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Abstract: Diabetes mellitus is a global health concern,
necessitating frequent monitoring of blood glucose levels
to manage the condition effectively. Non-invasive glucose
monitoring technologies have garnered significant
attention due to their potential to reduce the discomfort
and inconvenience associated with traditional blood-
based methods. This review provides a comprehensive
overview of non-invasive glucose monitoring devices, the
technologies employed, and the promising methods for
glucose detection in bodily fluids such as saliva, sweat,
and tears. The review begins by discussing the limitations
of invasive glucose monitoring, emphasizing the need for
non-invasive alternatives. It then explores various non-
invasive glucose monitoring devices currently available,
categorizing them into optical, electrochemical, thermal,
and other emerging sensor technologies. Each category is
examined in detail, highlighting their principles of
operation and key advantages and limitations. A
significant portion of this review is dedicated to the
emerging field of glucose detection in bodily fluids
beyond blood. Saliva, sweat, and tears offer potential
alternatives for non-invasive glucose measurement. The
technologies utilized for glucose detection in these bodily
fluids, such as spectroscopy, microfluidics, and
biosensors, are thoroughly discussed. The review also
considers the factors affecting the accuracy and
reliability of non-invasive glucose measurements,
including physiological and environmental variables.
Methods of glucose monitoring makes bright future for
detection of blood glucose level and minimise efforts for
controlling diabetes.
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INTRODUCTION:

One of the most prevalent chronic diseases in humans
that last a lifetime is diabetes. The primary causes of it
include genetics, immunological illnesses, and other

conditions affecting the human body that result in
insulin resistance, a loss in islet function, and an
imbalance in the body's glucose levels, which manifest
as hyperglycaemia and failure of glucose metabolism
[1]. Type 1 and type 2 diabetes are the two subtypes of
the disease. Diabetes type 1 is brought on by
insufficient insulin production by the pancreas.
Conversely, type 2 diabetes is mostly brought on by
patients inefficient use of insulin as a result of
declining insulin sensitivity and insulin resistance
[2].In every nation, diabetes mellitus (DM) is a leading
cause of death and morbidity. Globally, around 366
million individuals suffered with diabetes in 2011. By
2030, it is predicted that 552 million people worldwide
will have diabetes mellitus (DM), a result of the
world's aging populations, increasingly poor diets,
sedentary lifestyles, and obesity [3]. Type 1 diabetes is
an autoimmune disease with pancreatic islet beta cell
destruction. The condition is autoimmune, meaning
that the body is unable to manufacture enough insulin.
The most common type of diabetes, type 2, is caused
by insulin resistance combined with an insulin
secretory abnormality. Diabetes Types 1 and 2 are
chronic illnesses that are typically difficult to treat [4]

Methods of Glucose Monitoring:

a. Invasive Methods of Glucose Monitoring

At present, invasive blood glucose detection
technology is mainstream, convenient and practical, so
both hospitals and household glucometers adopt the
method of blood sampling first and then analysing it in
vitro for blood glucose measurement. In medical
facilities, blood is extracted from patients in the
morning when they are fasting, and an automated
biochemical analyzer precisely determines the blood
glucose level. This method's high amount of venous
blood extraction, long detection time, and laborious
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technique make it unsuitable for continuous
monitoring of diabetics, even though the results are
accurate and can serve as a valuable foundation for
diabetes diagnosis [5].

Self-monitoring of blood glucose (SMBG) is the
process of tracking blood glucose levels at a given
moment using an electronic glucose meter that is often
kept at home. On the other hand, most home blood
glucose monitors employ glucose oxidase biosensors,
draw blood from the fingertip using a disposable paper
strip, and use the strip's chemical reaction current to
calculate the blood glucose concentration. The most
popular brands of commercial glucose meters
available right now include Roche, Sano, Omron,
Johnson & Johnson, Bayer, Abbott, Echeng, Ecco, and
S0 on.

Advantages:

portability, affordability, ease of use, reasonably
accurate data, and frequent monitoring throughout the
day.

Disadvantages:

Before every test, a specific volume of blood is drawn
from the fingertips; this causes deep skin punctures;
the frequency of blood collection increases; and
patients' fingertip wounds take longer to heal [5,6].

b. Non-Invasive Blood Glucose Monitoring

As the name suggests, non-invasive blood glucose
monitoring is the process of measuring blood glucose
levels in humans without harming their cells. Non-
invasive blood glucose detection techniques are
numerous and can be broadly categorized into three
categories: optical, microwave, and electrochemical.
Optical techniques include fluorescence, optical
coherence tomography (OCT), polarized optical
rotation, Raman  spectroscopy, near-infrared
reflectance spectroscopy (NIRS), and more [7,8].

GLUCOSE MONITORING DEVICES

A promising area of diabetes research, glucose
monitoring devices have the potential to benefit more
than 400 million individuals globally. It is anticipated
that this figure will increase by almost 55% during the
next 25 years [9]. The need for an affordable, small,
painless, and non-invasive gadget that can reduce the
discomfort of frequent skin pricking and encourage

regular glucose testing, which aids in blood glucose
control, has grown over the past few decades [10].

Devices used in Glucose Monitoring:

1. GlucoWatch:

GlucoWatch G2 Biographer Cygnus Inc, USA was the
first commercial device that was registered as a non-
invasive glucose monitoring device and is the only
product known as ‘non-invasive’ that was approved by
the Food and Drug Administration FDA. However, the
method used by the device—which is regarded as
minimally invasive—was the extraction of interstitial
fluid via the skin. The item was included in this study
because it was registered as non-invasive.
GlucoWatch is a significant contributor to the
advancement of non-invasive technology and, as such,
should not be overlooked.

The wristwatch-style gadget known as GlucoWatch
was used to test interstitial glucose concentrations in
real time at intervals of ten minutes. Adults and
children with type 1 or type 2 diabetes were to utilize
the device. The apparatus employed reverse
iontophoresis to quantify the quantity of glucose
molecules gathered via a cathode disk equipped with a
glucose oxidase enzyme sensor [11].

GlucoWatch® G2™ Biographer
(GW2B)

* Values ranpe from 40 to 400
myg'dlL

img: Glucowatch G2 Biographer [12]

2. Pendra:

Pendragon Medical Switzerland unveiled Pendra, a
continuous  non-invasive wristwatch that used
impedance spectroscopy, about 20 years ago.
Sweating and motion caused problems, and the gadget
needed to be calibrated. The gadget was taken off the
market after a post-marketing validation study found
that the accuracy was low, with 4.3% of readings out
of 139 matched values in error zone E of the Clarke
error grid CEG and a mean absolute relative difference
of 52% [13]. However, Biovotion AG, Zurich,
Switzerland, presently owns the intellectual property
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portfolio for this gadget and is working on a
multisensory idea for ongoing non-invasive health
parameter monitoring [14].

img. 2: Pendra- a glucose monitoring device [15]

3. SugarBEAT:
SugaeBeat is a non-invasive patch with an electronic
sensor that uses interstitial fluid extracted from the
skin to detect readings in real time. The patch is
roughly 1 mm thick and disposable. Every reading is
sent to an app that SugarBeat is connected to. Release
date not specified [16].

=

img. 3: Needle-free Diabetic Device: Sugarbeat [17]

4. C8 Medisensors:

Raman spectroscopy was used by the C8 MediSensors
Optical Glucose Monitoring System CA, USA. This
method measures the vibrations of glucose molecules
in response to a light beam shining into the skin. Every
five minutes, this device continuously measured
glucose. The fact that it doesn't require calibration
against blood glucose readings is one of its primary
benefits. Mean absolute differences were 38 mg/dL
N=30, with the percentage of points in the A zone and
the A+B CEG zones being 53% and 92%, respectively
[18].

- ——

i !
img. 4: C8 medisensor Device [19]

5. GlucoTrack:

Clips to the patient’s earlobe in order to test the blood
sugar level. The ear clip, which actually takes the
measurements, and the main unit (MU) make up the
gadget. It simultaneously makes use of three separate
technologies:  thermal,  electromagnetic, and
ultrasonic. The user's glucose level is determined via a
proprietary algorithm that combines these data and
computes a weighted average. Clinical studies are
anticipated to start in the US in early 2017; a release
date is not yet known [16].

img. 5: Performance and user experience evaluation
of device GlucoTrack [20]

Challenges Occurs While Using Glucose Monitoring
Devices:

The indirect nature of the measurement and the
necessary calibration process are the main challenges
in the development of non-invasive glucose sensors.
This could lead to decreased accuracy, poor usability,
and decreased applicability for household use, all of
which would need significant work to overcome.
Finding practical answers to these obstacles will mark
a substantial advancement in this area [21].

1. Accuracy (device calibration):

Since non-invasive measurements are indirect, they
must be calibrated against current blood glucose data
in order to estimate the concentration of glucose. To
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reduce the influence of individual quasi-stable
parameters, such as tissue thickness and structure, the
instrument is calibrated before usage. Depending on
the instrument and technology used, this procedure
usually entails multiple paired invasive-non-invasive
measurements at varied frequencies. Given that
calibration is thought to be the source of discomfort
[22]. The majority of non-invasive gadgets need a
drawn-out, intricate calibration procedure. For
instance, the OrSense NBM-200G needed four
measurements every hour for a three-hour calibration
period every day [23]. Another is Pendra, which
needed a two- to three-day patient-tailored calibration
process [24].

2. Suitability for various people:

For non-invasive devices to achieve optimal
performance, they must be appropriate for a wide
range of consumers. This is difficult since the majority
of the technologies that are used to estimate glucose
indirectly are affected by human factors that interfere,
like skin features [25].

3. Physiological time lag:

The accuracy of indirect glucose monitoring is
reduced by the physiological temporal lag between
blood and tissue glucose levels. This has historically
been a significant problem for CGMs. It was
demonstrated that the time lag varied depending on the
measurement  place and  the individual's
characteristics. This problem may also affect devices
like GlucoTrack that measure glucose from the entire
skin. The characteristics of the epidermis layer, such
as the amounts of interstitial fluid, cells, and blood,
affect the lag time of glucose dynamics [26,27].

NON-INVASIVE
TECHNOLOGIES
Many potential methods of non-invasive blood
glucose monitoring have been studied. They consist of
computer and microsensor technologies, as well as
optical, chemical, and electrical methods [28].
Continuous glucose monitoring measures the amount
of glucose in the interstitial or tissue fluid (ISF) using
minimally invasive procedures [29]. Optical methods
use the various characteristics of light to interact
concentration-dependently ~ with  glucose.  With
transdermal approaches, ultrasonography or electricity
are used to monitor glucose via the skin. Last but not

GLUCOSE  MONITORING

least, thermal methods seek to quantify glucose by
identifying physiological markers linked to the
production of heat during metabolism [30,31].

Near-infrared absorption spectroscopy
Mid-infrared absorption speciroscopy
Raman spectroscopy

PhOtoacoustic spectroscopy
Optical

Radic

. Fluorescence

Impedance spectroscopy
Non-vasve.. Transdermal Reverse iontophoresis

technologies i
Ultrasound

Metabolic heat conformation

Thermal

Conservation of energy

img. 6: Non-Invasive glucose monitoring
technologies [32]

1. Near-infrared Absorption spectroscopy:

The only non-invasive blood glucose monitoring
device that has ever been approved for marketing by a
public Food and Drug Administration (FDA) panel is
NIR spectroscopy. Even though authorization was
denied, the 1996 hearing was covered by the media
[33]. When an external light source is used, the term
"near-infrared light" describes light with infrared
wavelengths that are close to visible light wavelengths.
A bodily part may reflect or pass through an NIR
source. The body's components, including glucose,
absorb a tiny portion of light at each wavelength [34].
The wavelength range that is used for near-infrared
(NIR) spectroscopy is 730-2500 nm. The idea is
comparable to MIR spectroscopy. Broad bands that
represent overlapping peaks make up the first, second,
third, and combination overtones in NIR spectra,
which are created by molecular vibrations. It enables
the assessment of blood glucose in tissues through
changes in light intensity, which are dependent on
transmittance and reflectance. One of the forerunners
in non-invasive blood glucose monitoring, Heise et al.,
has written extensively on NIR methods [35-37].
Usually, the fingers, earlobes, forearms, lips, oral
mucosa, etc. are chosen as the NIR measuring sites.
However, tests taken on the inside of the lips, where
blood glucose levels and optical density are associated,
yield better results than those taken on the fingers
[38,39].

Advantages:
a. The primary benefit of NIR spectroscopy is the great
sensitivity of the photoconductive detectors.
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b. Water can be utilized for blood glucose monitoring
since it is quite transparent to the NIR signal spectrum.

Limitations:

a. Researchers are still unable to overcome significant
obstacles despite a great deal of promising work.
These include the need for scanning pressure,
physiological variations unrelated to blood glucose,
the relatively small amount of glucose in blood, weak
correlation, hardware sensitivity and stability, and
physiological differences.

2. Mid-infrared Spectroscopy:

Using the same concepts as infrared spectroscopy,
mid-infrared (MIR) spectroscopy measures MIR
frequency by absorption by a sample placed in the
beam’s path. It is based on light with a wavelength
between 2500 and 25,000 nm. Certain modeling tools
in spectrum quantitative analysis can describe
absorption discrepancies when MIR light encounters
human tissues [40].

Advantages:

a. When comparing MIR spectroscopy to near infrared
(NIR) spectroscopy, the higher wavelengths in MIR
result in less scattering phenomena but more
absorption [40].

b. Skin can be penetrated by light down to a few
micrometres. Because no light is transmitted through a
body segment, only reflected light may be taken into
account.

Limitations:

a. Poor penetration is MIR's primary drawback.
Similar to NIR, additional restrictions include issues
with confounding variables such blood water content
[41].

3. Raman Spectroscopy:

Using a visible to mid-infrared laser radiation source,
Raman spectroscopy detects the scattered light in
transparent samples, which has a greater wavelength
and a lower intensity than the original light [42].
Besides reducing the spectral acquisition time,
surface-enhanced Raman spectroscopy may also
improve the sensitivity of glucose detection. However,
before it is used on humans, the photothermal harm to
eyes needs to be thoroughly studied [43].

The foundation of Raman spectroscopy involves
rotating and oscillating human fluids that contain
glucose using a laser. Because molecular vibration
affects scattered light emission, the concentration of
glucose in human fluids can be estimated [44].

Advantages:

a. When compared to NIR spectroscopy, Raman
spectroscopy typically yields spectra that are crisper
and less overlapped.

Limitations:

a. The primary constraints are associated with
extended spectrum acquisition durations and laser
wavelength and intensity instability.

4. Photoacoustic Spectroscopy:

Itis predicated on how a projected laser beam interacts
with tissue cells, producing heat and pressure changes
in the sample that result in acoustic waves that may be
detected by a piezoelectric transducer [45]. Specific
incident laser beam wavelengths can be used to
selectively detect blood glucose [46].

Advantages:
a. Water has little effect on the technique because of
its low photoacoustic sensitivity.

Limitations:

a. Temperature sensitive.

b. Sensitive to pressure and other environmental
factors.

5. Fluorescence:

This method tracks the presence of glucose molecules
in blood using fluorescent reagents. There are
numerous methods, such as monitoring changes in the
energy transfer between a fluorescent donor and an
acceptor during fluorescence resonance or quantifying
the changes in enzyme intrinsic fluorescence brought
on by glucose [47]. This method uses ultraviolet light
at precise frequencies to excite tissues, and then it
looks for fluorescence at a specified wavelength.
Using polymerized crystalline colloidal arrays that
react to varying glucose concentrations by diffraction
of visible light, glucose in tears has been detected
fluorescence-based [48].

Advantages:
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a. This is a very sensitive device that can identify
individual molecules.
b. It does not cause harm to the body.

Limitations:

a. Strong scattering phenomena can be problematic for
photonic  sensing, particularly in fluorescence
technologies [49].

6. Bioimpedance Spectroscopy:

Its foundation is the use of known- intensity
alternating currents to evaluate the impedance of a
tissue. Measurements of the impedance (dielectric)
spectrum are made in the frequency range of 100 Hz
to 100 MHz at various wavelengths. By altering the
quantities of Na+ and K+ ions, variations in the
glucose concentration of plasma affect the membrane
potential of red blood cells (RBCs) [50]. The
impedance spectrum then indicates the variations in
the membrane potential of RBCs [51,52].

Advantages:

a. It is not necessary to employ statistically- derived,
population-specific prediction models when using
bioimpedance spectroscopy.

b. It may have the benefit of describing the blood's
bioimpedance characteristics by distinguishing
between extracellular and intracellular water and,
consequently, estimating body cell mass.

Limitations:

a. This technology's drawback is that it necessitates an
equilibration period, requiring the user to take a 60-
minute break before beginning any readings [53].

7. Reverse lontophoresis:

The principle behind reverse iontophoresis is the
passage of a small electrical current between a surface-
mounted anode and cathode. lons of sodium and
chloride migrate from under the skin toward the anode
and cathode, respectively, when an electric potential is
supplied between the anode and cathode. Specifically,
the current is mostly produced by sodium ion
movement [54]. Numerous NGM devices, including
GlucoWatch from Cygnus Inc. in the USA and Glu-
Call from KMH Co., Ltd. in South Korea, have made
extensive use of it.

8. Ultrasound:

Using a piezoelectric transducer to produce 20 kHz
ultrasound, the method—also called Sonophoresis—
increases the skin's permittivity to interstitial fluid and
moves glucose to the epidermis, where it is detected
using a traditional electrochemical sensor. The
concentration of glucose in the interstitial fluid was
measured in vivo in rat experiments [55]. Low-
frequency ultrasound, which permeates the skin to
monitor blood glucose, is the foundation of ultrasound
technology. Although there is theoretical potential for
this strategy, it appears that no additional research has
been conducted since Lee's group published their
laboratory findings on rat skin [56]. A variant known
as photoacoustic spectroscopy is in use; it relies on
stimulating a fluid with a laser light and detecting the
acoustic response that results [57].

9. Metabolic Heat Conformation:

In order to determine the blood glucose levels,
measurements of heat generation, blood flow rate,
haemoglobin, and oxyhaemoglobin concentrations are
made [58]. However, because of its high likelihood of
influencing the surrounding circumstances, it is only
utilized as a supplementary method for measuring
glucose. The ambient room temperature, background
radiation, and fingertip temperature were all measured
in the initial testing. To enhance glucose readings,
multiwavelength spectroscopy at different
wavelengths (470 nm, 535 nm, 660 nm, 810 nm, 880
nm, and 950 nm) was also employed. Based on this
method, Hitachi is attempting to enhance the
functionality of a produced glucose sensor prototype
[59].

NON-INVASIVE ~ GLUCOSE  MONITORING
BASED OF BIO-FLUIDS (SALIVA, TEAR AND
SWEAT)

1. Saliva-Based Glucose Monitoring:

A mouthguard-style saliva non-invasive glucose
sensor is often composed of non-toxic and
biocompatible materials [60]. Saliva is a well-known
biofluid that is transparent and sticky and is released
into the mouth by salivary glands. Numerous
indicators are present in it, including glucose,
phosphate, lactic acid, enzymes like amylase,
hormones like cortisol and steroids, antibodies, and
more [61]. One of the main benefits of saliva-based
glucose monitoring is that saliva is simpler to extract
and gather than other biofluids. Additionally, because
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of its richness and ease of use, saliva biomarkers can
be studied more easily. A disposable saliva Nano-
biosensor was created by Zhang et al. to detect saliva
in vitro [62].

While saliva presents a somewhat appealing option for
non-invasive blood glucose monitoring, there are still
major challenges in the actual detection procedure.
Most importantly, it will significantly impede the
extraction, detection, and sensing of target analytes,
since food residue degradation may result in the
formation of numerous secreted proteins, active
compounds, and other interfering contaminants during
continuous monitoring [61]. High specificity should
be maintained by saliva-based sensors in this intricate
and dynamic chemical environment [63].

Bring the Saliva Glucose
Biosensor in contact to a smart device which
with saliva. displays glucose levels and
flags any out of normal
range measurement. medical record.

Approximate the biosensor Real-time comparison of

historic data and transmission
to information systems to
remote care-giver or electronic

img. 7: Glucose Saliva sensor [64]

2. Tear-Based Glucose Monitoring:

Tears are a biomarker-rich fluid that is high in glucose,
protein, salt, and enzymes. Analysing the chemical
makeup of the eyes and other body components could
provide some helpful information about their health.
Tear-based non-invasive glucose sensors have two key
advantages: the glucose in tears has a favourable
correlation with blood glucose and there are less
interfering contaminants in tears [65]. Originally
intended to be strips linked to a flexible, stretchy
substrate, tear-based glucose sensors have been phased
out due to their challenging attachment to the pupil
[63].

For user portability and sustainability of glucose
monitoring, a lot of research teams are currently
concentrating on contact lens-type glucose sensors. It
has a wide market potential and not only enables non-
invasive continuous detection, but it can also
wirelessly transfer real-time data to the user's mobile
terminal, making it easy for both doctors and patients
to monitor and control blood glucose levels. But there

are still a lot of issues with the contact lens-style tear
glucose sensor, and it hasn't gotten to the point where
it's ready to be sold [66]. Park et al. recently created a
flexible smart contact lens that incorporated a wireless
display and graphene glucose sensor on an elastic
composite substrate. They did this by using a silver
nanofiber spinning network as a transparent stretchy
circuit. Despite the lens's 93% visible light
transparency, 1.3 s response time, 12.57micron
detection limit, and heat-optimized design, the gadget
regrettably lacks a quantitative tear glucose
concentration measurement capability [67].

—Hybrid substrate
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-
c Glucose Tear
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! f th
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img. 8: Soft, smart contact lenses [68]

3. Sweat-Based Glucose Monitoring:

Among the most researched types of sensors in recent
years is the non-invasive sweat-based glucose sensor.
The biological fluid known as sweat is secreted by
sweat glands and  comprises  biological
macromolecules, electrolytes, metabolites, and trace
elements. Sweat is a hot medium for non-invasive
monitoring because it contains blood-related
indicators. The patch or band-type's wearable and
continuous design allows for the potential for
intelligent closed-loop treatment and continuous blood
glucose monitoring when combined with other drug-
delivery modules. A wearable sweat-based glucose
monitoring device with a multistage transdermal
medication delivery module was created by Lee et al
[69].

Advantages:
The primary benefit of non-invasive sweat-based
glucose sensors is the ease with which sweat may be
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collected. Additionally, most of these wearable, highly
integrated devices are pleasant for the human body and
capable of continuous measurement.

Limitations:

The main factors limiting its utilization are its
relatively poor sensitivity (since sweat contains less
glucose) and some hysteresis in relation to blood

glucose concentration [70-72].

—

img. 9: Sweat-Based Glucose Monitoring Device
[73]
CONCLUSION

In this review, the latest technologies and devices for
non-invasive glucose monitoring have been described,
various technologies which are used in the detection of
glucose by non-invasive methods are analysed by their
advantages and limitations. Non-invasive glucose
monitoring technologies show great promise in
transforming diabetes management by offering a more
comfortable and convenient method for glucose
monitoring.  This review also provides a
comprehensive overview of the current state of non-
invasive glucose monitoring devices and technologies,
with a focus on glucose detection in saliva, sweat, and
tears.
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