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Abstract 

According to the latest statistics, more than 537 million people around the world struggle with diabetes 
and its adverse consequences. As well as acute risks of hypo- or hyper- glycemia, long-term vascular 
complications may occur, including coronary heart disease or stroke, as well as diabetic nephropathy 
leading to end-stage disease, neuropathy or retinopathy. Therefore, there is an urgent need to improve 
diabetes management to reduce the risk of complications but also to improve patient’s quality life. The 
impact of continuous glucose monitoring (CGM) is well recognized, in this regard. The current review 
aims at introducing the basic principles of glucose sensing, including electrochemical and optical 
detection, summarizing CGM technology, its requirements, advantages and disadvantages. The role of 
CGM systems in the clinical diagnostics/personal testing, difficulties in their utilization and 
recommendations are also discussed. In the end, challenges and prospects in future CGM systems are 
discussed and non-invasive, wearable glucose biosensors are introduced. Though the scope of this 
review is CGMs and provides information about medical issues and analytical principles, consideration 
of broader use will be critical in future if the right systems are to be selected for effective diabetes 
management. 
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List of abbreviations 

AI- Artificial intelligence 
BG- blood glucose or glycemia 
CGM- continuous glucose monitoring  
DM- diabetes mellitus  
Fox- forkhead protein family 
GDH- Glucose Dehydrogenase 
GOx- Glucose oxidase 
GV- Glycemic variability 
HbA1c - Glycated hemoglobin or glycohemoglobin 
HNF- hepatic nuclear factor 
ISF- interstitial fluid 
LoD- limit of detection 
MARD- Mean absolute relative difference  
NIDDM- Non-insulin dependent diabetes mellitus 
PB- Prussian blue 
POC- point-of-care 
RF- radio frequency  
RP- Ruthenium Purple 
SMBG- self-monitoring of blood glucose  
SREBP- sterol regulatory element-binding protein 
T1D- type 1 diabetes  
T2D- type 2 diabetes  
WBSs- Wearable biosensors 

1. Introduction 

Diabetes mellitus, commonly referred to as diabetes, is a wide spectrum disease affecting both children 
and adults and requiring complex and long-term treatment. According to the latest statistics from the 
International Diabetes Federation, 537 million of adults are currently living with diabetes and this 
number is expected to increase to 643 million by 2030 [1]. Currently, 1.5 million children and 
adolescents under the age of 20 suffer from type 1 diabetes (T1D) [2]. T1D is an autoimmune disease 
that causes damage to the insulin-producing cells, known as beta-cells, part of pancreatic islets cells [3, 
4]. Patients with T1D must therefore monitor their BG levels or glycemia several times a day in order 
to adjust their insulin (hypoglycemic hormone) levels by sub-cutaneous injections, currently the only 
therapeutic strategy. Maintaining BG level is essential to avoid complications such as chronic coronary 
heart disease, diabetic retinopathy, nephropathy and neuropathy related to elevated glycemia. There is 
also a high risk of life-threatening metabolic crisis and dangerous central nervous consequences with 
low glycemia that can lead to coma [5]. It is noteworthy that the cost and access to treating long-term 
complications accounts for more than 30% of diabetes management costs [6–8]. According to the 
American diabetes association, in 2017, in the USA alone, this cost was estimated around 100 billion 
USD [9]. Finding a way to maintain normal blood glucose levels in every patient is therefore of crucial 
importance, from both a healthcare and economic point of view.  

Current methods of self-monitoring of blood glucose include point-of-care (POC) systems using 
electrochemical devices with enzymatic electrodes, manufactured as printed strips, and are capable of 
quantifying blood glucose in microliter drops of whole blood [10]. These devices have been a dominant 
part of commercial point-of-care devices allowing patients to monitor their own glycemia levels. 
However, these devices require repeated pricking by the patient several times a day to maintain adequate 
blood glucose levels and limit complications [11, 12]. Although if POC devices are now accurate enough 
to allow reliable personal BG monitoring, they do not allow continuous control and it is not possible to 
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integrate feedback control of this type of self-monitoring of glycemia [13]. POC devices do not allow 
glucose monitoring during sleep, which allows for episodes of elevated or decreased glucose at night, 
thereby limiting the extent of glucose control in the patient’s life. Moreover, such devices have a high 
impact on patient quality of life and may be a barrier for some patients in their practice of efficient 
glycemia controls. In particular, because diabetes is a chronic disease, many years of pricking fingertips 
can lead to loss of sensitivity and discomfort [14, 15]. 

Among studies in the field of improved monitoring, interstitial glucose monitoring systems (intermittent 
or continuous) have shown the most promise [16].  If they are not all yet commercialized, their ability 
to easily monitor glucose levels throughout the day and night allows a more efficient control of glucose 
level, with significant benefits for patient quality of life and quality of glycemic control [17–20]. These 
are generally minimally invasive devices in which sensor electrode is inserted subcutaneously and used 
to measure glucose concentration in the interstitial fluid (ISF). The one-step insertion under the skin 
with a needle can be performed independently by the patient [21]. In order to reflect the real glucose 
value in blood, it is necessary to carefully choose the location of the sensor in contact with the interstitial 
fluid. The chosen environment must be well vascularized, as glucose must diffuse from blood vessels 
into the interstitial space where the sensor surface is located. Common locations include the upper arm, 
chest, hip or thigh. Good vascularization is usually the case for most devices acutely implanted, but can 
become a problem when fibrous tissue accumulates around the sensor [22]. However, regardless the 
location chosen for the insertion of the sensor, it should be taken into account that there is a delay for 
equilibrium between blood and tissue glucose levels, estimated around 5 to 30 minutes, partly due to 
diffusion time [23]. 

This review discusses the basics of diabetes from a physiological and cellular perspective. It explains 
how deregulation of blood sugar levels leads to diabetes problems. The therapies for diabetes available 
today are presented. The second part of this review discusses the tools for glucose monitoring in 
diabetes, and describes in detail the principles of glucose biosensing from a technical point of view. The 
different CGM systems (invasive and implantable) available on the market are presented as well as the 
latest trends in non-invasive CGM systems. The last part of this review is dedicated to the trends of 
artificial intelligence in biosensing technologies and the future perspectives of glucose monitoring 
systems. 

2. Diabetes basics 

2.1. Physiological and cellular regulation of blood glucose level 

Glucose is the predominant energy source in the human body and is consumed by all tissues, including 
the brain and muscles. It enters the bloodstream through intestinal absorption, glycogen breakdown 
(glycogenolysis) and gluconeogenesis [24, 25]. Glucose source for 70 kg person should be between 
161 g to 270 g per day, depending on factors such as age, sex and activity level [26].   
The concentration of glucose in plasma is about 5.5 mM in normal individuals. This value is tightly 
controlled by the balance between glucose absorption by the intestine, production by the liver, and 
absorption and metabolism by peripheral tissues [27]. In times of starvation, the depletion of circulating 
glucose and fatty acid stores causes the body to produce a hyperglycemic hormone, glucagon, by the 
cells of the pancreas in order to raise blood glucose levels. The insulin (hypoglycemic hormone) / 
glucagon ratio becomes low. The liver then produces glucose for glucose-dependent organs such as the 
brain, kidneys and red blood cells. The maintenance of blood glucose levels is therefore ensured by 
glycogenolysis and/or gluconeogenesis in the liver. Glucose can also be produced in the liver by 
oxidation of free fatty acids from lipolysis of adipose tissue to ketone bodies as metabolic fuel. During 
feeding, pancreatic cells secrete insulin, which stimulates the storage of glucose in the liver by 
synthetizing glycogen or fat via gluconeogenesis or lipogenesis respectively. In addition, insulin inhibits 
hepatic glucose production by inhibiting gluconeogenesis [28, 29]. Although the liver uses some glucose 
to meet its own energy needs, most of it is converted to glycogen. Excess of glucose is metabolized into 
acetyl CoA, which is used to form fatty acids, cholesterol and bile salts. Another means of processing 
glucose is the phosphogluconate pathway also called pentose phosphate cycle which provides NADPH 
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for these reductive biosyntheses [30]. Fatty acids from food are transported to the liver by chylomicrons 
where they will also be stored as triglycerides (Figure 1). 

Insulin is secreted by the islets of Langerhans in response to increased circulating levels of glucose and 
amino acids after a meal. Indeed, in response to high blood glucose, pancreatic islets increase glycolysis 
and oxidative phosphorylation, creating ATP. The resulting increase in ATP concentration leads to Ca2+ 
signals that trigger exocytosis of secretory vesicles containing insulin [31, 32]. Briefly, the increased 
ATP:ADP ratio causes the ATP-gated potassium channels in the cellular membrane to close up, 
preventing potassium ions from being shunted across the cell membrane. The ensuing rise in positive 
charge inside the cell, due to the increased concentration of potassium ions, leads to depolarization of 
the cell. The net effect is the activation of voltage-gated Ca2+ channels, which transport Ca2+ ions into 
the cell. The rapid increase in intracellular Ca2+ concentrations trigger the export of the insulin-storing 
granules by a process known as exocytosis [33–35]. The ultimate result is the export of insulin and 
diffusion into the nearby blood vessels. Then, thanks to insulin receptors, insulin is targeted to peripheral 
tissues, mainly liver, skeletal muscle and adipose tissue, where it regulates metabolism. Indeed, insulin 
is the primary anabolic hormone promoting the synthesis and storage of carbohydrates, lipids and 
proteins, while inhibiting their degradation and release into the circulation. The insulin receptor is at the 
cell surface of its target tissues. Insulin binds to its receptor which results in the receptor 
autophosphorylation on tyrosine and then to the phosphorylation of intracellular proteins of the insulin 
signaling cascade leading to both mitogenic and metabolic effects of insulin [36, 37]. 
On the one hand, insulin stimulates glucose uptake in muscle and fat, and on the other hand inhibits 
hepatic glucose production. Therefore, insulin is the primary regulator of blood glucose concentration. 
Insulin has stimulating effects, such as the stimulation of cell growth and differentiation, but also 
promoting the storage of substrates in fat, liver and muscle by stimulating lipogenesis, glycogen 
synthesis. However, insulin also has inhibitory effects of lipolysis, glycogenolysis and protein break 
down [38]. 
In the liver, insulin stimulates the utilization and storage of glucose as lipid and glycogen, while 
repressing glucose synthesis and release. This is accomplished through a coordinated regulation of 
enzyme synthesis and activity. Insulin stimulates the expression of genes encoding glycolytic and fatty 
acid synthetic enzymes, while inhibiting the expression of those encoding gluconeogenic enzymes. 
These effects are mediated by a series of transcription factors and co-factors, including sterol regulatory 
element-binding protein (SREBP)-1 (in the ER) [39], hepatic nuclear factor (HNF)-4 [40], the forkhead 
protein family (Fox) [41] and PPAR co-activator 1 (PGC1) [42]. The hormone also regulates the 
activities of some enzymes, such as glycogen synthase and citrate lyase, through changes in 
phosphorylation state. 

 

Figure 1. Simplified scheme of glucose cycle in the human body. 
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2.2. Diabetes: a deregulation of blood glucose levels 

As mentioned in the introduction, unregulated blood sugar levels lead to many problems in the human 
body due to excess glucose in the blood, which does not contribute to the energy demand of the cells 
because of the non-permeability of the cell membrane. The disease is caused by a series of interactive 
features, due on the one hand to the sheer loss of the insulin secretory reserve, and on the other hand to 
a resistance of peripheral tissues to the action of insulin. There is no direct capacity to sequester glucose 
in the body, and therefore, coupled with hyperglycemia, there are high rates of glucose loss through 
urine. This glycosuria (the presence of glucose in urine) leads to dehydration and polyuria (excessive 
urine volume) [43]. Diabetes can thus have dramatic kidney mediated consequences, especially on body 
fluids and electrolytes. There are two main types of diabetes i.e., type 1 and type 2. Figure 2 explains 
how poor pancreatic insulin secretion can lead to type 1 diabetes (T1D) or type 2 diabetes (T2D). Type 
1 diabetes is thought to be the result of an autoimmune process, the mechanism for which there is limited 
understanding currently [44]. There is a degree of genetic predisposition, but about 90% of people with 
T1D have no family history. Environmental factors are the most likely origin, somehow causative in 
triggering an autoimmune cascade. There is a high prevalence of T1D in people who have had a viral 
disease, such as rubella, conducting to a cytopathic effect that a virus may have on the body [45, 46]. In 
other words, the body's cells can deteriorate if a virus multiplies within them. If this multiplication effect 
directly affects the β-cells producing insulin, it causes type I diabetes. Regardless of mechanism, there 
is damage and progressive loss of insulin-producing β-cell mass with evidence of inflammation and 
infiltration by lymphocytes [47]. T1D involves the absence of β cells due to immune system destruction, 
and as there is no other source of insulin in the body, the inevitable outcome is escalating hyperglycemia. 
Currently, the only treatment strategy is insulin injection. Type 2 diabetes is not due to the production 
of non-functional insulin. Insulin produced is functional but the peripheric organ exhibit insulin resistant 
impairing insulin to act as expected. T2D can affect all ages, although it is most prevalent between the 
ages of 40 and 50. It has a slower onset, and may not be diagnosed as readily as Type 1 diabetes due to 
its environmental factors. It is associated with obesity, low levels of physical activity, particular eating 
habits and a generally sedentary lifestyle. However, it has a strong inherited component and certain 
ethnic groups also have increased susceptibility. This type of diabetes represents 90–95% of total 
diabetes mellitus cases (DM), also known as Non-Insulin Dependent Diabetes Mellitus (NIDDM), 
which is exemplified by resistance of the tissue toward the action of insulin or relative decrease in insulin 
secretion. Studies shows that the highest risk factor is weight: 80% of people with type 2 diabetes are 
overweight [48–50].   
For the majority of healthy people, normal blood glucose levels are 4.0 to 5.4 mmol/L (72 to 99 mg/dL) 
fasting and up to 7.8 mmol/L (140 mg/dL) 2 hours after eating. For people with diabetes, blood glucose 
levels are 4 to 7 mmol/L before meals, and after meals up to 9 mmol/L for type 1 diabetics and up to 8.5 
mmol/L for type 2 diabetics [51, 52]. 

 

Figure 2. Type 1 and 2 cellular origin of diabetes. 
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2.3. Diabetes therapies: monitoring blood glucose level  

People with T1DM are insulin dependent. For people with T2DM, the therapy is more open. Three 
modes of therapy can be distinguished: non-drug therapy, drug therapy and insulin therapy [53–55]. 
Non-drug therapy includes diet with a reduction in caloric intake and a change in the distribution of food 
intake, as well as an increase in activity. Drug therapy includes all drugs that help to regulate metabolic 
processes, and there is now a growing range of drugs that use a variety of pharmacological principles.  
The most widely used method of treating type 2 diabetes is insulin-therapy, which normalizes blood 
sugar levels in most patients. Insulin treatment requires several daily injections and self-monitoring of 
blood glucose levels, preventing long-term micro and macroangiopathic vascular complications and 
avoiding acute metabolic complications. Thus, diabetic complications can be delayed, or even 
prevented, by careful blood glucose management. 

3. Tools for blood glucose monitoring in diabetics  

3.1. Measuring blood glucose levels 

Glucose monitoring is a pillar of treatment for patients living with type 1 diabetes and patient with type 
2 diabetes treated by insulin. GM allow patients to adjust insulin dosage in order to control glucose 
levels. If glucose monitoring is fundamental to achieve glycemic control, its practice has long been 
based on capillary blood glucose control  [56, 57]. This technique was limited by the patient's ability to 
perform no more than 4 to 10 blood glucose checks per day without impacting quality of life. With 
capillary glucose monitoring, the ability to monitor glucose during the night is particularly challenging.  

Point-of-care devices based on interstitial glucose monitoring system (intermittent or continuous) are 
therefore a major advance over capillary glucose control [58, 59]; the description and operation of these 
devices will be discussed in the second part of this review. 

3.2. Glycemia detection sites 

The history of glucose testing began in the early 20th century and was first based on monitoring of 
glucose in urine samples [60]. First tests were based on colorimetric tests, for more than 50 years. Since 
then, urine glucose tests were further developed and even today they act as fast and easy screening 
method in medicine. However, the main limitations of such tests are that urine glucose do not reflect the 
level of BG and glucose is usually not detectable in the urine until the levels are high enough [61–63]. 
Thus, many other body fluids have been also proposed as BG detection sites, which can offer more 
sensitive and real-time monitoring. Figure 3 summarizes potential glucose measurement sites with the 
mean expected value for normal fasting blood glucose concentration. 

3.2.1. Blood 

Glucose monitoring (GM) directly in blood samples began in the 1960s with the use of the first paper 
strips. A drop of blood was placed on the paper strip for one minute and then washed off.  In the 1978-
1980s, portable home glucose meters came to the market. These devices allowed patients with diabetes 
to monitor their blood glucose levels for the first time. This was the first true blood glucose monitoring 
method available and, from a medical point of view, it allowed a therapeutic approach based mainly on 
insulin administration. Called "Self-Monitoring of Blood Glucose" (SMBG), this solution is now the 
most widely used technology by diabetic patients to monitor their blood glucose levels [64]. Using a 
blood glucose meter (glucometer), the patient performs a number of daily or weekly tests by taking a 
small sample of blood using a "finger prick" method, which is uncomfortable, inconvenient and leads 
to poor patient compliance [12, 65, 66]. This system allows patients to some extent to manage their 
insulin levels through self-monitoring of blood glucose (SMBG). However, these tests do not take into 
account changes in blood glucose levels during the night. They are therefore unable to provide advance 
warning of hypoglycemic (< 3.0 mM) and hyperglycemic (> 11.1 mM) events [67, 68]. Furthermore, 
the self-monitoring of blood glucose cannot provide the trends, direction and frequency of blood glucose 
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changes that are important information for physicians. For these reasons, research has focused on the 
development of new testing approaches capable of providing continuous glucose monitoring. Achieving 
continuous glucose monitoring directly in the blood appears to be very complicated because blood 
glucose monitoring has a high risk of infection.   

3.2.2. Interstitial fluid 

The detection of glucose in the subcutaneous (SC) interstitial fluid (ISF) has emerged as a promising 
solution for the development of CGMs [69, 70].  The existence of a correlation between the level of 
glucose in the ISF and glycemia makes it possible to develop CGMS using less invasive systems. In 
1999, the US Food and Drug Administration approved the first "professional" CGM. The introduction 
of real-time CGMs was a breakthrough in the treatment of diabetes. Since that, many attempts have been 
made to assess the relationship between blood glucose and interstitial fluid glucose (IFG) levels. The 
focus has been on assessing a delay between blood and ISF readings, and the impact of insulin on the 
glucose gradient from plasma to ISF. Some studies reported that the time between blood and ISF 
readings was less than 10 minutes, whether glucose was rising or falling, and that the plasma to ISF 
glucose gradient was stable [71, 72]. Other studies have shown long delays that differ between rising 
and falling glucose and have argued that there is a marked effect of insulin on the plasma-ISF gradient 
[73].   

While glucose measurement in the ISF is the most widely used strategy for continuous glucose 
monitoring, there is a lot of ongoing research into new, completely non-invasive approaches, since 
subcutaneous glucose detection requires the use of invasive electrodes, which are not entirely 
comfortable and can lead to skin complications [74, 75]. 

3.2.3. Sweat 

Sweat is also an important body fluid for non-invasive sensors that reflect the physiological state of the 
body in real time. Sweat glands are present throughout the body and glucose from the interstitial fluid 
easily diffuses into the sweat, allowing simply measurement of its concentration by collecting fresh 
sweat. Sweat glucose level (SG) has been successfully investigated [76–79]. A. Karyakin et al. [80] 
showed a positive correlation between the rates of change of blood glucose in sweat and blood in a group 
of 19 healthy human volunteers and the results clearly showed a positive correlation between the rates 
of change of blood glucose in sweat and blood. The detection of glucose in sweat using machine learning 
to monitor blood glucose continuously was studied by Shalini Prasad et al. [81–83]. According to the 
authors, the data-driven machine learning approach showed promising results when tested on three 
healthy subjects. Despite this encouraging work, the correlation with blood glucose (in terms of 
concentration and latency) needs to be more studied and clarified before it can be used as a blood glucose 
monitoring tool. In addition, there are many other technical issues that need to be addressed i.e.: 
operating conditions that affect sensor response, such as pH and temperature [84], are not constant, 
contaminants remain on the skin, sweat evaporation rates are not constant, and old and new sweat is 
always mixed which may affect the measurement.  

3.2.4. Tears 

Tears secreted by the lacrimal glands also contain glucose and some electrolytes, and the concentration 
of glucose in tears ( 0.5 mM) is known to well-correlate with blood glucose [85, 86]. The challenge is 
to collect enough tears to measure glucose. A pioneering achievement was the development of an 
electrochemical sensor in which the enzyme Glucose oxidase (GOx) was immobilized on an electrode 
formed on a plastic film [87]. Later, contact lens-type tear glucose sensors emerged, which are relatively 
easy to wear and are less burdensome for the user [88–91]. This type of electrochemical sensors 
combines an antenna for electromagnetic induction power and a data transmitter. However, difficult 
sampling procedures complicate reliable tear-based sensing platforms, while contact lens systems suffer 
from design constraints imposed by the nature of their operating environment. 
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3.2.5. Saliva 

Saliva is a body fluid that can be easily collected and is suitable for assessing health status [23]. With 
regard to glucose detection, it is known that there is a correlation between the concentration of glucose 
in saliva and the level of glucose in blood [92–94]. Although the concentration of glucose in saliva is 
much lower compared to the level of glucose in blood, it is feasible to determine blood glucose levels 
in diabetic patients. However, it is difficult to measure the low concentration of glucose in saliva with 
high sensitivity, and measurement is also affected by the presence of high concentrations of many 
bacteria in the oral cavity [95]. Recently, a portable mouthpiece-type sensor with a wireless transmitter 
has been developed that can measure glucose concentrations from 0.05 to 1 mM [96]. In the future, the 
development of miniaturized and more biocompatible devices is expected [97–101], especially in term 
of power supply, which may lead to enhance the monitoring of glucose in saliva. 

 

Figure 3. Potential glucose measurement sites with the mean expected value for normal fasting blood glucose concentration. 

4. Principles of glucose sensing 

4.1. Description of biosensor components 

A biosensor is an analytical device designed to transform a biochemical phenomenon into a measurable 
signal. It integrates two main components [102, 103]: (1) a biological component called a "bioreceptor” 
to recognize a target substance in a complex medium, and (2) a physical transducer to translate the 
physico-chemical changes (e.g., photon emission, pH change, mass change) resulting from the 
recognition of analyte into a measurable electrical signal (for electrochemical biosensors) that can be 
correlated to the concentration of the target substance in the medium. The various components of a 
biosensor are described in Figure 4A. Depending of the detection mode (light intensity, heat and electric 
current…), there are different types of transducers, such as optical [104], thermal [105] or 
electrochemical [106]. Nowadays, the signal is finally collected, amplified, and displayed by an 
electronic processor to quantify the target substance. 

In glucose enzymatic sensors, the bioreceptors usually used are enzymes Glucose Oxidase (GOx) or 
Glucose Dehydrogenase (GDH) [107, 108] (Figure 4B). Other receptors of the glucose sensor are based 
on glucose-specific proteins such as Con-A [109] or may be abiotic like metal or metal oxide 
nanostructures and their composites [110, 111]. The transducer can be either optical, electrochemical, 
mass-based or thermometric [112]. The following sections describe the electrochemical and optical 
biosensors in detail.  
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Figure 4. (a) General description a biosensor component and (b) description of the glucose biosensor detection strategy. 

4.2. Electrochemical enzymatic glucose sensor  

Electrochemical biosensors have electrodes that transform a chemical signal into an electrical signal. 
Most biosensors use electrochemical sensing as a transducer because of its low cost, ease of use and 
construction, and portability. The electrochemical reaction generates either a current (amperometry), a 
potential (potentiometry) or a change in the conductivity of the medium between the electrodes 
(impedance and conductimetry) [113]. Electrochemical sensors consist of either three electrodes (a 
working/sensing electrode, a reference electrode and an auxiliary electrode) that usually refers to 
amperometric sensors [114] or two electrodes (working/sensing and pseudo-reference electrodes) if the 
current density delivered by the electrochemical reaction is sufficiently low (a few µA.cm-2) that usually 
refers to potentiometric sensors. For disposable sensors, two-electrode systems are generally preferred 
because long-term stability of the reference is not required and it could be a source of cost reduction 
[115]. 

Self-Monitoring of Blood Glucose (SMBG) strips are amperometric enzymatic sensors based on a 
measurable amount of current generated by electrochemical reaction at a fixed potential maintained at 
the working electrode. The current is directly proportional to the concentration of the electroactive 
species in the matrix, allowing the establishment of a calibration curve (𝑖 𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 . ) and 
the determination of the biosensor sensitivity (which corresponds to the slope value and are expressed 
in current A/mol.L-1). In many SMBG, the signal is averaged during 5 seconds to improve signal to 
noise ratio and accuracy. 

The primary goal of glucose sensors used in diabetes care is to detect hyperglycemia, i.e., glycemia 
above 120 ‒ 150 mg/dL or 7 ‒ 9 mM depending on the type of diabetes. The demand for accurate glucose 
measurements in order to manage diabetes has been summarized in the Clark Error Grid that is an 
essential tool for checking the clinical accuracy of self-monitoring of blood glucose monitors [116, 117]. 
Biosensor accuracy in the 3 ‒ 10 mM is therefore the primary need. The detection limit of biosensors is 
usually defined as the lowest concentration of the target that is able to elicit a measurable signal or 
response. However, a low detection limit is clearly not the primary target in glucose sensor development. 

The enzymatic glucose sensors are well-described in the literature. Briefly, they are categorized into 
three types: first, second or third generation [5, 16, 118–120]. In the first generation, the byproduct of 
the enzymatic reaction, hydrogen peroxide (H2O2), diffuses to the transducer and generates the 
electrochemical response. However, this type of biosensor typically requires high polarizing potential 
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where other species present in the blood (e.g., ascorbic acid) can also be oxidized, and is limited by the 
oxygen supply in the tissues [121]. To overcome this, researchers worked on modifying the surface of 
electrodes by using Prussian blue (PB) that is known to catalyze H2O2 reduction near to 0 V vs Ag/AgCl 
(- 0.1 V ± 0.05 vs Ag/AgCl) [122–124]. This strategy allows to avoid electrochemical interferences at 
high polarizing potentials. Two options are typically available for the electrode’s modification by PB: 
by using electroplating process or by screen-printing technique [125]. However, the stability of PB 
remains the main limitation for its use. Many authors reported a loss of sensitivity of PB-based 
electrodes, especially at high concentrations of H2O2 (few mmol.L-1) probably due to the degradation of 
PB on the electrode interface over time [126–128].  Indeed, PB remains a good option for the 
development of a disposable glucose sensor but its limitation in long contact with H2O2 is not applicable 
for one-use sensor. Another strategy was recently reported in the literature to lower the detection 
potentials of H2O2, is to use Ruthenium Purple (RP) as an alternative to the PB material that seems to 
present better stability over time [129–131]. 

In the second generation of biosensors, electron transfer between the enzyme and the transducer is 
provided by intermediate compounds, called mediators, immobilized together with the enzyme on the 
surface of the electrode [132, 133]. Quantifying glucose is equivalent to quantifying the oxidation of the 
mediator at the electrode surface. However, the small size of the mediator and its usually non-covalent 
incorporation favors their diffusion, which reduces their catalytic activity. They can also compete with 
naturally occurring oxygen, which in most cases avoids an oxygen interference reaction. Indeed, from 
the list of chemical species, ferrocene derivatives [134], ferricyanide, quinone compounds and 
transition-metal complexes are of particular interest for second generation glucose biosensors [135–
139].  

In the case of the third-generation biosensors, direct electron transfer is possible between the active site 
of the enzyme and the transducer, and the enzyme-catalyzed glucose oxidation current is measured 
directly at the electrode surface [101, 140–142]. The reaction itself causes the response and no product 
or mediator diffusion is directly involved. 

However, implantable electrochemical glucose sensors face two major problems: loss of sensitivity over 
time and the short lifetime of immobilized enzymes (up to 14 days) [143, 144]. The loss of sensitivity 
implies either a replacement or a regular calibration of the sensors. Indeed, enzyme immobilization and 
enzyme cross-linking are common strategies allowing the design of biosensors with enhanced stability 
over time [145, 146]. Enzyme entrapment or encapsulation in a biocompatible polymers or hydrogel-
based matrices (e.g.: chitosan [147, 148], cellulose[149], collagen [150], etc.), is one of the most popular 
immobilization methods used in designing enzymatic biosensors and play a key role in the stability of 
enzymes. On the other hand, Zimmer and Peacock (ZP) has data that says that glucose oxidase is 
extremely robust, the reasons why implanted sensors have problems is encapsulation. It is crucial that 
physical and chemical proprieties of these matrixes are well-designed to enhance the stability of the 
glucose biosensor over time. 

4.3. Optical glucose sensor 

Optical measurement methods are already used in medical monitoring, diagnosis or treatment, and have 
also attracted great interest in the development of glucose sensors [104]. The short measurement time 
and long sensor lifetime are the main advantages of optical sensors over electrochemical sensors, and 
can be a game changer in the field of CGM [151]. In general, optical sensing is based on different forms 
of light-matter interaction such as absorption, emission, scattering, reflectance, fluorescence, etc. So far, 
many techniques have been proposed for glucose detection, such as infrared [152, 153] and Raman 
spectroscopy [154], surface plasmon resonance [155], chemiluminescence or fluorescence [156–158]. 
Despite the many advantages and possible solutions, only one optical CGM (Eversense from Sensonics) 
is currently commercially available and uses fluorescence as its operating principle. The concern with 
Eversense is that the patients are required to test their blood twice a day in order to recalibrate the sensor. 
 
Fluorescence is a phenomenon related to the excitation of a molecule by a photon absorption and its 
subsequent return to the ground state by emission of lower energy photon. Such process can be 
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monitored by the emission of light from optically excited molecule, which is characteristic for specific 
chemical groups, compounds and structures. Moreover, emission intensity and fluorescence lifetime 
depend on the environment of the excited molecule [159, 160]. The molecules for which fluorescence 
is observed are called fluorophores, however glucose does not belong to this group. Thus, for its 
detection glucose is combined with fluorophores such as enzymes, dyes, conducting polymers, carbon 
nanotubes/quantum dots and others. Due to the interaction between glucose and fluorophores 
fluorescence intensity changes upon glucose binding, and the concentration of glucose can be quantified 
[161]. However, in most cases, the mechanism of the fluorescence sensing is more complicated and uses 
an indirect interaction of glucose via receptors. The receptors are attached to the fluorophore and can 
bind glucose reversibly. Examples of receptors are enzymes (glucose oxidase, glucose dehydrogenase, 
hexokinase), glucose-binding proteins (Concanavalin A, a bacterial glucose-binding protein used by 
Lifecare AS Norway) and boronic acids derivatives [162]. Binding of glucose to the receptor leads to 
the quenching or increasing fluorescence due to the energy transfer. Schematic representation of a 
receptor-based glucose sensor is presented in the Figure 5. The same principle is used in the 
commercially available optical CGM (Eversense from Sensonics), in which the indicator hydrogel is a 
boronic acid derivative acting as a glucose receptor and a polymer as a fluorophore. In the absence of 
glucose (unbound receptor), emission from the excited fluorophore is quenched by intermolecular 
electron transfer from the unoccupied receptor. Interaction with glucose induces a change in the 
redox/ionization state of the receptor, preventing electron transfer to the fluorophore and fluorescence 
quenching (Figure 5) [160]. The intensity of the fluorescence increases with the number of bound 
receptors, corresponding to the increase in glucose concentration. 
 

 

Figure 5. Schematic representation of a receptor-based fluorescence system used in optical glucose sensing. 

5. Continuous Glucose Monitoring systems (CGMs) 

5.1. The added value of CGMs 

Point-of-care (POC) devices were the first to emerge on the market and are based on traditional test 
strips [163]. They are used with handheld meters, use a drop of blood to determine the glucose level and 
allow patients to self-monitor. However, in such an approach, the glucose level is not quantified 
continuously but at frequencies proposed by clinician according to the patient acceptance. In addition, 
repeated measurements are inconvenient and painful. Self-monitoring of glucose levels was 
revolutionized a few years ago with the introduction of continuous glucose monitors [164, 165].  The 
unique feature of these devices is that they continuously measure and store glucose levels with sampled 
readings on a frequent and repetitive basis, the storage being data accumulated over 5 – 15-minutes 
periods. They are used as invasive implants or non-invasive devices (see section 3.3) and are equipped 
with an alarm to warn the patient of hypo- or hyperglycemia. Obtaining a blood glucose trend is then 
easily achievable.  

The use of CGM has been shown to enhance glycemic control, reduce blood glucose variability and, 
prevent hypoglycemia risk [166, 167].  Furthermore, the higher the patient's HbA1c, the more beneficial 
the use of CGMs is for the patient [118]. More recently, smart technologies using algorithms (artificial 
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intelligence) were involved to be connected to CGMs and insulin pump in a closed-loop system allowing 
an automatic insulin administration by the pump driven by the algorithm [168–170]. 

5.2. Personal and professional CGMs 

There are two main families of continuous measurement devices [171–173]: personal and professional 
CGMs. Personal CGMs are useful for diary therapy administration and allow access to information and 
determination of blood glucose levels in real time. In addition, the CGM is equipped with a configurable 
alarm system that alerts the patient to very high or very low glycemia. The professional CGMs are useful 
for retrospective study of data by a professional of healthcare. The glycemia is measured continuously 
but the values are recorded and not transmitted in real time.  

5.2.1. Personal CGM 

The personal CGM is used by the persons with T1D and T2D [174], as well as pregnant women who 
are exposed to gestational diabetes [175]. In general, it is intended for people who are at high risk of 
hypoglycemia, and who need to monitor their blood glucose levels continuously. It allows the patient to 
self-manage their diabetes therefore without the need for repeat capillary blood glucose samples.  On a 
daily basis, the personal CGM can be used to monitor its glucose level and to alert the patient in case of 
exposure of a severe hypoglycemic episode and abnormally high glycemia after a meal (hyperglycemia) 

[118, 176]. 

The personal CGM has demonstrated to improves blood glucose monitoring, reduces day and night-
time hypoglycemia, prevents impending hypoglycemia and hyperglycemia and avoids severe 
hypoglycemia. Another new approach may improve diabetes management at the personal level: 
coupling a CGM with an insulin pump [20, 168–170]. A step towards such an artificial pancreas is 
achieved with these augmented sensor pumps (SAP), which can stop preventively the insulin infusion 
if the patient is at risk of hypoglycemia. This reduces the risk of hypoglycemia.  
 
However, the use of personal CGMs is not always successful with people with diabetes. Indeed, 40% of 
users return to an older blood glucose monitoring system due to: (1) the high cost of CGM devices, (2) 
the frustration of using a new technology (the patient must have full confidence in the accuracy and 
reliability of the sensor), (3) hardware constraints (the devices may be inconvenient for the user), and 
(4) frequent alarms causing stress for the user.  

5.2.2. Professional CGM 

The professional CGM is mainly used in hospitals to monitor patients' ambulatory blood glucose levels. 
There are three main applications of professional CGMs [177, 178]:  

˗ Diagnosis issue; 
˗ Establishment of the suitability of the patient for the treatment and the device, conduct 

pharmacodynamic studies; 
˗ Adjustment of therapy to best treat the patient, compare treatments by comparing glycemic 

variability (GV), and visualization of nocturnal glycemic variations and postprandial patterns.  

Thus, professional CGMs do not deliver BG in real time to the patient, but provide glycemic profiles 
throughout the day (after meals, after taking medication, etc.) for data collection and further analysis by   
professionals. In order to make a good adjustment of a therapy, it is necessary to obtain typical daily 
glycemia profiles. According to the research, the estimated follow-up time per professional CGM should 
be at least two weeks [179].  After this time, GV can be defined and a stable trend in the ambulatory 
glucose profile is obtained. Retrospective analysis thus allows the detection of postprandial 
hyperglycemia and unknown day or night hypoglycemia.  

Professional CGMs are thus broadly used in clinical research, thanks to advantages such as accuracy, 
ease of use, short duration of use, good degree of acceptance, low cost, previous conclusive studies. Its 
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characteristics have considerably improved the ambulatory follow-up of glycemia, previously taken 
with a POC device, on an empty stomach and for up to 8 time points over one to three days (i.e., a 
glucose profile carried out using 8 capillary measurements per day). Indeed, the professional CGMs is 
less expensive compared to the personal CGM. It does not require a real-time data transmission module 
(no receiver) and the transmitter belongs to the hospital. However, the sensor remains disposable. The 
only additional costs are those related to the interpretation of data by medical staff. However, the 
interpretation of the results by a professional has a greater impact on the patient: he/she can become 
aware of the effects on his/her body requirements or daily nutrient intake and physical activity [180]. 
Thanks to the support of the medical staff, they gain more confidence with the device than with a 
personal CGM. Professional CGM devices have proven to be indispensable for patients unable to 
manage the information provided by personal CGMs. In addition, professional testing can determine 
whether HbA1c levels are relevant for blood glucose assessment and generate treatment options, which 
is not possible with personal CGMs.  

5.3. Difficulties in setting up 

The implementation of CGMs faces difficulties from different sources [166, 181]:  

(1) Difficulties related to detection: a time delay exists between the concentration of glucose in 
the blood and in the interstitial fluid (5 ‒ 10 min). An abnormal blood glucose level is detected with 
delay and is detectable in the interstitial fluid while the glycemia is normal; 

(2) Difficulties related to patient education: CGMs are new devices that need to be explained to 
users (patients and professionals). Interpretation of the results by the patient is essential for them to 
adapt their therapy and lifestyle. Patient education is also an issue to overcome the lack of user 
confidence in this new technology; 

(3) Difficulties related to the universalization of sensors: defining a standard for control 
algorithms and critical thresholds is difficult; 

(4) Difficulties related to the lack of sensor stability: electrochemical biosensors are enzymes-
based sensors detecting and quantifying glucose. Optical sensors suffer also from the same technical 
issue which requires a daily calibration or to change the sensor. 

(5) Short lifetime (replace after 14 days). 

5.4. Consensus-appropriate patient selection 

There is a consensus to standardize the use of the GCMs and proposed four main cases which require 
their use [179, 182–184]: (1) Cases of frequent severe hypoglycemic episodes, severe nocturnal 
hypoglycemia and/or hypoglycemic unconsciousness; (2) cases of poor metabolic control if, despite the 
application of various forms of therapy, HbA1c levels are unsatisfactory; (3) cases of pregnancy if 
metabolic control is poor despite various more conventional treatments; and  (4) cases where more than 
ten daily blood glucose readings are required to achieve good HbA1c levels.  

Thus, CGMs are not recommended if: (1) The patient lacks motivation and compliance with treatment; 
(2) the patient fears these systems or does not have sufficient confidence in them; (3) the patient abuses 
drugs or alcohol; and (4) the patient has psychological problems such as bulimia, anorexia or psychosis.   

The use of the CGM includes different requirements: (1) Healthcare professionals’ selection of patients 
for CGM based on compliance, absence of contraindications, absence of other functional treatment; (2) 
participation in training; (3) the patient must be supervised by a diabetologist trained in CGM; and (4) 
the patient must go through a trial period to validate effectiveness of treatment. 
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5.5. Review of the main commercial CGMs 

The first CGM system (Minimed) was approved by the FDA (Food and Drug Administration) in 1999 
and since then considerable progress have been made in both sensor development and availability [173, 
179]. Only in the fourth quarter of last year more than 1,5 mld USD was spent for CGMs (with Dexcom 
Inc. as the main player on the market). Currently, four companies commercialize FDA-approved CGMs 
systems that can be listed as: Dexcom Inc. [185–187], Medtronic [188, 189], Abbott Laboratories [190] 
and Senseonics [191, 192]. All of them are indicated for monitoring of glucose level in the interstitial 
fluid under the skin, across the claimed measuring range from 40 to 400 mg/dL glucose. First three 
propose electrochemical glucose sensor, with typical enzyme of glucose oxidase-based sensing. They 
are subcutaneous devices employing micro-needle sensors which can be classified as an invasive sensor 
(usually also called minimally-invasive). For the correct determination of the glucose values, sensors 
have to be used at the approved application sites (typically upper arm or abdomen). On the other hand, 
Eversense recently introduced by Senseonics is an implantable optical sensor. The proposed solution is 
an abiotic system, which is based on fluorescent detection.  

Besides principle of glucose detection and insertion procedure, available CGMs differ in senor lifetime, 
accuracy and calibration requirements. All the systems are compatible with mobile application and offer 
additional functions such as alerts for hyper- and hypo-glycemic level or prediction of glucose trends. 
In most systems, data are automatically sent to the receiver and displayed immediately after 
measurement (note that this technology is sometimes referred to as real-time CGM). Moreover, some 
CGM systems can be integrated with insulin pumps and create artificial pancreas with automatic insulin 
adjustments. 

In this review, only the newest models of personal CGMs from each company were discussed. Table 1 
presents the comparison of CGMs, discussed in this paper, with respect to their operational parameters 
such as working principle, accuracy, sensor and transmitter lifetime, calibration requirements or 
available alarms [193]. Herein, accuracy was defined in term of the Mean Absolute Relative Difference 
(MARD, %), which is commonly used in the glucose sensing community. Lower MARD values indicate 
better accuracy [194]. It is based on the comparison between paired measurements of a given CGM 
system and a reference method. MARD is computed as mean value of the absolute relative differences 
(ARD) where yCGM is the value measured by the CGM device, yref is the value measured by the reference 
measurement device at tk where tk, k = 1, 2, …Nref are the times when reference measurements are 
available [195]: 

𝐴𝑅𝐷  100%  
𝑦     𝑦  

𝑦   
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Table 1. Comparison of discussed CGMs: the newest model from companies with FDA approval. 

 DexcomG7    
(Dexcom Inc.) [196] 

Guardian   
Sensor 4 (GS4)   
(Medtronic) [197, 

198] 

Freestyle Libre 3  
(Abbott) [199, 200] 

Eversense E3   
(Senseonics) [201, 

202] 

Detection 
principle 

 
Electrochemical enzyme-based glucose oxidase / dehydrogenase 

 
Optical 

1st generation 2nd generation Fluorometry 

Type 
Invasive (also categorized as minimally-invasive) 

with subcutaneous sensor 
Implantable / 

Invasive 
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Insertion 

Upper arm and 
abdomen for ages 2-
years and older or the 

upper buttocks for 
ages 2-17 years old 

 
Self-inserted 

Abdomen or upper 
arm 

 
Self-inserted 

Upper arm 
Self-inserted 

Upper arm, 
placed in healthcare 

provider’s 
office through a 

small incision (10-
min procedure) 

Sensor lifetime 10 days 7 days 14 days 
90 days in US 

and up to 180-days 
in Europe 

Transmitter 
lifetime 

3 months 12 months 14 days * 12 months 

Accuracy 
(MARD%) 
 

8.2 % to 9.1 % 8.7 % to 10.6 % 7.6 % to 8.7 % 8.5 % to 9.1 % 

Glucose 
reading 
frequency 

5 minutes 5 minutes 1 minute 5 minutes 

Calibration 
protocols 
according to the 
providers 

No, 
Factory-calibrated ** 

4 at the first day and 
then 2 per day, 

using fingerstick 
readings from a BG 

meter 
Warm up 
period (hrs) 

0.5 2 1 24 

Glucose alerts 

Audible, 
customizable alarms: 
low, high, urgent low 
prediction (20 min).  
Mandatory urgent 

low alert (below 55 
mgl/dL) 

Audible, 
customizable 

alarms: low, high, 
rate, predictive (10 

to 60 min) and 
mandatory Urgent 
Low Alert (below 

55 mg/dL) 

Audible or on-body 
vibe alerts for high 

and low glucose 
level 

Audible or on-body 
vibe alerts, 

mandatory low and 
high alarms, 

optional predictive 
alerts 

(10, 20, 30 min) 

* No additional transmitter combined with the sensor. 
** The user does not have to do any calibration prior to use. The sensor current has been pre‐determined against in vitro glucose levels and is corrected according 
to the sensor’s evolution over time. 

5.5.1. Dexcom G7 (from Dexcom Inc.) 

Dexcom G7 was approved in Europe in 2022. This is the Seventh-generation version of Dexcom’s ‘G’ 
series CGM. Like its predecessors, the Dexcom G7 sensor is based on electrochemical glucose detection. 
It relies on a subcutaneous glucose oxidase-based sensor that is factory calibrated and allows for optional 
user-initiated calibrations  [196]. The MARD reported by the manufacturer is about 8.2 % to 9.1 %. 

Comparing of Dexcom G7 to its predecessor Dexcom’s mainstay G6 sensor, which made its debut in 
2018, the Dexcom G7 is designed to be discreet, all-in-one wearable sensor, and 60% smaller than the 
sixth-generation (Figure 6). It is composed of sensor wire and transmitter, which is placed on top by 
plastic holder. Users insert the sensor wire under the skin by themselves, with the single-use auto 
applicator. The system is inserted in the upper arm and abdomen for ages 2-years and older or the upper 
buttocks for ages 2-17 years old. The glucose sensor life is 10 days, while transmitter can be-reuses for 
maximum of 3 months  [185–187]. 

The wearable transmitter measures 2.4 × 2.7 × 0.46 cm (Figure 7). It sends ISF glucose levels to the 
display device (a smart device or dedicated receiver) every 5 minutes via Bluetooth. The patient receives 
current glucose readings and trends. This data can be also shared with up to 10 followers. Alerts inform 
the user when the glucose levels or rates of change are outside of a target zone and when other important 
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system conditions occur i.e., when the glucose level falls to 55 mg/dl or below (‘urgent low' alert, cannot 
be deactivated), or if the glucose level is predicted to drop to 55 mg/dl within 20 minutes ('urgent low 
soon'). In addition, the Dexcom apps and software are compatible with wide-ranging number of devices 
and platforms i.e.; insulin pumps: the Diabecare R (DANA) or the Tandem t: slim X2 (Tandem), etc. 

 

Figure 6. Size evolutionary of Dexcom G6 to G7 wearable transmitter (adapted from Dexcom website: 
https://www.dexcom.com/). 

5.5.2. Guardian Sensor 4 (from Medtronic) 

Medtronic released the Minimed in 1999 being the first company to introduce the CGM to the market. 
This historical device recorded glucose value for 3 days, however, data could only be downloaded at 
healthcare’s office and analyzed by physician (“professional” CGM). Last year (in 2021), their newest 
Guardian Sensor 4 CGM system secured two CE (European Conformity) mark approvals. Similar to 
Dexcom, Guardian™ Sensor 4 CGM system uses a subcutaneous wire-based, first-generation 
electrochemical sensor [203]. Medtronic’s reported MARD range from 8.7 % to 10.6 % depending on 
age, insertion place and quantity of calibrations. Most accurate measurement can be obtained with 3 to 
4 calibrations per day for patient older than 14 years with sensor inserted on the upper arm  [197, 198].   

The dimensions of the sensor with transmitter are approximately 3.6 x 2.9 x 1.0 cm and weight around 
1 g (Figure 7). Sensor 4 GM can be easily inserted by the user with a single press of an applicator button. 
The transmitter is connected via a special pod and the area is covered with an adhesive. Guardian™ 
sensor 4 system is suitable for patients aged 14 to 75 years of age and is inserted in the abdomen or 
upper arm.  It can be worn up to 7 days and requires minimum 2 calibrations each day to ensure the 
accuracy of the device. The transmitter with 12-month warranty is rechargeable and needs to be charged 
every 6 days.  

ISF glucose levels are measured every 5 minutes and the readings are sent to a smart device via 
Bluetooth.  The mobile application displays user’s current glucose level and indicates rate of its change 
with an arrow. Customizable alarms can be set for different glucose threshold and timeframe, “urgent 
low glucose” alerting when the glucose level falls below 55 mg/dL is also available. Moreover, the 
system also comes with predictive alerts that notify users from 10 up to 60 minutes before high or low 
blood glucose level is expected.  

The Guardian™ sensor 4 system is designed to be connected to InPen which is the first and only smart 
insulin pen approved in Europe that is integrated with a CGM in real-time via one convenient 
smartphone application [204]. The MiniMed 780G system can also be integrated with Guardian™ 4 
sensor and will automatically adjust insulin for patients who prefer automated insulin delivery via a 
fingerless insulin pump [205–207]. 
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5.5.3. FreeStyle Libre 3 (from Abbott) 

In 2020, Abbott obtained approval for the FreeStyle Libre 3 in Europe and two years later (in 2022) was 
approved in the US and is now cleared by FDA. Contrary to the previous generation (FreeStyle Libre 1 
and 2), Freestyle Libre 3 does not require that users pass receiver over the sensor in order to get the 
glucose reading. The data are automatically transmitted to the reader or to the patient’s phone 
application. Another difference is the generation of electrochemical glucose sensing principles where 
FreeStyle Libre 3 uses a second-generation electrochemical process in which a redox mediator transport 
electrons from the glucose oxidase enzyme to the surface of the sensing electrode [75, 208].  

The sensor weights 1 g and has rounded shape with 2.1 cm diameter and 0.29 cm height (Figure 7). It 
incorporates both the subcutaneously implanted filament-based sensor and the transmitter part. It is 
designed to be the smallest, thinnest, and most discreet glucose sensor now available on the market. It 
can be worn for 14 days requiring no calibration, making it the longest lasting CGM sensor available 
[209]. Its MARD is about 7.6 % to 8.7  [199, 200]. Sensor is inserted under the skin using easy applicator, 
and it is approved for use only on the upper arm and above 4 years old.  

The sensor measures interstitial glucose level continuously and automatically delivers real-time, minute-
by-minute glucose readings to the user’s smart device. In case of notification, real-time alerts (sound or 
vibration) are viable informing only about low or high level of glucose (threshold set by the user). It 
also gets permission to be used as part of an integrated system with other compatible medical devices 
such as automated insulin dosing systems or insulin pumps. 

 

 

Figure 7. Images of CGMs based on micro-needle sensors with their dimensions: (a) Dexcom G7, (b) Guardian Sensor 4, and 
(c) FreeStyle Libre 3. 

5.5.4. Eversense E3 (from Senseonics) 

Senseonics got into the game in 2016 (2018 in USA) with its unique implantable long-term CGM- 
Eversense. Recently, Senseonics received the CE Mark approval for its Eversense E3 in Europe are 
available since mid-2022 on the European market. Compared with other approved CGM systems, 
Eversense E3 is non-enzymatic, fluorescent based-sensor for glucose detection. The sensor is an abiotic-
system with indicator hydrogel, which is based on selective, fully reversible binding between glucose 
and the covalently attached molecular complex. According to the regulatory approval it is indicated for 
continually measuring ISF glucose levels in adults (age 18 and older, non-pregnant) for up to 90 days 
in the US, and 180 days in Europe. Its MARD (%) is about 8.5 % to 9.1, which makes it part of the most 
accurate CGM on the market. However, fingerstick glycemia measurements are still required for 
calibration primarily one time a day after day 21, and when symptoms do not match CGM information 
or when taking medications of the tetracycline class [191, 192].  

Currently, Eversense E3 is the only CGM system with an implantable sensor, completely inserted under 
the skin, leaving no part of the sensor protruding as it is in case of other available CGMs [201, 202]. 
Insertion (upper arm) and removal are carried out by a healthcare provider, within approx. 5-minutes 
procedure and a small incision (less than 1 cm). The diameter of the tubular sensor is approximately of 
0.35 cm and length equal 1.83 cm. Moreover, it has a silicone ring that contains a small amount of 
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dexamethasone acetate in order to minimize inflammatory responses (Figure 8). There are concerns of 
patient acceptance as the insertion has to be performed by a medical professional and this in conjunction 
with the requirement of testing twice a day with an SMBG strip could limit market penetration. 

The sensor activated by radio frequency power (RF) from transmitter, measures glucose level every 5 
minutes and sends data to the transmitter. External transmitter (length: 3.7 cm, width: 4.8 cm, thickness: 
0.89 cm, mass: 11.3 g) must be placed directly over the sensor and it is secured on the skin with the 
disposable adhesive patch. However, once per day it needs to be recharged for about 15 minutes, and 
then re-attached to the arm with new adhesive. Besides powering the sensor, transmitter calculates, 
stores, and transmits the glucose data via Bluetooth to the mobile device. It has 1-year limited warranty 
[201, 202]. 

The same as for previously described CGMs, the Eversense App displays glucose measurements, rate 
and direction change and graphics trends of glucose levels. Besides audio notification, transmitter on-
body vibe alerts are available. Low and high alerts cannot be turned off, targets can be set within 
allowable range. Optional predictive alerts let user know in advance (10, 20, or 30 minutes) that a high 
or low glucose event is likely to occur if current trends continue [210]. The device is being designed as 
stand-alone CGM and it does not integrate at this time with an insulin pump. 

 

Figure 8. Elements of Eversense CGM: implantable sensor, transmitter and connected device (adapted from Senseonics 
website) 

5.6. The future of CGM systems: challenges and prospects  

As mentioned earlier, CGMs have been developed to extrapolate back from the glucose levels in the 
interstitial fluid (ISF) to the blood glucose levels. These monitors are now commercially available on 
the market from different manufacturers (Dexcom, Medtronic, Abbott, etc.). Non-invasive devices (e.g.; 
wearable glucose sensors) have clear advantages over invasive or minimally-invasive devices [211]. 
Patient compliance, i.e., patient acceptance of the device, may greatly be facilitated. Various non-
invasive wearable devices are being developed [193, 212–216] but are not yet commercialized until 
now. Indeed, these devices are external to the body, it is expected that they face less biocompatibility 
complications and better/longer lifetime. However, accuracy is more difficult to achieve. These sensors 
aim to measure glucose concentrations in body fluids, such as tears, sweat, saliva, and urine; these fluids 
can be easily collected without inserting a needle into the skin and are not affected by inflammation. 
One common issue in the sensing of such body fluids is the correlation between blood glucose levels 
and time delay (5 ‒ 10 min). The new, easy-to-use, wearable glucose sensors are expected to lead to a 
new type of glycemic control in the future.  
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On the other hand, improvement of the invasive or minimally-invasive devices especially in terms of 
accuracy and sensor lifetime are expected to be the subject of many enhancements in the upcoming year. 
Also, the integration and association of these devices within insulin pumps and functioning in closed 
loop system [217] that leads to automatize insulin injection, are expected to be generalized as artificial 
pancreas [218, 219]. 

6. Wearable biosensors 

Wearable biosensors (WBSs) are wearable electronic devices that incorporate biosensors located on the 
skin or in the human body in the form of patches, tattoos, gloves, clothing and implants [214, 220]. 
These devices allow for in vivo sensing, data recording and computation using mobile or wearable 
devices (Figure 9). In addition, these devices allow the non-invasive, real-time quantification in body 
fluids such as saliva, sweat, skin and tears of various biochemical markers for the diagnosis of diseases 
such as diabetes, obesity, heart disease and hypoxia [221, 222]. For continuous glucose monitoring, 
sweat seems to be more suitable. Indeed, sweat is an important body fluid for non-invasive sensors that 
may reflect the physiological state of the body in real time. Sweat glands are present throughout the 
body and glucose from the interstitial fluid easily diffuses into the sweat, allowing simply measurement 
of its concentration by collecting fresh sweat (check § 3.2.3). Even though, many studies showed that it 
is possible to monitor sweat glucose via wearable glucose biosensors, many issues need to be overcome 
a successful commercial. Some of these issues are due to limited fundamental knowledge of sweat 
composition and how it connected to physiological parameters and health state. This is not really 
surprising especially in the case of sweat where the acquisition of such knowledges requires a tool that 
allow continuous monitoring of sweat glucose in healthy and diabetes peoples [223] and from this point 
of view, one of first application of wearable glucose biosensors may be the investigation of the evolution 
of sweat glucose and its correlation with other physiological parameters. Another problem not to be 
taken lightly is sweat collection. Indeed, sweat flow depends on many parameters such as gender, 
weather, obesity, physical exercises, medication [224]. 

To achieve a reliable detection, the sweat volume should be above 0.06 μL/mm2 (vs electrode size) in 
terms of the biosensing measurement [225]. Sweat rate is expected to vary from 1 to 20 nL/min/gland. 
On the arm region, there are typically 150 glands/cm2  [226]. In this case, sweat rate is estimated to be 
as high as 2 μL/min for the 5-mm-diameter sweat collection area.  Physical exercises seem to be the 
easiest way to generate sweat flow forward the biosensor but this can only be performed punctuality or 
irregular because a real continuous glucose monitoring require at least six times measurement per day. 
This limited the use wearable glucose biosensors to people with daily physical activity (athletes), and 
make the use of such biosensors not adapted to peoples with health problems such as severe obesity, 
heart problems, or unfitness due to age (senior citizen), pregnancy, illness, or disability.  For this reason, 
sweat generated in rest using low electrical current through thermal heating or chemical induction called 
iontophoresis has been proposed. However, their repeated application can be harmful to underlying skin 
and may be better suited for one-time use rather than continuous monitoring [227]. Recently, 
microfluidic based wearable biosensors have received particular attention, as they can precisely collect 
and deliver sweat to the defined bio sensing area [228]. These microfluidic wearable platforms contain 
microfluidic channels, reservoirs, and inlet/outlet ports, which work with capture and storage 
mechanisms. They enable direct capture of sweat from pores on the skin surface and transfer the sample 
to multiple sensors through different channels [229]. In summary wearable sweat glucose biosensors are 
still in their infancy and further investigations and development are required before these devices reach 
commercial stage and can really be used as glucose monitoring systems. 
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Figure 9. Wearable devices for non‐invasive and real‐time quantification in body fluids of biotargets (eye lens adapted from 
google, gloves adapted from PPS website: https://www.pressureprofile.com) [214, 230]. 

7. Artificial intelligence in glucose monitoring 

Artificial intelligence (AI) including pattern analysis and classification algorithms with biosensors can 
bridge the gap between the data acquisition and analysis and achieve improved diagnostic and 
therapeutic accuracy [231]. Today, there is a real need for artificial intelligence that has become a trend 
in biosensing technology [216, 232–235]. Indeed, most of the commercial CGMs available now on the 
market can be connected to insulin pumps to automatize insulin delivery as closed-loop system. Thanks 
to the therapeutic artificial intelligence, including self-learning algorithm, it is possible to automate and 
personalize the treatment of diabetes. In other words, the CGM performs glucose measurement every 5 
minutes approximately (depending on the manufacturer procedure), then, data are transmitted to a 
handset. AI analyzes the data in real time, while considering the patient’s physiology, history and data 
entries (meals or exercise), it is possible to determine the correct dose of insulin to administer [236, 
237]. This helps in optimizing and automatizing diabetes treatment while lowering the mental charge of 
the diabetes patients.  

Many companies work today on the development of AI-powered algorithms for biomedical based-
applications (e.g.: dynamic-biosensors, fullpower, Diabeloop, ADVANCED ALGORITHMS 4 
RADAR, etc.). They usually propose two types of products/services [238]: (1) algorithms hosted in a 
dedicated handset that usually integrate medical devices and help improving in personalizing treatment 
and, (2) a dedicated platform that store and automates data management as cloud-based systems. In 
addition, there is now real need to use biosensing platforms that integrate different biosensors to 
continuously monitor several physiological analytes at the same time. Due to this requirement, it is 
necessary to multiplex signals coming from different biosensors and correlate between their responses 
in real time. In such configuration, AI can help enabling quick and efficient data interpreting of a large 
complex dataset and help in the decision-making. Future works combining artificial intelligence and 
biosensing technologies are expected to lead to the next generation of smart, accurate, wearable, and 
wellness biosensors that especially allow increasing biosensors lifetime and improve patient’s lifestyle 
[239–242]. 
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On the other hand, AI can support the technology of biosensing development in a different way. 
Recently, Zebda and his co-authors have deposed a patent application to protect the invention of a 
method for determining an actual concentration of substrate using an array of self-calibrated biosensors. 
This method combined to AI should allow real-time correction of the deviation of biosensors responses 
using machine learning [243]. This needs a lot of experimental data generation to understand the 
behavior of each biosensor configuration in the mild conditions, enabling a new generation of glucose 
monitoring systems. 

8. Conclusion 

Continuous glucose monitoring systems were first introduced on the market more than 15 years ago and 
revolutionized the self-monitoring of blood glucose level. Such devices, in comparison to traditional 
fingerstick blood glucose meters, allow for continuous glucose level monitoring in near real time (1-15 
min). However, one should bear in mind that the glucose level is measured from the interstitial fluid and 
the diffusion time must be taken into account to properly evaluate blood glucose level. Indisputable 
advantages of CGM are elimination/reduction of numerous finger pricks and almost immediate 
information about too high or too low glucose level, which decreases the risk of disease’s complications 
(such as heart attack, stroke, kidney and nerve damage) as well as glycated Hb decrease with CGMs, 
suggesting decreased frequency and intensity of hyperglycemic events. Tracking glucose level over time 
can also provide information about body’s response for various factors such as: meals or exercises and 
thus improve glycemic control. Moreover, CGMs are very helpful in case of children or in difficult 
measurement conditions for example during sleep, driving or pandemic. What is more, connection 
CGMs together with insulin pump open the possibility for the automated insulin distribution systems, 
which will act as an artificial pancreas. CGMs can be used for both professional (healthcare) and 
personal purposes. Additional benefits of CGM, which were confirmed in many clinical studies, include 
improvement in HbA1c level and reduction of glycemic variability. However, there are some restrictions 
in patient selection. Other limitations may be: delay between glucose level in interstitial fluid and in 
venous blood, costs and sensor durability. Future research trends are likely to bring to market more 
innovative devices displaying extended implantation time and/or noninvasive glucose measurements. 
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