitivity 
and specificity at low analyte concentrations. However, pre-

analytical factors such as sample collection method, circadian 
rhythms, hydration, and food intake can affect biomarker levels, 

reducing the diagnostic utility of saliva. Furthermore, unless pro-

cessed or stabilised immediately, saliva may degrade labile bi-
omarkers due to its increased susceptibility to biochemical instabil-

ity brought on by enzymatic activity and pH fluctuations. However, 
the detection of salivary oxidative stress biomarkers at clinically 

relevant concentrations has significantly improved with recent de-
velopments in wearable biosensing technologies, molecularly im-

printed polymers, and nanomaterials. Saliva-based diagnostics can 
therefore provide a scalable, affordable, and efficient substitute for 

traditional fluids with the right standardisation and validation, es-
pecially for point-of-care and personalised treatment.  

4. Electrochemical Biosensing Principle 
        The principles of electrochemistry, which investigate the con-
nection between electrical energy and chemical reactions, specifi-

cally, redox processes, in which electrons are transported between 
molecules, form the basis of electrochemical sensing techniques 

[25]. Since many biological processes, including cellular respira-
tion and neural activity, depend on these reactions, electrochemical 

techniques are extremely important for use in biomedical and diag-
nostic settings [26]. The measurement of electrical current pro-

duced by redox reactions at electrode surfaces is the fundamental 

component of electrochemical detection. This current enables accu-

rate quantitative analysis since it is proportional to the target ana-
lyte's concentration. 

        Important methods include electrochemical impedance spec-
troscopy (EIS), which examines the resistance to charge transfer at 

the electrode interface; amperometry, which keeps a constant po-
tential to track changes in current in real time; and voltammetry, 

which varies the potential and the current that results reveals the 
redox behavior of analytes [27]. These techniques provide great 

sensitivity, quick reaction, and the capacity to identify biomarkers 
at trace levels in complicated matrices like blood or saliva, particu-

larly when supplemented with nanomaterials or molecularly im-
printed polymers (Figure 1). They are essential instruments in con-

temporary biosensing because of their versatility and diagnostic 
capabilities, especially when it comes to identifying disease-

associated biomarkers like 3-nitro-L-tyrosine. 
 

4.1. Electrochemical sensing of 8-Hydroxy-2'-

deoxyguanosine 
Targeting nucleotides, nucleosides, and DNA bases, oxidative 

stress can cause damage to genomic DNA. Guanine is particularly 

susceptible because of its low oxidation potential [28]. 8-
oxoguanine (8-oxoG) and its deoxynucleoside form, 8-hydroxy-2′-

deoxyguanosine (8-OHdG), are the main oxidation products of 
guanine [29]. Since these substances are the most common and 

well-established indicators of oxidative DNA damage, 8-OHdG is 
frequently utilised as an indicator to evaluate oxidative stress at the 

molecular level. A number of electrochemical platforms have been 
created to detect 8-oxodG, a biomarker of oxidative DNA damage, 

with high sensitivity. The sensitive and selective electrochemical 
detection of 8-oxodG, a crucial indicator of oxidative DNA dam-

age, has been thoroughly investigated using conducting polymers, 
nanostructured materials (NsM), and biomolecular recognition 

components. Peak currents were improved and oxidation potentials 
were shifted to more negative values by electropolymerized films 

such as poly(3-methylthiophene) (P3MT) and poly(3-
acetylthiophene) (P3AT) modified glassy carbon electrodes (GCE). 

The detection limits of these systems were as low as 0.10 µM and 
31.3 nM, respectively [30],[31]. With LODs of 56 nM, mixed 

DNA–P3MT films likewise showed excellent sensitivity. To im-
prove selectivity for 8-oxoG and guanine, metallopolymers such as 

[Os(bpy)₂(PVP)₁₀Cl]⁺ and [Ru(bpy)₂(PVP)₁₀Cl]⁺ were employed 

[32]. When 8-oxodG was present during the synthesis of molecu-
larly imprinted polymers (MIPs), highly selective recognition sites 

were made possible, resulting in LODs as low as 3 nM and even 
0.74 pg/mL (≈2.6 pM) [33],[34]. With LODs as low as 100 fg/mL, 

immunosensors that used 8-oxodG antibodies mounted on elec-
trodes modified with nanomaterials (such as ZnO nanorods or rGO) 

showed exceptional selectivity and detection capabilities [35]. Be-
cause of their non-immunogenic nature, low cost, and great speci-

ficity, aptamer-based sensors have become extremely useful in-

Table 1:   
Comparative analysis of biofluids for detection of oxidative stress biomarkers. 
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struments. Novel designs that combined aptamers with DNAzymes, 
hybridisation chain reaction (HCR), and other signal amplification 

techniques produced ultralow LODs down to 24.34 fM while pre-
serving great selectivity against interfering compounds and wide 

linear ranges [36]. Together, these cutting-edge electrochemical 
platforms, which include polymers, nanomaterials, MIPs, den-

drimers, immunosensors, and aptasensors, provide reliable, sensi-
tive, and specific methods for detecting 8-oxodG in intricate bio-

logical matrices, thereby bolstering their potential for use in oxida-
tive stress monitoring and clinical diagnostics. 

 

4.2. Electrochemical sensing of Malondialdehyde 
As a byproduct of the oxidation of arachidonic acid (AA), an 

unsaturated fatty acid, malondialdehyde (MDA) is a key biomarker 
of lipid peroxidation and oxidative stress. Therefore, it is essential 

to develop trustworthy techniques for its detection in plasma, se-
rum, and salivary fluid, as monitoring MDA levels in biological 

systems can be used to determine oxidative stress. Lipid peroxida-
tion products have been identified using both chemical and electro-

chemical methods. Yuan et al. [37] used multi-walled carbon nano-
tubes (MWNTs) to create a label-free electrochemical biosensor for 

MDA detection (Figure 2). After MWNTs and chitosan (CS) were 
added to a glassy carbon electrode (GCE), glutaraldehyde (GluA), 

complement factor H (CFH), and bovine serum albumin (BSA) 
were immobilised to act as links, recognition, and blocking agents, 

respectively. Every alteration step was validated by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS). 

While subsequent surface alterations raised resistance and de-
creased current, suggesting effective layer development, MWNTs 

improved electron transport. Using differential pulse voltammetry 
(DPV), the sensor obtained a linear range of 0.1–90 µmol¹ and a 

detection limit of 0.047 µmol¹; however, stability data were not 
provided. 

Later, a study showed that layer-by-layer nanocomposites 
made of polymers and nanoparticles performed exceptionally well 

electroanalytically and in terms of conductivity [38]. MDA was 
detected in exhaled breath condensate via DPV using quantum dots 

and polyarginine, with a detection limit of 0.329 nM. For the detec-
tion of MDA in breath and serum, Hasanzadeh et al. [23] used a 

polypurine-modified gold electrode (PT/Au), which produced good 
stability (90 percent signal retention after 100 analyses), a linear 

range of 0.78–3.10 mM, and a detection limit of 34 nM. The con-
ductive polymers and nanomaterials' high conductivity, vast surface 

area, and abundance of active sites are what give these studies their 
improved performance. 

 

Figure 2. An illustration showing how the synthesis of label-free bio-
sensors for MDA detection [37]. 

 
Figure 1. A visual representation of biosensor for electrochemical detection of oxidative stress biomarkers in saliva. 
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4.3. Electrochemical sensing of Malondialdehyde 
        Electrochemical detection of reactive oxygen and nitrogen 

species (ROS/RNS) is one of the effective methods for tracking 
oxidative stress in biological fluids, specifically in saliva. ROS and 

RNS are immediately detected by chemical sensors at their distinc-
tive redox potentials. For instance, the oxygen/superoxide redox 

pair is detected at about -0.33 V versus NHE, whereas nitric oxide 
(NO) is oxidised at about 0.8 V vs Ag/AgCl 1. Amatore et al. [39]  

and associates' groundbreaking research using platinumized carbon 
microelectrodes to identify ROS/RNS in individual cells and even 

inside phagolysosomes. Catalytic materials, such as Prussian blue 

composites or gold nanocones, are employed to boost sensitivity 
and further enhance performance. This allows for the detection of 

hydrogen peroxide (H2O₂) at low concentrations, even in compli-
cated samples like blood or serum. 

In contrast, biological sensors use redox-active proteins that 
are immobilised on the electrode surface in order to selectively 

identify the target species. For example, superoxide (O₂⁻·) can be 
detected using cytochrome c (Cyt C), which facilitates electron 

 

Figure 3. Development of Ag/MNS-CeO2-TiO2 materials and the identification of superoxide anions generated by cells [42]. 

 

 

 

Figure 4. The BMIP@CDs sensor's fluorescence quenching mechanism [47]. 
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transfer upon binding and produces a detectable biocatalytic current 
[40]. Despite the excellent selectivity of these biosensors, their 

long-term stability and immobilisation complexity can be problem-
atic. More recent methods use hybrid nanomaterials like gra-

phene/AgNP/CeO₂/TiO₂ or enzyme mimetics like MnTiO₃ or man-
ganese phosphate (Figure 3) to more robustly simulate enzymatic 
activity [41],[42]. 

Because of their short half-life and reactivity, NO and its reac-
tive product, peroxynitrite, require sensors with high sensitivity and 

fast response [43]. Selectivity is frequently attained by covering 
CFMEs with selective barriers such as Nafion, chitosan, or o-

phenylenediamine since NO oxidises at potentials that overlap with 
those of other species [44]. Recent developments include Cyt c-

modified nanoporous gold electrodes that have low detection limits 
and great sensitivity for detecting O₂⁻· in tissues such as skeletal 

muscle [45]. Even with these developments, further research is 
required to confirm the specificity of some of the more recent mate-

rials, especially in intricate biological settings. 
 

4.3. Electrochemical sensing of 3-Nitrotyrosine (3-NT) 
Using a variety of materials and methods, several novel sen-

sors have been created for the detection of 3-nitrotyrosine (3-NT), a 

crucial indicator of oxidative stress. For precise 3-NT detection in 
biological fluids, Govindasamy et al. [46] developed an am-

perometric sensor based on cadmium tungstate nanodots with re-

duced graphene oxide. This sensor has a low detection limit (LOD) 
of 3.24 nM, a broad linear range (18.5 nM to 1.84 mM), and good 

sensitivity. Similar to this, Jalili et al. [47] reported a new molecu-

larly imprinted polymer (MIP) sensor that uses green-light emitting 
carbon dots (BMIP@CD) showed good serum analysis with high 

recovery and repeatability (Figure 4). It is less expensive and more 
resilient than antibody-based sensors.  

Additionally, lab-on-a-chip electrochemical paper-based sen-
sors provide a portable, affordable solution for point-of-care diag-

nostics with a limit of detection of 49.2 nM. In serum from patients 
with minor hepatic encephalopathy, optical sensors such as a binu-

clear platinum complex demonstrated remarkable sensitivity (LOD: 
4.7 × 10⁻¹⁰ M) and selectivity for 3-NT detection [48]. The LOD of 

25.14 pM provided by copper ferrite nanodots embedded in re-
duced graphene oxide was exceptionally low [49]. While surface 

acoustic wave (SAW) biosensors in conjunction with electrospray 
ionisation-mass spectrometry allowed for label-free analysis of 

nitrated peptides, electrochemical sensors that included MIP-doped 
gold nanoparticles demonstrated good specificity and sensitivity 

with a limit of detection of 50 nM [50]. A localised surface plas-
mon resonance (NDG-LSPR) sensor based on graphene doped with 

nickel showed good selectivity for 3-NT and a limit of detection of 
0.13 pg/mL [51]. 

Outperforming conventional ELISA techniques, bimetallic 
Fe/Pd nanoparticles with molecular imprinting provided a durable, 

affordable, and efficient instrument for 3-NT detection in clinical 
fluids [52]. Finally, immunofluorescent detection of 3-NT-modified 

tyrosine residues under oxidative circumstances was made possible 
by peptide-functionalized fluorescent particles (PFFPs), supporting 

applications in therapeutic screening and disease monitoring [51]. 
These new developments demonstrate the expanding potential of 
sophisticated sensors in the evaluation of clinical oxidative stress. 

 

Table 2:   

Electrochemical Biosensors for Key Salivary Oxidative Stress Biomarkers. ( ITO: indium tin oxide; AuNTAs: gold nanotriangles arrays; PtNPs: 

platinum nanoparticles; DPV: differential pulse voltammetry; SWCNT: single-wall carbon nanotubes; GCE: glassy carbon electrode; MWCNT: 

multiwalled carbon nanotubes; ErGO: electrochemically reduced graphene oxide; SWV: square wave voltammetry; CV: cyclic voltammetry; 

SPCE: screen-printed carbon electrode; MGO: magnetic graphene oxide; MIPy: molecularly imprinted polypyrrole; La2Sn2O7: lanthanum stan-

nate; f−HNT: functionalized halloysite nanotubes; MIP: molecularly imprinted polymer; AMWCNT: aminated multi-walled carbon nanotubes; 

GONRs: graphene oxide nanoribbons; MoS₂: molybdenum disulfide; BiVO₄: bismuth vanadate; ZSM-5: zeolite socony mobil-5; Mn3(PO4)2: 

manganese(II) phosphate; PDDA: Poly(diallyldimethylammonium chloride); AMP: amperometery). 
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5. Recent Advances in Saliva-Based                  

Electrochemical Biosensors 
         More attention must be paid to emerging illnesses associated 
with oxidative stress, especially in light of quick and easy diagnos-

tics. Improvements in biosensor technology, such as the creation of 
wearable and mouthguard-based electrochemical biosensors, are 

desperately needed. For point-of-care (POC) applications, these 
cutting-edge technologies have great potential since they enable the 

early and non-invasive detection of oxidative stress indicators, 
which is essential for prompt diagnosis and efficient disease man-
agement. 

        Enhancing the sensitivity, selectivity, and mobility of electro-
chemical biosensors for a salivary oxidative stress indicator has 

been the main focus of recent advancements. The electrochemical 
characteristics of sensor platforms have been greatly improved by 

the introduction of nanostructured materials such as graphene ox-
ide, carbon nanotubes, and gold nanoparticles. Furthermore, bi-

omarker recognition has improved with the use of molecularly im-
printed polymers (MIPs), particularly for 3-nitrotyrosine and 8-

OHdG. The prohibitive expense of high-end nanomaterials such as 
gold nanoparticles and graphene constrains the mass production of 

salivary electrochemical biosensors [61]. Although the cost of syn-

thesis and purification is significant, these materials function ex-
ceptionally well [62]. To combat this, research is being done on 

low-cost substitutes such as metal oxides, polymer nanocomposites, 
and carbon produced from biomass, which show comparable sensi-

tivity at a lower cost [63]. Similarly, green solvents and electropol-
ymerization are used to optimise molecularly imprinted polymers 

(MIPs), reducing production costs [64]. For point-of-care applica-
tions, pairing with screen-printed electrodes and paper-based plat-
forms also makes mass production affordable. 

        Real-time monitoring of salivary biomarkers linked to oxida-
tive stress has been transformed by the combination of wearable 

technology with electrochemical biosensing. The goal of these de-
velopments is to offer continuous, non-invasive, and customised 

health monitoring options. 

        Mouthguard biosensors that can identify salivary metabolites 
have been developed thanks to creative designs. An instrumented 

mouthguard that non-invasively measures salivary uric acid levels 
was demonstrated by Kim et al. [65]. To enable real-time wireless 

data transfer to smartphones and other devices, this device com-
bines a uricase-modified screen-printed electrode system with min-

iature electronics, such as a potentiostat, microprocessor, and Blue-
tooth Low Energy (BLE) transmitter. OECTs have the potential to 

be used in wearable biosensors, providing enhanced sensitivity and 
signal amplification for the detection of low-abundance analytes, as 

demonstrated by Duan et al. [66]. These gadgets make it easier to 
track salivary biomarkers in real-time, which improves point-of-

care diagnostic performance. Wearable biosensors can be seamless-
ly integrated with cell phones thanks to the use of wireless connec-

tion modules. Proactive health management is supported by this 
connectivity, which allows consumers to share data with healthcare 

providers, follow health measures over time, and get rapid feed-
back. 

        Wearable electrochemical biosensors for salivary analysis are 

now much more functional and user-friendly thanks to the devel-

opment of wireless and microfluidic technology. Figure 5 shows 
the evolution of wearable electrochemical sensors based on biorecep-

tors. Wearable biosensors have integrated microfluidic devices to 

effectively handle tiny amounts of saliva. These technologies make 
it easier to handle samples precisely, use fewer reagents, and allow 

multiplexed detection of different biomarkers. For instance, weara-
ble technology with microfluidic channels can track salivary me-

tabolites like uric acid and lactate over time, giving important in-
formation about a person's level of oxidative stress. 

6. Challenges and Limitations 
        Age, food, oral health, circadian rhythm, and other physiolog-
ical and lifestyle factors all affect the baseline levels of oxidative 

stress indicators in saliva [67]. Age-related alterations in redox 
metabolism can alter the levels of oxidative stress markers; older 

individuals often exhibit higher levels of MDA and 8-OHdG due to 

accumulated oxidative damage and weakened antioxidant defences 
[68]. Another crucial factor is nutrition; for example, consuming 

too many processed foods or polyunsaturated fats can increase lipid 

 

Figure 5. The evolution of wearable electrochemical sensors based on bioreceptors [66]. 
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peroxidation and, in turn, MDA levels, whereas diets high in anti-
oxidants have been demonstrated to suppress the production of 

biomarkers. Another important factor is oral health; independent of 
systemic health, gingivitis or periodontitis can cause local oxidative 

stress and artificially raise salivary ROS and 3-nitrotyrosine levels. 
Salivary biomarkers have also been shown to exhibit circadian 

rhythms; for example, cortisol and 8-OHdG are two analytes that 
peak in the morning and then decline throughout the day. False-

positive or false-negative diagnoses are more likely when these 
physiological variations are not taken into consideration. Therefore, 

it is essential to standardise sample timing of collection and ac-
count for individual physiological characteristics to provide valid 

clinical interpretation and calibration of biosensors. 
        A number of significant restrictions and difficulties prevent 

saliva-based electrochemical biosensors for oxidative stress indica-
tors from being widely used in clinical settings and being commer-

cialised. Target biomarkers like 3-nitrotyrosine (3-NT), 8-hydroxy-
2′-deoxyguanosine (8-OHdG), Malondialdehyde (MDA), and reac-

tive oxygen species (ROS) are among the most important problems. 
These biomarkers are frequently found in saliva at nanomolar to 

picomolar concentrations, which calls for ultra-sensitive detection 
techniques. Saliva's complex and varied composition, which in-

cludes variations in pH, protein content, viscosity, and enzyme 
activity brought on by dietary changes, circadian rhythms, or per-

sonal health conditions, can also have a substantial impact on sen-
sor performance, resulting in inconsistent and poor reproducibility 

[24]. 
        The non-specific adsorption of salivary proteins and other 

interfering chemicals onto the sensor surface is another significant 

drawback. This can lead to electrode fouling, signal instability, and 
a gradual decrease in sensitivity [69]. The absence of defined pro-

cedures for the collection, handling, and processing of saliva fur-
ther complicates matters, making it challenging to compare find-

ings across several platforms or research studies. Additionally, 
selectivity is still problematic, especially when sensors exhibit 

cross-reactivity with compounds that share structural similarities, 
leading to erroneous results. 

        Furthermore, a lot of biosensors depend on biological recogni-
tion components like enzymes or antibodies, which are naturally 

unstable and have short shelf lives, particularly in environments 
with variable humidity or temperature [70]. Although it holds 

promise for real-time, non-invasive diagnostics, the incorporation 
of these sensors into wearable platforms introduces another level of 

complexity because it necessitates robust miniaturisation, power 
efficiency, wireless data transmission, and biocompatibility, all of 

which raise production costs and technical obstacles. Lastly, batch-
to-batch variability frequently plagues sensor fabrication tech-

niques, especially those employing nanomaterials or molecularly 
imprinted polymers. This compromises repeatability and restricts 

scalability for mass production. All of these drawbacks point to the 
necessity of ongoing advancements in sensor design, fabrication 

methods, and materials to fully utilise saliva-based electrochemical 
biosensors in oxidative stress diagnostics. 

7. Future Perspectives 
        The area of electrochemical biosensing based on saliva is on 

the brink of major change, fueled by material sciences develop-
ment, wearable technology, and integration into digital health. The 

incorporation of biosensors into Internet of Things (IoT) systems 
and smart wearables is the main focus of future development. This 

will enable wireless data transfer and remote clinician input, ena-
bling continuous real-time monitoring of biomarkers for oxidative 

stress. Early disease identification and proactive healthcare will be 
made possible by this. Meanwhile, advancements in next-

generation low-cost nanomaterials such as carbon quantum dots, 
metal-organic frameworks (MOFs), and biodegradable polymers 

are expected to enhance sensor performance while permitting eco-
logically benign, large-scale manufacture. When combined with 

hybrid detection modes (electrochemical, optical, and enzymatic), 
multiplex biosensors that can simultaneously detect multiple oxida-

tive stress indicators such as 3-nitrotyrosine, 8-OHdG, MDA, and 
ROS will yield more comprehensive diagnostic data, improving 
analytical accuracy and cross-validation. 

        With the help of artificial intelligence (AI) and machine learn-
ing (ML), data interpretation will be transformed into pattern 

recognition and real-time health analytics. This includes the possi-
bility of profiling an individual's oxidative stress based on their 

physiology, lifestyle, and medical history. Furthermore, to comply 
with regulatory standards and facilitate commercialisation, future 

progress will be fueled by overcoming current constraints through 
the standardisation of sample harvest, calibration processes, and 

clinical verification. Miniaturising biosensors based on self-
powered systems, such as triboelectric nanogenerators (TENGs) or 

biofuel cells, is another exciting avenue. This will eliminate the 

need for external power sources and allow for the creation of com-
pletely autonomous, non-invasive devices. With the potential to 

significantly improve public health through early diagnosis, tai-
lored treatment, and real-time health monitoring, these novel de-

velopments collectively position saliva-based electrochemical bio-
sensors as a cornerstone of next-generation non-invasive diagnos-
tics.  

8. Conclusion 
        In conclusion, saliva-based electrochemical biosensors have a 

lot of promise for real-time, non-invasive monitoring of oxidative 
stress biomarkers, providing a viable path toward early disease 

detection and individualised health care. The sensitivity, selectivity, 
and convenience of these biosensors have been significantly im-

proved by the combination of wearable technology, molecularly 
imprinted polymers, and sophisticated nanomaterials. Recent ad-

vances, such as mouthguard biosensors and microfluidic systems, 
have shown impressive progress despite obstacles such as bi-

omarker variability, sample collection problems, and the require-
ment for device uniformity. These advancements, especially in 

wearable technology, have the potential to revolutionise the diag-

nostics industry by facilitating ongoing health monitoring using 
user-friendly, accessible gadgets. Saliva-based electrochemical 

biosensors, which provide a non-invasive, effective way to monitor 
oxidative stress and enhance health outcomes, are set to play a sig-

nificant part in the future of personalised healthcare as research and 
technology develop. 
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