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Abstract. As diabetes prevalence is continuously increasing, 
better management is needed to achieve blood glucose control, 
in order to prevent complications and lessen the burden of this 
disease. Since the first measurement of glycosuria at the begin‑
ning of the 1900s', huge advances were made in monitoring 
glycemia. Continuous glucose monitoring systems revolution‑
ized diabetes management, especially for patients with type 1 
diabetes. Avoiding glycemic variability and maintaining 
optimal glycemic control is crucial for the evolution of patients 
with type 1 diabetes. The usefulness of glycemic monitoring 
devices can be extended to patients with type 2 diabetes. It is 
also important to note that in those patients at risk of devel‑
oping high glycemic variability (e.g. patients with advanced 
chronic kidney disease), continuous glycemic monitoring 
may improve their prognosis. These monitoring systems can 
be classified according to the analytical method, the degree 

of invasiveness, the data availability and the mode of usage. 
The technology is constantly improving in bioanalytical 
performance, biocompatibility, length of wearing time, safety 
and clinical features. The aim of this review was to briefly 
present the main characteristics of glucose biosensors, glucose 
monitoring systems and their clinically utility.
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1. Introduction

Diabetes is rising worldwide with an estimated prevalence 
of 463 million affected people in 2019 and the numbers are 
expected to increase even more in the years to come, with 
an estimated figure of 578 million cases by 2030 (1). Due to 
the very high prevalence and the serious chronic complica‑
tions, including cardiovascular, renal, ocular and neural 
complications (2,3) and the frequent association with other 
diseases such as high blood pressure, dyslipidemia (4) or other 
cardiovascular risk factors (5), diabetes is a major health issue 
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worldwide and a heavy burden on healthcare systems. In order 
to minimize this burden, good glycemic control is crucial, 
since the diagnosis, is the key to prevent chronic complications. 
Assessing blood glucose levels or other indicators of glycemic 
control such as glycosuria, glycated hemoglobin and glycated 
albumin (6) is therefore an essential tool in diabetes treatment. 
In the mid‑1800s, the first attempts to quantify glucose were 
made and glucose was measured in urine, using evaporation of 
urine to obtain sugar crystals. In the first decade of the 1900s, 
a copper reagent was developed for assessing glucose in urine 
and tests for glycosuria started to be commercialized (7). The 
first blood glucose test strip that used glucose oxidase and a 
chromagen indicator system was available in Great Britain and 
then in the United States in 1964 under the name Dextrostix, 
although it was only accessible to the physician (8). At the 
beginning of the 1980s, the first blood glucose meter was 
developed under the name Dextrometer and could be used by 
the patients at home (9). Since then, self‑monitoring of blood 
glucose (SMBG) gradually became a standard in diabetes care. 
In the following decades, the technique of SMBG constantly 
improved and was characterized by a reduction in the amount 
of required blood (<1 µl), an improved suction of blood sample 
by capillary action, more accurate results, fewer interferences 
(e.g. with hematocrit), the use of electrochemical strips, new 
enzymatic tests (glucose dehydrogenase), reduced meter size, 
better lancets, and a higher affordability for diabetic patients. 
The advances in SMBG techniques led to an improvement in 
diabetes control. However, some limitations exist. Even with 
multiple daily blood glucose measurements, the test only 
provides instantaneous information, the repeated finger pricks 
are inconvenient, and there cannot be any warnings about 
hypoglycemia or hyperglycemia.

2. Continuous glucose monitoring systems (CGMS): 
Characteristics

The development of CGMS was a real revolution in diabetes 
care because it provided the whole daily picture of blood 
glucose values. CGMS measures glucose levels in the inter‑
stitial fluid. The first in vivo needle‑type continuous glucose 
sensor was developed by Shichiri et al (10) in 1982. The first 
CGM was approved by the Food and Drug Administration in 
1999 (7). It was a retrospective system (blinded) intended for 
professional office use only. The patient had to wear the device 
for three days and data were collected by the physician for 
further analysis.

CGMS comprises the three following parts: A sensor that 
measures interstitial glucose levels, a receiver or monitor that 
displays data, and a transmitter that enables the communica‑
tion between the other two components. Nowadays, CGMS 
can be used alone or in combination with an insulin pump. 
The sensor is inserted into the subcutaneous tissue by a small 
skin puncture. The level of glucose measured in the interstitial 
fluid is assumed to be similar to that measured in the capil‑
lary, although when glucose levels vary too fast such as during 
exercise or postabsorptive state, there are some discrepancies 
due to physiological delays in time (11). Sensors differ in many 
aspects, from assay method, invasiveness to clinical usage. 
Taking into account these characteristics, the systems can be 
classified in multiple manners.

First, CGMS can be classified by the analytical 
method used to quantify glucose, as extensively review by 
Nichols  et  al  (12). There are three main technologies for 
glucose detection: Electrochemical (enzymatic and nonenzy‑
matic), optical (fluorophore‑based and nonflourophore based), 
and combinational or other types (piezoelectric, electromag‑
netic impedance) (12‑14).

Biosensors used to monitor glucose levels have evolved 
over time, and three generations can now be identified (15). The 
first‑generation sensors were based on the use of natural oxygen 
and hydrogen peroxide detection. The second‑generation 
sensors focused on the non‑physiological electron acceptor. 
The third generation of sensors stood out by modernizing the 
design with changing the artificial mediators and even in some 
cases giving up the enzyme system.

There is a tendency to switch from invasive sensors to 
non‑invasive methods, to increase the life of the sensors from 
a maximum of 7 days to over a month or even years, and to 
provide safety against infections using specific coated mate‑
rials (16‑18).

Enzymatic electrodes are based on the action of enzymes 
that catalyze redox reactions by creating an electric current with 
measurable voltage that is dependent of glucose concentration. 
At present, numerous variants of invasive enzymatic biosen‑
sors have appeared with different technologies, including the 
following: Microdialysis, micropores, microneedles, subcuta‑
neous amperometric electrodes and intravenous implantable 
devices, of which only those based on microdialysis and 
subcutaneous are commercially available (19).

The gold standard of the current biosensors in use is repre‑
sented by the invasive Platinum‑Iridium (Pt‑Ir) needle‑type 
ones. These needles are inserted subcutaneously to come in 
contact with the interstitial fluid and can detect glucose by 
enzymatic method. Classic needle type consists of a Pt‑Ir wire 
with a diameter of 0.125 mm, for Pt:Ir=9:1, which represents 
the active electrode, having an immobilized mediator and, 
at the surface an enzyme, all covered by a polymer coating 
to facilitate subcutaneous implantation. Counter electrode is 
represented by a silver wire/silver chloride (Ag/AgCl) wrapped 
around the active electrode (19).

The microdialysis sensors are based on a hollow fiber that 
captures interstitial glucose (20). A microfluidic chip with 
microchannels in polydimethylsiloxane ensures an effective 
mixing of dissolved glucose oxidase and microdialysis sample 
in nanoliter volumes. The Pt electrodes are protected by a 
polypyrrole coating to prevent protein adsorption and interfer‑
ence with various substances such as uric acid, ascorbic acid 
or acetaminophen (20). The coating is overoxidized in order 
to became nonconductive and permselective (20). The micro‑
fluidic chip with an integrated chaotic mixer is combined with 
an enzymatic microreactor. The system proved good glucose 
sensibility in rodents (20).

Another advance in implantable sensors was realized by 
the development of coil‑type oxidase‑biosensors, based on 
the classic needle‑type sensors (19). The Pt wire is wound up 
around a 30‑gauge needle forming a coil‑shaped cylinder and 
increasing the sensing area. The use of advanced techniques 
such as optical and electronic microscopy to assess the struc‑
ture of biomaterial after the interaction with the human body 
may be useful for future new materials (21).
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In the last decade, the possibility of making new biosen‑
sors from materials such as carbon nanotubes (CNTs) and 
graphene has begun to be evaluated (22). CNT nanotubes can 
be used as electrical wiring/connectors with redox enzymes. 
CNTs look like an electric wire but have the advantage that 
the topography of the surface and porosity facilitate the action 
of enzymes (22‑25).

Technological development is trying to transition from 
biosensors that are based on an enzymatic mechanism to 
enzyme‑free biosensors. In non‑enzymatic biosensors, poly‑
acrylic acid hydrogel is integrated in a multifunctional matrix 
of graphene and lutetium phtalocyanine and used as a redox 
mediator (26). Zhu et al (27) described a novel nonenzymatic 
amperometric glucose sensor that was created using Ni 
nanoparticles homogeneously dispersed within and on the top 
of a vertically aligned CNT forest (CNT/Ni nanocomposite 
sensor), which was directly grown on a Si/SiO2 substrate.

Other non‑enzymatic sensors are of interest because of 
their higher sensitivity, selectivity, stability and are based 
on metal nanoparticles. Many materials are currently in 
research as enzyme free glucose sensors. Among these, 
perovskite oxides, such as strontium palladium perovskite, 
present increased catalytic activity, ionic and electronic 
conductivity after strontium A‑site partial substitution by 
calcium ions (28).

Current research is orientated towards the use of microgels 
as glucose sensing systems. The changes of these microgels 
in terms of volume, fluorescence intensity and reflection or 
diffraction properties can be used. Starting with boronic acid, 
numerous types of gels have been developed. Li and Zhou (29) 
developed a method to manufacture sensors using a series of 
glucose‑responsive microgels in which anionic dye molecules 
are incorporated and used as an optical technique of detec‑
tion based on variation of fluorescence intensity, thus having 
the ability to convert physico‑chemical changes into optical 
signals. Zhang et al (30) imagined a device using a PAMAM 
G1.0 microgel that provides a transdermal fluorescent signal.

The use of photoelectrochemical QD sensors can be 
combined with the enzymatic method allowing indirect 
glucose measurement. Tanne et al (31) reported the possibility 
of creating a photobioelectrochemical sensor using an indirect 
method, based on the CdSe/ZnS ODs system.

New coatings for sensors have been created and can be made 
from organic or inorganic materials in order to increase their 
biocompatibility. The materials from which the coatings are 
made can be classified as follows: i) Natural such as alginate, 
chitin and chitosan; and ii) semisynthetic or synthetic deriva‑
tives; such as biodegradable polymers [poly(lactic‑co‑glycolic 
acid), polyethylene glycol, poly(2‑hydroxyethyl methacrylate)] 
and polyvinyl alcohol (19,32,33). Novel nanostructures with 
antimicrobial activity and good potential for increasing 
biocompatibility are currently being investigated (34).

Since enzymatic electrochemical sensors are the most 
studied and the most used sensors, the majority of commer‑
cially approved and available glucose biosensors, including 
Medtronic iPro2, Guardian RT, Guardian Connect, Dexcom 
G4 Platinum, G5, G6 and Abbot Freestyle Libre, use a quan‑
titative amperometric assay and a wire enzyme technology. 
The sensors use a needle with a working electrode  (Pt‑Ir) 
with glucose‑oxidase immobilized on the surface (12,35). The 

needle is inserted in the subcutaneous tissue. The working 
electrode is covered with an inner layer, the enzyme layer and 
an outer diffusion limiting layer (11). Another Ag/AgCl wire 
is wrapped around the working electrode and represents a 
counter electrode. Glucose reacts with glucose oxidase and a 
cofactor and is reduced to gluconolactone. The reduced enzyme 
is converted back into its oxidized form in the presence of the 
oxygen and hydrogen peroxide is produced. Electrochemical 
oxidation of the hydrogen peroxide in the reaction leads to the 
production of an electrical current signal (12‑14,35). Following 
a process of calibration during which capillary glucose level is 
measured and entered by the patient or realized in the factory, 
the electric signal is transformed into a corresponding glucose 
value (12‑14).

GlucoWatch Biographer uses another technology, which is 
a reverse iontophoresis that extract subcutaneous interstitial 
fluid through intact skin and measure glucose levels six times 
per h and up to 13 h, using an electrode [https://www.access‑
data.fda.gov/cdrh_docs/pdf/P990026S008b.pdf. Accessed 
Jun  2021]. Due to the time needed to obtain the sample 
and to measure glucose, the values displayed are ~15 min 
behind the real determination [https://www.accessdata.fda.
gov/cdrh_docs/pdf/P990026S008b.pdf. Accessed Jun 2021]. 
The technique does not puncture the skin, but due to site irrita‑
tions, it was not largely used.

Senseonics Eversense CGM uses an optical, fluores‑
cence‑based technology to measure glucose levels in the 
interstitial f luid [https://www.medicaldevice‑network.
com/projects/senseonics‑eversense‑cgm‑system. Accessed 
Jun 2021]. The sensor is coated with a fluorescent substrate 
that generates a small amount of light according to the inter‑
stitial glucose quantity. The signal is then converted into a 
glucose reading and transmitted via a mobile device such as 
smart phone or tablet to the patient [https://www.medicalde‑
vice‑network.com/projects/senseonics‑eversense‑cgm‑system. 
Accessed Jun 2021].

CGMS can be also classified according to the modality 
used to place the sensor. The systems may be noninva‑
sive, minimally invasive or invasive. Noninvasive in body 
methods to measure glucose comprise devices that do not 
puncture the skin and use transdermal sensors via optical 
analysis (13). Other noninvasive methods comprise external 
analysis of accessible body fluids like saliva or tears using 
spectroscopic methods. GlucoWatch Biographer was tech‑
nically speaking a minimally invasive system and was 
clinically speaking not invasive [https://www.accessdata.fda.
gov/cdrh_docs/pdf/P990026S008b.pdf. Accessed Jun 2021]. 
Needle‑type continuous glucose sensors are minimally inva‑
sive. The sensor is made of a microneedle and a micropouch 
into which a very small amount of blood is withdrawn (13). 
The only recently approved invasive system is Senseonics' 
Eversense CGM. The sensor is inserted under the skin by the 
physician under local anesthesia, thus an incision is needed 
both for insertion and removal. Although the implantable 
sensor is only recently approved, previously attempts were 
made. A first study including 15 patients with type 1 diabetes 
and using a subcutaneously implanted, long‑term, real‑time 
glucose continuous glucose sensor in usual home setting 
was published in 2004 and reported an improved glucose 
control (36).

https://www.spandidos-publications.com/10.3892/etm.2021.11097
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3. CGMS: In clinical practice

As previously mentioned, at the beginning of CGMS use, the 
patient and the doctor were blinded for blood glucose levels. 
The systems needed to be calibrated 4 times per day with 
capillary blood glucose measurements. After three days, the 
data were downloaded into a computer and analyzed after 
values from SBGM were also entered. The new blinded 
system (iPro2 Recorder, Medtronic) is also called profes‑
sional because it is intended to be used by physicians and 
can collect data up to 7 days (37). Specific software permits 
for data uploading and the physician can review and adjust 
the treatment and can thus identify specific patterns during 
the day or night. Since meal content and size influence the 
blood sugar levels (38), identifying some meal‑related patters 
can help improving nutrition intervention. This system 
only completes and improves the classical SBGM but does 
not replace it. Conversely, the real‑time CGMS (rtCGMS) 
transmits data continuously and has a wireless connection 
between the sensor and the device, thus allowing the patient 
to visualize glucose values and graphs  (39). For the first 
time, real‑time, personal use devices (Medtronic Guardian 
RT and Dexcom STS) had a lifetime of three days. The 
newest devices (Medtronic Guardian Connect, Dexcom G4 
Platinum, Dexcom G5 and Dexcom G6) offer monitoring for 
7‑10 days. Since 2015, the devices are compatible with mobile 
phones. Certain features such as alarms for hypoglycemia 
or hyperglycemia can be programmed at individual targets, 
and glucose trends and rates of glucose variations are very 
useful for patients with type 1 diabetes (39) in preventing 
acute complications, but also in improving diabetes control 
on the long term (39). Furthermore, high glucose alerts allow 
the patient to adjust insulin doses, even in the context of other 
treatments affecting glycemia such as corticosteroids (40). 
Reports can be also generated. Numerous data are provided 
by sensors and are useful to assess the overall glucose control, 
the glucose variability or the periods spent in hypoglycemia 
or hyperglycemia  (41). Capillary blood glucose measure‑
ments are required for calibration after inserting the sensor 
and 2‑4 times per day afterward, depending on the model. 
The Dexcom G6 is factory calibrated and needs no finger 
puncture (42).

Intermittent glucose monitors (iCGMS), also known as 
flash glucose monitoring systems, have only two components, 
a mixed sensor/transmitter unit and a reader unit, and show 
glycemia values upon scanning the sensor (Abbot Free Style 
Libre). An 8 h trend is also provided, and reports for longer 
periods can be obtained. A very interesting advantage of 
iCGMS is that it is factory calibrated and does not need cali‑
bration for the whole period of 14 days of usage. It is also of 
lower cost. The limitations of this system are the following: 
i) The patient needs to scan the sensor with the reader device 
to have a blood glucose measurement; ii) in order not to lose 
accumulated data, a reading must be performed at least at 
8 h interval; and iii) the lack of alarms for hypoglycemia and 
hyperglycemia makes this system inappropriate for patients 
with hypoglycemia unawareness. Although only the newest 
version of the device enables alarm notifications for low or 
high glucose level or trends for glucose changing (if the sensor 
is close to the reading device), the system is useful for rapid 

and repeated measurements of hemoglobin A1C (43). Another 
limitation is the lack of sharing features, but lately dedicated 
software might enable data sharing.

Senseonics Eversense CGM is the only skin implantable 
sensor. It comprises a smart transmitter, a rechargeable battery 
and a mobile application through which the patient receives 
and views the glycemic values, alerts and trends on his mobile 
device. It can be used up to 90 days, needs calibration every 
12 h and has a good accuracy during hypoglycemic events.

Abbot Free Style Libre and Senseonics Eversense CGM 
are recommended for adults >18 years, while the Medtronic 
Guardian Connect system is indicated for patients aged 
14‑75 years. Medtronic Guardian Sensor 3 integrated with 
Medtronic Minimed 670G insulin pump are indicated for 
children >7 years (41) and Dexcom G5 and Dexcom G6 are 
approved for children >2 years (41).

CGMS presents some limitations. Issues about the bioana‑
lytical performance, biocompatibility, length of wearing time, 
safety and costs are raised. Sensor accuracy is very important 
for compliance and crucial for clinical use. Interferences with 
other substances that may affect the enzyme‑based reaction, 
stability of the sensor components, calibration and assess‑
ment methods are very important aspects. The sensors can 
interfere at the electrode potential with some other substances 
that are electroactive (12). Interferences with acetaminophen, 
ascorbic acid and uric acid have been described  (12). To 
improve selectivity, permselective membranes may be taken 
into consideration and some polymeric materials (including 
cellulose acetate, Nafilon) and polyphenols were evaluated by 
Nichols et al (12). Free Style Libre and Dexcom G6 provide 
accurate readings even when interfering with acetamino‑
phen (35). Fluorescence‑based technology used by Eversense 
CGM is unaffected by ascorbic acid and acetaminophen. A 
recent animal study evaluated the sensor coating with a zwit‑
terionic polymer and reported a significantly reduced noise 
signal and improvement in CGM performance and the need 
for frequent blood glucose recalibration (44). Another impor‑
tant aspect is the sensor biocompatibility, as also mentioned 
in other biomaterials used for different biological aims (45). 
As already shown in multiple studies, a significant increase 
in oxidative stress, pro‑inflammatory status and endothelial 
dysfunction are seen in diabetic patients, especially when 
diabetes is associated with other cardiovascular risk factors 
or complicated with chronic renal disease at advanced 
stages (46‑48).

4. Conclusions

In the last two decades, CGMS technologies introduced new 
ways to assess glucose control and have radically changed 
the management of type 1 diabetes, and improved glycemic 
control for certain categories of patients with type 2 diabetes. 
In addition, the devices are significantly improved for accu‑
racy, biocompatibility, length of usage time, data collection, 
metrics, alarms and features sharing, allowing an individual‑
ized and improved treatment of diabetes.
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