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Furthermore, some studies have suggested a limited correlation 
between sweat and blood glucose concentrations. Accurate 
sweat glucose detection also contends with variables like skin 
temperature, pH, environmental contamination, and potential 
mixing of old and new sweat samples. Understanding the 
multi-parameter dependency of sweat composition, such as 
perspiration rate and skin temperature, calls for more extensive 
physiological studies to elucidate the mechanism behind 
glucose distribution from blood to sweat. To address the 
challenges associated with traditional methods of sweat 
extraction, the technique of transdermal glucose extraction 
using iontophoresis has been employed. This method involves 
the application of an electrical current to facilitate the 
migration of pilocarpine across the skin. Pilocarpine, in turn, 
induces a localized increase in sweat production, achieving a 
notably high sweat rate of 354 nL per minute per square 
centimeter (Emaminejad et al., 2017). This approach 
circumvents the limitations of low sweat secretion and rapid 
evaporation, providing a more effective means of accessing 
sweat for glucose analysis. 
 
Interstitial fluid-based glucose sensor 
 
Apart from blood or sweat, interstitial fluid (ISF) stands out as 
a prominent medium for gleaning biological and chemical 
data. Representing approximately 75% of the extracellular 
fluid, ISF can engage in substance exchanges with blood via 
capillary diffusion (Heikenfeld et al., 2019). The permeable 
nature of capillaries allows small polar compounds to freely 
move between ISF and blood, rendering their compositions 
quite similar, excluding blood cells. However, due to the 
sparse distribution of capillaries and the relatively slow 
metabolic rate, a delay, typically ranging from 5 to 15 minutes, 
exists in equalizing concentrations between ISF and blood 
when rapid changes occur (García-Guzmán et al., 2021). 
Reverse iontophoresis (RI) is an established technique for 
extracting interstitial fluid (ISF) non-invasively, without 
penetrating the skin. This method relies on electroosmosis, 
where sodium ions in the ISF migrate towards the cathode 
under an electric field, generating an electro-osmotic flow. 
This flow facilitates the transport of neutral molecules like 
glucose towards the cathode. Glucowatch, produced by 
Cygnus, was the first commercial device to utilize this 
technology (Kim et al., 2019). Designed to be worn like a 
watch, it uses a current of 0.3 mA to extract ISF, capturing 
glucose in hydrogel discs impregnated with glucose oxidase 
(GOx). This device enabled continuous glucose monitoring 
over 12 hours, offering approximately three measurements per 
hour, with accuracy comparable to traditional blood glucose 
meters. However, it faced notable limitations, including a 
considerable lag time, a lengthy warm-up period, and the 
necessity for calibration using blood glucose meters. 
Furthermore, user reports of pain and irritation were significant 
drawbacks, contributing to its withdrawal from the market in 
2007 (Zhu et al., 2022). 
 
In a progressive step, an innovative, flexible, and non-invasive 
system for ISF glucose monitoring have recently 
developed.(Chen et al., 2017)This system uniquely combines 
electrochemical twin channels (ETC) with reverse 
iontophoresis. A key feature of this system is the application of 
high-density hyaluronic acid (HA) which, when subjected to 
an anodic current, enhances the osmotic pressure in the ISF. 
This elevation in pressure effectively promotes the migration 
of intravascular glucose into the ISF, thereby increasing its 

concentration. This innovation not only improves the 
correlation between blood and ISF glucose levels but also 
increases the efficiency of reverse iontophoresis at lower 
currents, ensuring more accurate glucose measurements. This 
novel approach by Chen et al. signifies a major advancement 
in glucose monitoring, highlighting the potential of non-
invasive methods to achieve accuracy akin to that of invasive 
techniques. Additionally, sonophoresis has emerged as another 
technique for ISF extraction, utilizing ultrasound to increase 
skin permeability and allowing glucose in the ISF to reach the 
skin for electrochemical detection. This method, while 
promising, is considered minimally invasive due to micropore 
creation in the skin. Building on this, a polyimide-based 
flexible electrochemical sensor integrated with a microfluidic 
chip, designed for continuous glucose monitoring has 
developed (Pu et al., 2021). This system employs graphene and 
gold nanoparticles to enhance sensitivity and electron transfer 
rates. Despite ISF's potential for biomarker monitoring, 
challenges persist, including delays in glucose and ethanol 
response, skin irritation from continuous ISF extraction, and 
inaccuracies caused by external glucose sources. 
Inconsistencies in ISF extraction efficiency also add to 
measurement reliability concerns. Moreover, the development 
of fully integrated sensing platforms encompassing sensor 
powering, signal processing, and wireless communication 
remains a significant area for advancement. To address these 
challenges, future research could explore intermittent sampling 
methods or employ smaller reverse iontophoresis currents with 
more conformal designs to reduce skin irritation and enhance 
accuracy. Further, the development of fully integrated sensor 
systems is critical to advance the practicality and effectiveness 
of ISF-based biomarker monitoring. The successful 
implementation of such integrated, non-invasive ISF sensing 
platforms promises to revolutionize biomarker monitoring, 
paving the way for significant advancements in personalized 
healthcare and diagnostics. 
 
Tear-based glucose sensor 
 
Human tears, produced by the lachrymal gland, serve as a 
protective shield for the eye and contain a complex mix of 
proteins, peptides, lipids, metabolites, and electrolytes. 
Glucose, a key component, shows a notable correlation with 
blood glucose levels under non-irritating conditions, making 
tear fluid a promising medium for non-invasive glucose 
monitoring. However, diagnostic use of tears faces challenges 
like limited sample volume and the need to differentiate 
between reflex and basal tears, underscoring the necessity for 
wearable devices that can consistently collect and analyze tear 
samples without compromising their integrity. Recent 
advancements in tear-based glucose monitoring have focused 
on integrating glucose sensors into contact lenses. These 
lenses, designed to minimize eye irritation, have emerged as 
practical platforms for extended wear. Noteworthy 
developments include the work of Yao et al., who developed a 
contact lens with an integrated amperometric glucose sensor, 
and Keum et al., who introduced a wireless smart contact lens 
for diabetes management. These designs combined real-time 
electrochemical sensors with flexible drug delivery systems, 
wireless power sources, and remote communication setups, 
showing promise in non-invasive glucose monitoring. Despite 
these advances, challenges remain in the widespread adoption 
of tear-based sensors. Issues like user convenience, comfort, 
and consistent power supply are significant. Contact lens-based 
systems, incorporating biosensing and data processing 
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components, have been developed to address these challenges. 
The rapid advancement in soft materials for lens fabrication 
offers improved flexibility and oxygen permeability, essential 
for continuous metabolite monitoring. The collaboration 
between Google and Novartis on a prototype contact lens 
sensing platform for tear glucose monitoring featured a 
wireless control chip, miniature electrochemical transducer, 
and antenna. Despite the promise, the clinical trials and 
commercial launch have faced delays, highlighting the 
complex challenges in developing high-performing contact 
lens-based sensing apparatuses. In summary, tear-based 
glucose monitoring is an evolving field with significant 
potential for non-invasive health monitoring. The development 
of contact lenses with integrated glucose sensors, along with 
other innovations, promises to transform the landscape of 
health monitoring, offering more personalized and accessible 
healthcare solutions. However, challenges in device 
functionality, user comfort, and clinical validation remain to be 
addressed for these technologies to realize their full potential. 
 
Saliva-based glucose sensor 
 
Saliva, emerging as a vital diagnostic fluid, offers a non-
invasive medium for monitoring health parameters, 
particularly glucose levels. Sourced predominantly from the 
capillaries of salivary glands, saliva encompasses a plethora of 
biomarkers including glucose, lactate, phosphate, and 
hormones (Bandodkar and Wang, 2014). The glucose 
concentration in saliva, typically ranging from 0.23 to 0.38 
mM, presents a challenge due to its relatively lower levels 
compared to those in blood (Zhu et al., 2022). The inception of 
wearable oral sensors dates back to the 1960s, initially aimed 
at monitoring mastication, plaque pH, and fluoride 
concentrations using a partial denture platform. Early models 
faced challenges such as the requirement for tooth replacement 
and risks associated with sensor solution leakage. Subsequent 
innovations, such as the graphene-based nanosensors 
developed by Mannoor et al., marked a significant leap 
(Mannoor et al., 2012). These sensors, printed on water-
soluble silk and adhered onto tooth enamel, facilitated the 
passive, wireless detection of bacterial presence at the single-
cell level. 
 
In recent years, there has been considerable progress in the 
field of wearable sensors for saliva monitoring, utilizing 
platforms such as mouthguards and pacifiers. For instance, 
García-Carmona et al. demonstrated an integrated pacifier 
biosensor for saliva glucose monitoring, leveraging infants' 
natural mouth movements to channel saliva into an 
electrochemical chamber (García-Carmona et al., 2019). This 
approach illustrated the practicality of continuous glucose 
monitoring in specific populations, such as infants and dental 
patients. Salivary metabolite monitoring has further been 
advanced through the development of mouthguard-based 
electrochemical biosensors, which incorporate screen-printed 
enzymatic electrodes for continuous, non-invasive glucose 
level assessment (Bruen et al., 2017). These sensors are 
capable of quantifying glucose concentrations over a broad 
range, thus catering to the physiological range of salivary 
glucose. Additionally, miniaturized sensors have been 
designed for on-tooth monitoring, utilizing bio-responsive 
interlayers to detect variations in salivary glucose levels. 
Despite these advancements, the field faces significant 
challenges. The relatively low glucose levels in saliva require 
sensors with high sensitivity. Furthermore, the presence of 

food residues and other electroactive substances in saliva can 
adversely affect sensor performance (Arakawa et al., 2016) 
Recent designs have sought to overcome these challenges by 
integrating filtering mechanisms to reduce the impact of saliva 
impurities and ensuring biocompatibility and non-toxicity of 
sensor components. Nonetheless, the discomfort associated 
with long-term wear of mouthguard or on-tooth devices 
remains a concern. One of the foremost technological 
challenges in developing effective saliva-based glucose sensors 
is the accurate differentiation and measurement of glucose in 
the presence of various salivary constituents. Saliva, a complex 
biological fluid, contains enzymes, electrolytes, and other 
organic and inorganic compounds, which can interfere with the 
glucose measurement. Innovative approaches, such as the use 
of selective membranes and advanced signal processing 
algorithms, are being explored to enhance the specificity and 
accuracy of these sensors. The potential applications of saliva-
based glucose monitoring extend beyond diabetes 
management. These sensors hold promise for applications in 
sports medicine, nutritional monitoring, and even stress 
management, given that saliva can reflect changes in certain 
biochemical markers related to physical and emotional stress. 
Moreover, the convenience and non-invasive nature of saliva 
collection make it an attractive option for continuous health 
monitoring in various settings, from clinical to everyday 
environments. 
 
Conclusion and perspective 
 
This review encapsulates the recent developments in diabetes 
care, emphasizing novel sensing and treatment methods. A 
particular focus has been placed on the evolution of wearable 
glucose sensors and their diverse sensing modalities. These 
sensors, tailored for specific target body fluids such as tears, 
sweat, interstitial fluid (ISF), and saliva, and various body 
locations, have shown significant promise in diabetes 
management. Despite these advancements, wearable glucose 
sensors face several challenges. Key among these are ensuring 
measurement accuracy, sensor longevity, and reproducibility, 
along with establishing a reliable wireless power supply. 
Accuracy is affected by factors such as body fluid 
contamination and environmental interferences (e.g., pH, 
temperature, humidity). Additionally, the delay in glucose 
concentration fluctuations in body fluids can lead to 
inaccuracies, particularly problematic for individuals with 
hyperglycemia. Reproducibility challenges stem not only from 
the sensors' performance but also from the consistency in 
extracting body fluids. Recent innovations in self-powering 
sensors using biofuel cells, which generate electricity from 
body fluid metabolites like glucose and lactate, offer a 
promising solution to these challenges. Looking ahead, the 
future of wearable glucose monitoring lies in the integration of 
these sensors with digital health platforms and the Internet of 
Things (IoT). This integration could enable real-time data 
transmission, analysis, and feedback, providing users and 
healthcare providers with actionable insights into glucose 
levels and overall health. Furthermore, advancements in 
materials science and microfabrication technologies are 
expected to yield smaller, more efficient, and more 
comfortable sensors, paving the way for their widespread 
adoption and use in personalized health monitoring. Parallel to 
these developments, advancements in diabetes treatment 
methods have been noteworthy. The advent of insulin pumps 
with enhanced biocompatibility, accurate delivery rates, and 
refined control algorithms has made the realization of closed-
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loop systems more feasible (Cho et al., 2022). The exploration 
of novel materials has also facilitated the emergence of 
biological closed-loop systems, encompassing glucose-
triggered insulin release, microneedle insulin delivery, and 
islet transplantation as potential cures. For implantable drug 
delivery systems, ensuring biosafety and biocompatibility 
remains a major hurdle. Biocompatible polymers used to 
encapsulate devices play a crucial role in minimizing foreign 
body responses and extending device longevity. In the context 
of responsive insulin release, accidental burst release poses 
significant risks, necessitating backup systems like glucagon 
release (Zhang et al., 2021). Additionally, the choice of insulin 
release reservoir location, such as transdermal microneedles or 
subcutaneous routes, affects the efficacy and invasiveness of 
the treatment.(Lee, Song, et al., 2018) Islet encapsulation 
techniques also require further refinement, particularly 
regarding membrane materials that balance immune cell 
rejection with nutrient accessibility. In conclusion, the 
integration of wearable glucose sensors with novel drug 
delivery methods is advancing towards a comprehensive 
closed-loop system for diabetes management. This integration 
promises a more autonomous and continuous management 
approach, accommodating the varying physiological conditions 
of individuals. The ongoing research in this domain is pivotal, 
given the critical need for advanced diabetes care solutions. 
Future endeavors in both wearable sensors and implantable 
drug delivery systems are essential to fulfill the potential of 
these technologies fully. 
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