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A B S T R A C T   

The seemingly inevitable advancement in non-invasive monitoring of biomarkers in saliva has spurred wearable 
electronics and miniature electrochemical sensors to help us lead a comfortable, healthier life. Saliva is a readily 
available biofluid with rich components such as electrolytes, metabolites, and protein biomarkers. However, 
fabricating a flexible tiny wearable platform tethered to the body for quantifying biomarkers and retrieving the 
data from a smartphone via a wireless module. Miniaturized circuits (include a flexible printed circuitry board) 
with electrochemical sensor modules securely attached to a dental ornament device for intra-oral monitoring of 
multiple significant disease biomarkers and gain access to them from a customized app of a portable wireless 
monitor (e.g. Mobile phone, iPad, laptop) by connecting via a microcontroller and Bluetooth enabled settings. 
This mini-review will focus on the wireless wearable electrochemical sensing motifs developed for saliva bio-
markers, challenges, and a quick future outlook.   

1. Introduction 

Human saliva is an easily accessible biofluid from the mouth with 
plenty of significant biomarkers in human machinery-supported systems 
[1]. However, the collection of other non-invasive biofluids such as 
sweat, urine, and tears are involved with intricate procedures. Because 
sweat can be produced with rigorous exercises or high humid condi-
tions, a private access facility is needed to collect urine samples, and 
tears can be generated using glycerin [2]. Non-invasive collection of 
saliva surpasses the painful finger pricking blood analysis and 
microneedle-assisted partial invasive clinical analysis [3]. Besides effi-
ciently secreted ideal biofluid, saliva is primarily available in large 
volumes to accumulate non-invasively compared with complex invasive 
body fluid blood [4]. Saliva is a rich amalgam of electrolytes, metabo-
lites, bacteria, viruses, and other protein biomarkers [5]. Salivary elec-
trolyte altering levels may provide the athlete’s performance, 
antimicrobial activity, and pH as the global measure for the mouth and 
oral cavity [6]. 

Furthermore, diabetic patients need to check their glucose altering 
levels several times before and after meals during a day [7]. Therefore, a 

deep knowledge of the biochemical composition of bodyfluids such as 
saliva and their correlation to blood chemistry is required [8,9]. For 
instance, the glucose level in saliva ranges from 20 to 200 µM; sodium 
level goes from 2 to 21 mM, whereas blood glucose maintains from 3 to 
6 mM for healthy individuals and sodium levels in blood from 135 to 
145 mM [10–13]. However, the current generation of wearable devices 
(e.g., Apple, Fitbit, and Mi band) records only the physiological signals 
such as heart rate, respiration, and temperature, but lack biological 
sensing counterparts [14]. Thus, detecting disease caused by varying 
biomarker levels from the non-invasive biofluid is of paramount interest. 

The increasing interest in wearable biosensors with miniatured 
electronics has become the driving force in numerous medical devices, 
clinical diagnosis, sports, and security surveillance [15–22]. Addition-
ally, flexible electronics are paving the way for on-body devices to 
examine biomarkers and track smartphone data effortlessly [13,21,23]. 
Riveting attempts addressed performing analytes such as glucose, uric 
acid (UA), lactate, and sodium ionusing powerful wearable sensor 
platforms [10,23,24]. Despite the promising performances of these 
scaffolds, advanced material choices and wireless module integrated 
wearable biochemical sensors are still demanding [25,26]. The soft 
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hybrid electronics allow communication from a distance to function 
from passive wireless telemetry constantly. Network streamlining and 
antenna impedance fixing allow analytical, experimental data to an 
external smartphone via stable Bluetooth connectivity [21,27]. Typi-
cally, the platform consists of a flexible chemical sensor module to target 
the desired analyte, a detection chamber to collect fluid, a flexible 
printed, electronic circuitry board (FPCB) inclusive of a microcontroller 
affixed on a patch to save and send the data to mobile phone via Blue-
tooth or near field communication settings [21,22]. Classic methodol-
ogies such as fluorescent, colorimetric, and other expensive detection 
strategies unveil the performance of wearable devices for diverse bio-
markers [28–30]. So far, most wearable sensors have been reported in 
sweat and partially invasive interstitial fluid [11,31]. 

Nevertheless, electrochemical strategies were predominantly 
explored for non-invasive tracking of biomarkers in saliva [3]. The 
classic electrochemical sensor differs from a wearable sensor in a fixed 
electrochemical cell setup environment with rigid solid electrodes that 
fail to extend the on-body monitoring [32]. A wearable sensor setup 
provides a flexible, thin, on-site compartment for directly tracking tar-
geted analytes from the human secreted fluids affiliated with printing 
and soft robotic technologies. For instance, few electrochemical models 
successfully developed for wearable saliva sensors such as mouthguard 
[23,24], pacifier [12],an ultra-thin stretchable hybrid electronic system 
combined with soft bioelectronics, andother dental accessories within 
the oral cavity were reported [13]. Saliva-based wearable devices 
facilitate the pump-free collection of fluid, user-friendly, continuous 
monitoring of multiple markers, control of dietary food intake, and pain- 
free analysis. Herein, a critical overview of the wearable sensor designs 
for salivary biomarkers aims to wireless track significant metabolites, 
addressing challenges and future scope in this mini-review. 

2. Wearable salivary biomarkers based sensors 

Oral cavity integrated wearable sensors offer a painless screening of 
bioanalytes provide new flexible sensor surfacemodalities, material 
choices, low detection limits, and on-site data collection. So far, the 
typical cavity sensors reported include the mouthguard, pacifier, and 
tooth cavity modifiers. However, few typical research studies have been 
devoted to salivary biomarker wearable electrochemical sensing plat-
forms. Joseph wang’s research group initiated a continuously monitored 
mouthguard lactate biosensor using a flexible polyethylene tere-
phthalate (PET) surfaceby incorporating a lactate oxidase (LOx) enzyme 
on a printable Prussian blue (PB)transducer to target lactate in Saliva 
(Fig. 1A) [24]. The 3-electrode system was printed using the graphite- 
PBink for both working and counter electrodes and an Ag/AgCl ink for 
the reference electrode. The sensor is 90–106% reproducible and resis-
tant to other regular interferents. However, the smooth integration of 
wireless electronics gives further insights into the data tracing directly 
from a smartphone featured by a microcontroller and Bluetooth trans-
ceiver. Hence, the same research group utilized the mouthguard concept 
with a PB transducer printed on PET surface to immobilize the uricase 
enzyme for real-time UA monitoring in artificial saliva using wireless 
data transmission, as shown in Fig. 1B [23]. This prototype successfully 
validated hyperuricemia patient salivary UA levels during the day 
compared to a healthy individual. Later, an intriguing new ultralight 
stretchy multi-component electronic system composed of integrated 
circuits and serpentine interconnects implanted in the oral elastomer 
cavity (200 µm in thickness) was proposed for wireless access to sodium 
intake. This tiny device demonstrates the microstructured ion-selective 
(ISE) sodium sensor with low-modulus electronics (Bluetooth wireless 
telemetry and antenna) enclosed on a smooth microporous dental 
retainer (Fig. 2A) [13]. The ISE consists of working and reference 

Fig. 1. (A) Schematic representation of the PB working electrode with LOx enzyme immobilization for salivary lactate sensing [24]. (B) Photograph of the 
mouthguard integrated with biosensor and wireless circuit board (a), biosensor preparation and reaction mechanism on PB working electrode embedded with uricase 
enzyme (b), and the eloborated photographs of the wireless circuit board on the front and backside (c) (permission from [23]). 

P. Swetha et al.                                                                                                                                                                                                                                  



Electrochemistry Communications 140 (2022) 107314

3

electrodes electroplated by Pd and Ag/AgCl on the Cu membrane. 
However, the successful hybrid integration of electronics allows the 
unveiling of microfabrication techniques. In detail, the engineered 
electronic layers are transferred from a wafer to a biocompatible 

elastomer, and minor changes are noted under mechanical bending over 
180◦ and stretching up to 20%, with a consistent signal strength up to 20 
m distance. In-vitro and in vivo experiments show excellent calibration 
for selective sodium sensor followed by Nernstain response (Fig. 2B). 

Fig. 2. (A) Summary of the intraoral cavity for the sodium quantification of the food intake along with wireless electronics for real-time monitoring (a), X-ray 
micrographs of an intraoral electronics along with the colorized image of circuit interconnects (b), real pictures of the electronics backside view and top view on a 
dental retainer (c), elaborated view and multilayer components of the wireless electronics (d and e). (B) Overall demonstration of the device’s functional perfor-
mance. Photographs of the microstructured sodium sensor (a) and detailed sensor fabrication, including the working and reference electrodes (b), different sodium 
concentrations calibration plot (c), interference effect (d), continuous monitoring upto1 week with various sodium concentrations (e), sodium detection to data 
transfer flow chart (f), a photograph of in vivo analysis with a human subject on android device (g), comparison of in vivo and in vitro sodium analysis (h), real-time 
monitoring of sodium intake from veggie juice and different foods with a human subject worn dental wireless retainer (i and j) (permission from [13]). 
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Real-time monitoring of different food recipes allowed one to calculate 
the sodium levels on-site. This key system offers a stable, straightfor-
ward, long-range wireless, on-set quantification of sodium intake for 
diet management. Furthermore, a rechargeable micro coin-sized battery 
can monitor the intraoral device for continuous sodium quantification 
from food intake beyond 12 h [13]. 

Moving on, a fully integrated baby-friendly wearable saliva sensor 
was developed to examine the glucose levels by pairing the wireless 
electronics in a pacifier platform to focus on newborn and adult health 
monitoring. The pacifier platform consists of a biosensor module, low- 

power controlled wireless amperometry circuitry with a Bluetooth 
connector, and a separate flexible, non-toxic, safe polymer electro-
chemical detection chamber (4 × 4 mm2) to collect saliva from the 
mouth with no leaks (Fig. 3A). The 3-electrode system was printed using 
the carbon-PB ink for working, counter, and an Ag/AgCl ink for the 
reference electrodes.The biosensor strategy is simple, glucose oxidase 
(GOx) involves enzymatic detection on a PB electrode transducer prin-
ted on the PET layer to monitor glucose levels after food intake por-
traying the excellent performance of the sensor (Fig. 3B). However, 
though it is the first example of a wearable pacifier saliva sensor for 

Fig. 3. (A) Overview of the glucose pacifier sensor. Photograph of the pacifier utilization and real-time accessing of glucose signal from saliva, graphical repre-
sentation of Pacifier modules assembled with wireless electronics (b), and schematic design of glucose enzymatic approach on the PB transducer (c). (B) The on-body 
glucose monitoring is schematic after 30 min of saliva collection and the on-body chronoamperometric response of astable enzymatic sensor of a diabetic patient 
before and after meals (a-f) with and without enzyme control (permission from[12]). 
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newborns, tedious cleaning procedures exist for reusing the pacifier. 
New GOx sensor electrodes were used in every experiment and are not so 
comfortable to carry inside the mouth [12]. Afterward, a recent 
contemporary attempt at a cellulose acetate membrane-embedded 
mouthguard salivary biosensor was introduced for glucose tracking. 
This autonomous system customizes a biosensor component and wire-
less transmitter to grab the data directly from a tablet. The mouthguard 
was made up of a flexible polymer polyethylene terephthalate glycol 
(PETG), whereas a Pt working electrode and an Ag counter/reference 
electrode) was patterned on the mouthguard, and the sensor chemical 
modification is a mixing of GOx enzyme with a biocompatible polymer 
solution poly(MPC-co-EHMA-co-MBP) (PMHEB) by crosslinking UV 
irradiation. A conventional wireless transmitter installed on the 
mouthguard receives the data from the Bluetooth receiver via USB of the 
personal computer, as shown in Fig. 4A[10]. The developed biosensor 
exhibited superior activity after transferring to the oral cavity for 

performing real-time glucose measurements in saliva by preventing the 
common interferents UA and ascorbic acid (AA). However, the system 
failed to demonstrate for diabetic patients, instead only performed 
analysis for healthy individuals [10]. 

Furthermore, a new ring wearable electrochemical sensing device 
showcased the salivary detection of tetrahydrocannabinol (THC) and 
alcohol by inserting wireless electronics inside the ring. The sensor 
scaffold comprises a disposable screen-printed PET surface with four 
electrode systems consisting of dual working and counter electrode units 
(carbon screen printed) and Ag/AgCl reference electrode. In contrast, 
one sensor unit is modified with an MWCNT surface with a PB trans-
ducer, and the other is the alcohol oxidase/Chitosan enzymatic surface 
to capture THC and alcohol simultaneously. The small PCB unit is 
mounted onto the ring sensor device, as shown in Fig. 4B[33]. Real-time 
experiments reveal the best performance of the ring sensor device after 
consuming marijuana and alcohol for detecting salivary THC and 

Fig. 4. (A) Real picture of the mouthguard sensor preparation merged with wireless electronics, a battery, and a human subject wearing a mouthguard sensor. On-set 
glucose calibration from human saliva (right side) [10]. (B) Pictorial representation of 4 electrode system for dual detection of THC and alcohol, a real image of ring 
sensor embedded with sensor component and wireless electronics (a). Electrochemical detection responses of THC and alcohol on their respective modified electrodes 
along with a schematic illustration of sensing mechanisms (b) (permission from [33]). 
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alcohol even after 24 h. Though there were devices available for alcohol 
monitoring by blowing out the breath, this wireless accessing ring de-
vice is promising for suspectable drivers under the influence of over-
consumption of alcohol and drugs [33]. The detailed analytical 
parameters of wearable saliva sensors are described in Table 1. 

3. Challenges and future scope 

Wearable saliva sensors are indefinitely considered excellent non- 
invasive portable devices as no skin piercing is involved. Still, these 
platforms hold a certain number of challenges when applying them, 
particularly on-body real-time applications. (i) Wearing plastic or flex-
ible artificial fixed sensors attached oral cavity inside the mouth creates 
high levels of discomfort instead of wearing some flexible sensor patches 
on the skin. (ii) Newborns are susceptible, and it is hazardous to place 
toxic chemicals and polymers implicated in pacifiers to monitor their 
health. Therefore, it is only possible to use biocompatible, non-toxic 
materials or chemicals to test them inside the laboratory in cautious 
settings. (iii) Though non-invasive sample collection poses minimal risk 
of infection, fabricating electrochemical chambers to collect saliva and 
the intimate contact of harmful chemical modified sensor layers for 
stable signal response are potentially dangerous for even adults. 
Consequently, much attention is required for preparing or selecting the 
choice of materials. (iv) Maintaining the stable wireless signal and 
connecting all together inside an oral cavity-shaped flexible material is 
cumbersome. 

Wearable saliva sensors will be critical for ushering on-body devices 
into a new, fast-paced, economic era. Few interesting saliva-based 
wearable sensors have already been applied for significant markers, 
and in the future, there will be numerous demands for a specific target 
array of biomarkers detection simultaneously. In addition, smartphone 
integrated saliva sensing can lend more insights into daily personal 
health by scrutinizing the biochemical composition levels. Advanced 
materials and perceptive sensor designs will be explored with improved 
stretchability and selectivity. Saliva collection chambers may get 
customized more according to the person’s need and flexibility to the 
mouth. The tiny-sized devices blended with wireless modules excel in 
their agenda, from detecting simple molecules to viruses and protein 
biomarkers. Profuse proof-of-concept designs and continuous multidis-
ciplinary growing efforts may lead to new wireless biosensing 
technologies. 
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