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Abstract

Diabetes is a condition that can come to the surface at any point throughout a
person’s life. Although Type 1 and Type 2 Diabetes have different triggers
that cause them to arise, a person can experience similar complications from
either if not monitored and treated accordingly. Through the Diabetes Con-
trol and Complications Trial, it was found that a significant way to monitor
diabetes is through glucose levels in a person’s body. The research surround-
ing glucose monitoring dates to the mid-1800s, with the first successful rea-
gent for glucose testing being developed in 1908. Since then, glucose sensing
has become one of the most rapidly growing areas of research and develop-
ment in biosensor technology, creating a competitive market for more ad-
vanced, accurate, and convenient glucose monitoring. This article reviews the
history of biosensors used for glucose monitoring, and major advancements
in biosensor technology to enhance performance and improve quality of life
for patients with diabetes.
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1. Introduction
1.1. Diabetes

Diabetes is an autoimmune disease that makes it difficult for people to control
their glucose levels. This is caused when a person’s pancreas is unable to pro-
duce, or properly use, insulin. There are three forms of diabetes: Type 1, Type 2,
and gestational. Gestational diabetes occurs when there is an elevated level of
glucose during pregnancy. Diabetes can arise at any time in a person’s life. Im-

proper or lack of treatment for patients with diabetes can result in severe com-
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plications related to microvascular and macrovascular complications. Micro-
vascular complications include those that affect small blood vessels, such as ret-
inopathy, nephropathy, and neuropathy. Macrovascular complications are those
that affect large blood vessels and can include coronary artery disease, high
blood pressure, and kidney disease. These complications have long-term effects
on the body and are a major cause of blindness, kidney failure, heart attacks,
strokes, and lower limb amputation [1]-[4].

The number of people diagnosed with diabetes is constantly rising. From 1980
to 2014 the number of people diagnosed with diabetes quadrupled from 108 mil-
lion to 422 million. In 2019, diabetes and complications with diabetes caused 1.5
million deaths. These rising numbers make it important to continue to develop
easier and less invasive ways of monitoring glucose. Biosensors and their con-

tinued evolution play a key role in this [3] [5].

1.2. Biosensors

There are several parts that make up a biosensor: the analyte, the bio-recognition
element, the transducer, signal processing component, and display of results.
The analyte is the target substance to be detected. For the purposes of this paper,
the analyte is glucose, but it can be any specific substance in a sample. The
bio-recognition element recognizes the analyte by using enzymes, antibodies,
cells, etc. to distinguish the target analyte from the other contents in the sample.
Transducers receive the biological component from the bio-recognition element
and convert the biological input into a measurable signal. That signal is then
transmitted to the signal processing component where the signal is amplified,
interpreted, and converted to a form that is human readable and the results are
displayed for the user. These results can be represented in a quantitative or a
qualitative way, for instance, glucose levels might be determined using a specific
number, while a COVID-19 test result will be determined by a Positive or Nega-
tive result [6]-[10].

There are multiple domains where biosensors are utilized, including industry,
medicine, military, and domestic. However, the most commercially successful
and very rapidly growing industry of biosensors are glucose biosensors [7] [8].

The accuracy and precision of glucose biosensors are detrimental to monitor-
ing glucose for patients with diabetes. With each new glucose monitoring device,
these metrics improved but were still influenced by several factors. These include
environmental conditions, such as temperature and humidity, the patient and
quality of the glucose sample, calibration procedures, and sensitivity, reproduci-

bility and lifetime of the sensor.

2. Biosensors in Glucose Monitoring: A History
2.1. Dipstick Using Urine Samples

The first efforts in quantifying glucose started in the mid-1800s and were at-
tempted using urine samples. However, it wasn’t until 1908 that the first reagent
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for glucose testing in urine was developed by Benedict. This discovery laid the
original foundation for modern diabetes care. In the mid-1900s, Clinitest, also
referred to as the Dipstick, was developed for glucose testing and functioned by
associating the color of the heated solution to a proportional amount of glycosu-
ria when glucose was oxidized [11].

Since urine samples typically use a color scale to quantify a range instead of a
specific value, it’s often used for qualitative detection, where accurate results aren’t
as important. This means these biosensors have low sensitivity and detecting glu-
cose in urine is usually a sign of severe Diabetes, therefore, they are most often
used to diagnose Diabetes. The Dipstick tests are also single use and cannot be
reused for another test. Reusability of a biosensor is important as it reduces the
cost per test and allows for continuous calibration resulting in higher accuracy in
results. There has been development of these types of biosensors to improve the
sensitivity and accuracy of measuring glucose in urine such as the graphene
field-effect transistor (GFET), which increases quantification ability and reproduci-
bility. Using the Dipstick with urine samples is a simple, low cost, non-invasive, and
pain-free way to test the health of a patient, however, there are still many setbacks
to these biosensors including influence from temperature, pH, and humidity
[12].

2.2. Blood Glucose Strips

The research and development of quantifying glucose continued in the mid to
late 1900s. Researchers started turning to blood samples to test glucose levels
and quickly realized using blood gave more accurate results. In 1963, Dextrostix
was created by Ernie Adams, which uses a paper strip that changes color when a
blood sample is applied. The intensity of the color on the strip indicates the
concentration of glucose in the blood sample and is read by visually comparing
the color of the strip to a color concentration chart. Not long after, in 1970, An-
ton H. Clemens invented the first blood glucose meter and self-monitoring sys-
tem called the Ames Reflectance Meter (ARM). The ARM detects the color con-
centration on a Dextrostix and quantifies the glucose level on an analog display
on the ARM. The ARM was originally only intended for in-office doctor use;
however, Richard K. Bernstein was the first patient to test his blood glucose with
ARM and pushed for self-monitoring blood glucose (SMBG). The precision and
accuracy of these devices were poor, but the push from Bernstein to exercise the
idea of SMBG motivated research and development to improve these devices
and make them more independently available to patients [11] [13].

The Dextrometer was launched in 1980 and used Dextrostix with a digital dis-
play. Throughout the rest of the 1980s, more glucose strips and meters were cre-
ated and SMBG became a standard care for patients with Type 1 diabetes. The
advances in this technology, paralleled with A1C testing and insulin therapy,
sprouted the Diabetes Control and Complications Trial. This trial ended the de-
bate about the relationship between glucose control and diabetes complications
[11].
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The Diabetes Control and Complications Trial spurred improvements in sen-
sor sensitivity, new detection techniques, and smaller component development
in the 1990s [9]. This drive continued into the early 2000s with the development
of nanotechnology and microfabrication techniques. Due to the focus on minia-
turization during this period, biosensors were created with higher sensitivity.
Also, when electrochemical test strips were created, SMBG technology improved
in such a way that smaller amounts of blood were required for testing. With the
advances in lancets, new enzymatic tests, better test strips, and smaller amounts
of blood, SMBG was less invasive and less painful than it ever had been at this
time. Not only that, but these advances improved the accuracy, ease of use, relia-
bility, and speed of results from blood glucose test strips and meters [11] [14].

Today, blood glucose strips require a small amount of blood, provide rapid
results, have high accuracy and reliability, and are compatible with various glu-
cose meters. Some blood glucose strips can also integrate with Continuous Glu-
cose Monitoring (CGM) systems (CGMs are discussed in the next section). Hav-
ing access to easy-to-use technology for regularly monitoring blood glucose lev-
els helps patients make informed decisions about their diet, exercise, medication,
and respond quickly to episodes of high or low blood sugar. As a result, this re-
duces a patient’s risk of severe diabetes-related complications [15].

Even with the current advancements, finger pricking and test strips are still
single use, can be painful, invasive, and expensive especially if a patient needs to
check their blood glucose levels numerous times throughout the day. They also
have short expirations dates, and are easily affected by temperature, humidity,
and the quality of the blood sample. These can cause variation in the accuracy

and reliability of the test results when using blood glucose strips [9] [16].

2.3. Continuous Glucose Monitoring (CGM)

As the number of people with diabetes increased, so did the demand for a more
practical, accurate, and convenient way of monitoring glucose levels. There had
also been some research done that hinted at the value of a patient tracking their
levels continuously throughout the day. The high demand and increased research
and development resulted in another major advancement in biosensor technology
for glucose monitoring called Continuous Glucose Monitoring (CGM), which al-
lows a patient to check their glucose levels in real time. This idea, along with im-
plantable glucose sensors, dates back over 40 years ago but didn’t come to frui-
tion until 1999 and early 2000 when the first implantable glucose sensors were
released [17] [18].

CGM and implantable glucose sensors sprouted in 1999 when Minimed was
announced as a replacement for traditional blood glucose monitoring. This was
the first CGM that recorded glucose levels over a three-day period and required
sensor calibration with a finger prick every 6-12 hours. The data from the sensor
also wasn’t available to the patient right away and instead required a health pro-

vider to download and analyze the data. This was tedious for both the patient
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and the health provider and over the next decade several new advances in CGM
evolved [17] [18].

In 2004, Guardian introduced wireless transmitting from the sensor to a re-
ceiver to read the blood glucose levels and signaled an alert to the patient for
high or low glucose levels based on the allowable range programmed into the
receiver. By 2006, Medtronic Gardian RT and Dexcom STS were released, which
allowed patients to see their glucose levels in real time for up to three days. The
lifespan of CGM was extended in 2007 when Dexcom STS-7 came out, which
extended the lifespan to seven days, allowing patients to see their glucose levels
over a seven-day period [17] [18].

A new feature ignited in 2015 when Dexcom Share and MiniMed Connect
secondary receivers came out. These devices made CGM compatible with mobile
devices through their respective company-released apps to enable patients to
view their glucose levels on their phones. However, the need to carry a separate
receiver wasn’t eliminated until Dexcom released the G5 later that year. The next
year, in 2016, Senseonics created Eversense that became the only implantable
CGM with a lifespan of 90-days. This device was surpassed by Eversense XL in
2017 that had a lifespan of 180 days; this is 6 months of continuous monitoring.
This was a huge leap in the matter of a couple years and the longest lasting CGM
there is currently in the world. There have been new releases of 6-month im-
plantable sensors, like the Eversense E3 that was released in 2022, but nothing
lasting longer than 6 months [17] [18].

Another key feature was developed in 2018 that allowed patients to view their
current glucose levels as well as their glucose trends. This feature was included in
the FreeStyle Libre, which was an implanted sensor that consisted of a lifespan of
14 days and extinguished the need for finger prick calibrations. 2018 was also the
year the FDA approved integration of the CGM Dexcom G6 with automated in-
sulin dosing (AID) devices. AID acts as an artificial pancreas that the patient can
wear on the outside of their skin, similar to a CGM. It controls blood glucose in
the body and is made up of a CGM, insulin pump, and software program. After
the CGM sends glucose level data to a smart phone or insulin pump, the soft-
ware calculates the amount of insulin the patient’s body needs and the AID in-
jects the correct amount into the body when sugar levels rise. The combination
of CGM and AID is probably the closest thing to replacing a pancreas altogether
[16]-[19].

A main source of inspiration for less invasive sensors was research around
how mosquitos draw blood from other living things. The anatomy of a mosquito
was studied to help develop hypodermic needles and supporting mechanisms to
mimic the labium of a mosquito. The CGMs discussed in this section and their
progress to be less invasive can be attributed to this research [18] [20].

These high-tech, water-resistant, disposable sensors are an expensive in-
vestment, however, for a patient that requires checking their glucose levels

frequently throughout the day it quickly becomes the more cost-effective and
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convenient method. Patients have many options of CGMs to choose from based
on their needs and can choose sensors with varied lifespans and capabilities [16]
[18].

3. Conclusion: Current Challenges and Future of Biosensors
in Diabetes

3.1. Current Challenges

Even though technology in SMBG and CGM has progressed, there are still many
challenges that linger around these devices. These include challenges surrounding
affordability and accessibility, especially for uninsured patients and low-income
areas. The current industry also focuses on a “one size fits all” method, but as
companies advance their technology the focus should reflect on the limitations
of their different market groups. For instance, the major market groups that are
not being fully accounted for include senior citizens, children, and low-income
families. This means future iterations of these devices should be sized to the us-

er, easy to use, and affordable to purchase [15] [19].

3.2. Future of Biosensors in Diabetes

There is a strong need to improve invasiveness, precision, repeatability, weara-
bility, and accessibility to patients. Less invasive ways of testing glucose are being
developed, which include using optical sensors, saliva, sweat or tear fluid that
can be calibrated and used. Some ideas, like contact lenses or mouthguards are
being investigated as an alternative to the current wearable CGMs that puncture
the skin to collect blood for measuring glucose levels. Another major develop-
ment is to create more accurate and predictive glucose monitoring systems using
artificial intelligence (AI) and machine learning (ML). This would further the
improvement of precision and repeatability in these sensors. Other things to
consider are the sustainability and environmental impact these sensors have
when patients are done using them. There are investigations around using recy-
clable materials and packaging, biodegradable components, and finding ways to
reduce manufacturing waste [15] [21].

The progress that has been made in glucose monitoring over the past century
is overwhelming and has undoubtedly improved the quality of life for patients
with diabetes. However, there is still much to improve on in so many different
aspects of the current technology, including performance, customization, cost,
accessibility, invasiveness, usability, and sustainability. With the increasing de-
mand for these devices and high interest in research and development in this
domain, the devices and technology for monitoring glucose are going to improve

exponentially over the next century.
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