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Abstract: Diabetes mellitus has increasingly become a threat to health all over the world. This review
focuses on the promoting effect of biosensing technology on the diagnosis and treatment of diabetes
mellitus. Types of diabetes and their corresponding pathogeneses are first introduced, followed by
the diabetes prevalence and research progress at home and abroad. To emphasize the importance
of diabetes diagnosis and treatment, we secondly summarize the breakthrough technology in this
field based on biosensing technology at the present stage. In terms of diagnosis, diversified ways of
blood glucose detection and multiple combinations of diabetes biomarkers are discussed, while a
variety of insulin administration routes and non-drug treatment means are presented in the aspect of
treatment. In conclusion, the prospect of the future development of diabetes diagnosis and treatment
is put forward at the end of the review.
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1. A General Overview of Diabetes Mellitus
1.1. Types and Pathogenesis of Diabetes Mellitus

Diabetes Mellitus (DM) is a chronic metabolic disease, manifesting as metabolic dis-
orders of glucose, protein, lipid, and other substances within the body and persistent
hyperglycemia externally. It is caused by the lack of insulin secretion and/or insulin
resistance, which results from the combined effects of various factors.

Most DMs can be classified as type 1 diabetes mellitus (T1IDM) and type 2 diabetes
mellitus (T2DM). In addition, there are monogenic diabetes mellitus, secondary diabetes
mellitus, gestational diabetes mellitus, and unresolved diabetes mellitus as a more refined
distinction. The classification of TIDM and T2DM is based on classic characteristics of early
understanding of DM, including the age of onset, degree of loss of 3-cell function, degree of
insulin resistance, presence of diabetes-related autoantibodies, and insulin therapy required
for survival, etc. [1]. The World Health Organization has updated the classification standard
of DM by issuing guidelines regularly since 1965. However, with the increasing prevalence
of obesity in the young generation, the phenotypes of TIDM and T2DM are less obvious,
on the basis of which more types of diabetes subtypes are produced [2]. The combined
influence of multiple genes and factors has become a typical feature of contemporary
DMs, which makes it difficult for people to understand the whole spectrum of diabetes
phenotypes. Based on the classical diabetes model, only the known pathogenesis of classic
T1DM and T2DM is elaborated here.

T1DM is a kind of organ-specific autoimmune disease, the pathogenesis of which
is that the necrosis of pancreatic 3 cells in the autoimmune environment leads to the
decrease in insulin secretion in the body, resulting in metabolic disorders. At present,
T1DM accounts for about 5-10% of the total DM cases [3]. As early as 1974, the association
between T1IDM and genetic factors was discovered by scientists, showing a pattern of multi-
gene inheritance. Further analyses conducted recently, locations of important, relevant
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alleles have been identified, and the mechanism of many cytokines directly related to TIDM
has been successfully explored, such as interleukin-1 (IL-1), interferon-y (IFN-y), tumor
necrosis factor (TNF), etc. [4]. In addition to cytokines, the formation of TIDM participates
more in the process of human immunity; therefore, polypeptides and proteins result in
the typical biomarkers, such as C-peptide, urinary haptoglobin [5] and zinc transporter
8 autoantibody (ZnT8A) [6].

T2DM accounts for about 90% of the total DM cases. The course of T2DM is char-
acterized by the co-existence of 3-cell secretion dysfunction and insulin resistance. The
initial factors of the onset of T2DM are still controversial; however, it can be concluded
that the former is a necessary condition for the onset, while the latter is throughout the
course of T2DM. Both glucotoxicity and lipid toxicity can cause damage to pancreatic 3
cells; therefore, long-term acquired high-carbohydrate and high-fat diet can promote the
onset of T2DM [7]. Further, related pathogenic genes (CDKAL1, CDKN2A, CDKNZ2B, etc.)
have also been found. Due to the high proportion of T2DM in diabetics and the complexity
of its causes, the biomarkers related to T2DM are diverse and involve various parts of
physiological processes. For example, glycation markers (such as albumin and cystatin C),
oxidation markers (such as apolipoprotein CI), and truncation markers (such as chemokine
CCL5) all have considerable reference values in the detection of T2DM.

1.2. Development Status of Diabetes Mellitus Worldwide

According to the 10th edition of the Global Diabetes Map [8] released by the Interna-
tional Diabetes Federation (IDF) in 2021, about 537 million adults worldwide were living
with DM. The prevalence rate reached 10.5%, indicating the fact that 1 in 10 people was
living with the disease (Figure 1a). The age range of diabetics is wide, covering people
aged 20-79 years. Prevalence increases with age, and a similar trend is expected to continue
till 2045. Further, the report estimates that for every 20 percent increase in the world
population, the number of diabetics increases by about 46 percent, which is expected to
rise to 643 million by 2030 and rise to 783 million by 2045. Excluding acute deaths due to
COVID-19, approximately 6.7 million people died from DM or its complications in 2021,
representing 12.2% of all deaths. Moreover, one-third (32.6%) of diabetes deaths occurred
in people younger than 60 years of age.

In such a global situation, the number of diabetics in China increased from 90 million
to 140 million in the past 10 years, ranking first in the total number of diabetics. The
number of undiagnosed diabetics and the number of diabetes-related deaths (Figure 1b)
also showed a rapid growth trend which simultaneously took the first place in the world.
Both the treatment conditions for diagnosed diabetes patients and the screening measures
for potential diabetes patients bring great pressure on the existing medical system [9].
Therefore, China is faced with a severe situation of DM prevention and control.

The data display that the number of research on DM is gradually increasing in the
world (Figure 1c). In recent 5 years, the number of articles published worldwide has been
on the rise, with the United States taking the leading position. Although the number of
articles published in Asian countries has been on the rise [10], it reveals the lack of influence
of articles published and the necessity to improve the article quality. In addition, comparing
the research emphases worldwide, it can be seen that, with diabetes complications as the
central axis, researchers abroad focus on effective correlation indicators such as blood
glucose detection and all-cause mortality, and more attention is paid to female patients. In
China, the research is more based on DM core mechanics, including blood glucose treatment
and intervention, self-health management, disease management, health education, etc.,
showing no obvious group research preference. Similar research directions exhibit in DM
information intervention and the emphasis of intelligent health management guided by
disease [11].
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Figure 1. Status of diabetes mellitus worldwide. (a) The estimated total number and global distribu-
tion of diabetics in 2021 [8]. (b) Top 10 countries or territories with the highest number of diabetics
in 2021 [8]. (c) Visualization analysis of the output of DM information literature in China3National
Knowledge Network (CNKI) database and Web of Science Core Collection database by country or
region [11]. All figures are licensed under an open-access Creative Commons CC BY license.

1.3. Importance of Diabetes Mellitus Diagnosis and Treatment

Complications developed in the late stage of DM will cause great harm to the human
body. Affected by excessive blood glucose environment, large, medium, small, and micro
blood vessels in the whole body could be injured, leading to various cardiovascular and
cerebrovascular diseases. The respiratory system and urinary system are also common
areas that suffer from complications, including tuberculosis and kidney failure. In addition,
DM has a great impact on patients’ eyes and feet. The complications in eyes often reflect in
diabetic fundus diseases, cataracts, and retinopathy, while diabetic foot shows infection,
diabetic foot ulcer (DFU), and gangrene as typical symptoms [12], which is the most
well-known complication in the public view [13]. Diabetic foot is one of the most serious
complications of DM, as well as the most common reason for hospitalization of diabetics
and one of the leading causes of amputation worldwide. For female diabetics, various risks
during pregnancy will be increased to some extent, followed by the increasing probability
of birth defects in the next generation [14].

According to the recovery situation of COVID-19 in the past two years, COVID-19
patients with underlying diseases often face more severe symptoms or deterioration of the
existing underlying diseases [15,16], most commonly seen in patients with cardiovascular
and diabetes diseases. This discovery indicates that DM undoubtedly interferes and hin-
ders the treatment and intervention of COVID-19 patients, and the complicated factors that
doctors need to consider in the treatment process have increased. The facts above confirm
the high proportion of deaths from DM and its complications mentioned in Section 1.2.
Therefore, reasonable prevention, diagnosis, and treatment of DM are significant for na-
tional health. What is noteworthy is that some data speculate that COVID-19 survivors
may be at an increased risk of developing new-onset DM, identified as a kind of post-acute
sequelae of COVID-19 (PASC) [17].

In order to deal with the current situation of diabetics with multiple subtypes and phe-
notypes mentioned in Section 1.1, researchers have constantly emphasized the importance
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of DM reclassification. With the support of the “palette model” theory [18], reclassification
was carried out based on topology-based analysis [19] and Bayesian non-negative matrix
factorization clustering method [20] to achieve personalized treatment at the level of precise
diabetology from pathogenesis [21] as much as possible (Figure 2). On the one hand, effec-
tive prevention of the formation of DM through genetic testing and lifestyle management
can improve the quality of life of the people, fitting right in the concept of “preventive
treatment of disease”, which is expected to achieve if further research and development of
early diagnosis technology of DM make great progress. On the other hand, for patients
already suffering from DM, small portable wearable devices helping in diabetes diagnosis,
multi-target and multi-channel diabetes treatment will effectively extend lives and improve
patients” motivation facing the disease.
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Figure 2. Future implications of precision diabetology based on novel diabetes subgroups [21]. SAID:
Severe autoimmune diabetes. SIDD: Severe insulin-deficient diabetes. SIRD: Severe insulin-resistant
diabetes. MOD: Mild obesity-related diabetes. MARD: Mild age-related diabetes. All figures are
licensed under an open-access Creative Commons CC BY license.

2. Diagnosis of Diabetes Based on Electrochemical Biosensing Technology

According to the distribution and total number of DM patients, the demand in the
global market for diabetes diagnostic equipment increased quickly, while the demand for
cost-effective, convenient, highly portable, and responsive medical equipment has also
increased year by year in the past decade. Both the rapid development of biochemical
technology and the increasing demand for a higher standard of living have contributed to
this scene.

The diagnosis of DM is inseparable from blood glucose detection, its original feature.
The earliest detection for blood glucose was developed in the early 1900’s by Canadian
surgeon Frederick Banting and his assistant Charles Best to measure glucose in blood and
urine. Clark and Lyons proposed the initial concept of a glucose sensor in 1962 [22] on the
basis of it, which explored the approach for people to study glucose detection technology.
After that, electrochemical technologies were introduced into the invention of sensors, and
electrochemical sensing components such as enzymes and electrodes [23] were added to
the detection chain to optimize the whole process. It was not until 1971 that Clemens in the
United States developed the first regular glucose monitor [24] (the Ames Reflectance meter),
which was a milestone in DM detection technology. Although the device was expensive and
cumbersome from the point of now, it undoubtedly brought together the best technologies
and efforts of numerous scientists at the time. During the evolution of the structure and
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mechanism of glucose meters, the successful application of screen-printing technology [25],
invented in 2004, made the mass production of electrochemical glucose sensors possible
and brought great efficiency improvement in the preparation of glucose sensing strips
for electrochemical devices. With the development of electrochemical technology, Abbott
launched the first electrochemical glucose monitor named ExacTech [26]. The clunky meters
have evolved into lighter and more sensitive combinations of strips and reagents.

Nowadays, electrochemical biosensors have been widely used in glucose detection
due to their high sensitivity and specificity, accounting for about 85% of the global biosensor
market [27]. They are iterating into more sophisticated instruments that can be adapted to
a wide range of needs.

2.1. Diverse Blood Glucose Detection

DM, as an endocrine disease, is characterized by hyperglycemia, indicating that its
most direct biomarker is blood glucose. During the development history of the glucose
meter mentioned, the glucose analyzer (known as Model 23A YSI analyzer) proposed by
Yellow Springs Instrument Company in the United States for the amperometric detection of
hydrogen peroxide was still used as a clinical diagnostic standard until the 21st century [28].
Although the model of glucose analysis has been changing, its basic chemical reaction
mechanism has not changed. Among them, the redox chemical chains based on glucose
oxidase (GOx) and glucose dehydrogenase (GDHs) are the most classic, which are still the
basis of many current glucose biosensors [29] (Figure 3a). These typical methods are highly
selective to glucose targets, and their disadvantages of oxygen dependence and electroactiv-
ity interference have also been further overcome by the breakthrough of the electrochemical
biosensing technology. So far, three generations of electrochemical glucose analyzers have
been developed, including enzymatic and non-enzymatic electrochemical glucose sensing
methods for applications in different fields according to the different electron transfer
mechanisms (Figure 3b). Enzymatic sensors are constructed by the combination of the im-
mobilized enzyme and electrodes, in which the enzyme is acted as the sensitive element of
the biosensor to realize the concentration monitoring of biomolecules. The first-generation
glucose-enzyme biosensors use oxygen molecules as electron acceptors. The catalytic
reaction of the enzyme will reduce oxygen in the solution and generate hydrogen peroxide,
which can measure the concentration of glucose indirectly through the detection of the
amount of oxygen reduction or the amount of hydrogen peroxide generated. The second-
generation biosensors make use of electron transport medium instead of oxygen as the
electron acceptor, overcoming the disadvantages of the first-generation biosensors which
are limited by oxygen. The electron transport medium refers to small volume of soluble
redox active molecules, such as ferrocene derivatives, ferrocyanide, conductive organic
salts and quinones, which are able to carry out a rapid reversible redox reaction to increase
the rate of enzymatic reaction. However, this kind of medium can be easily diffused from
the enzyme layer into the substrate solution, contributing to the instability of the whole
biosensor. Compared with previous two generations, the third-generation biosensors avoid
the need of oxygen molecules or electron transfer mediators as electron acceptors, but fix
the enzyme directly on the modified electrode. This change of environmental conditions
of catalytic reactions makes the active site of the enzyme close to the electrode, which
can directly carry out the electron transfer, improving the sensitivity and selectivity of the
glucose-enzyme biosensor. The materials used to fix enzymes are often organic conductive
composite films, metal or non-metallic nanoparticles. In addition to the enzymatic catalysis,
various technologies were applied to develop the non-enzymatic methods [30] to detect
glucose and corresponding mechanism has been found in the years of research. Chen and
his co-workers have demonstrated the electrochemical detection of glucose using nonen-
zyme mode, such as plasmon-accelerated electrochemical reaction [31], or on Cu,O/Au
nano-composite modified surface [32]. Further, the nanopipette confinement effect is used
to investigate the reaction in volume-confined glucose oxidase-based detection [33].
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Figure 3. Schematic diagrams of principle of (a) enzymatic and (b) non-enzymatic electrochemical
glucose sensors [29]. Reprint permission was requested from [29].

Blood is the most available body fluid for measuring glucose; therefore, most elec-
trochemical glucose analyzers rely on detecting glucose directly in the blood. Although
the electrochemical glucose analyzer has made a breakthrough in functionality, achieving
great success in the commercialization process, it still has limitations. On the one hand,
it is inconvenient that such methods have to pick the finger for sampling. On the other
hand, some drugs, metabolites and other blood components may interfere with the glucose
sensor [34]. Researchers began to explore wearable non-invasive technology, considering
the need for health and cleaning. These non-invasive methods mainly concern the physical
and chemical properties of internal and external biological fluids. A typical case of internal
fluids is the detection of metabolites in interstitial fluid (ISF). In daily life, the self-regulation
of physical and chemical components in ISF contributes to the homeostasis of glucose, Na*
and K* in the blood, which provides a new approach for people to measure blood glucose.
The emergence of flexible electronic devices, like microneedle patches [35], inspired re-
searchers who tried to use them to detect blood glucose through ISE. For example, a kind of
biosensor was designed to measure blood glucose which can change the osmotic pressure
of ISF by changing the electric field to induce glucose in blood vessels to seep into the skin’s
surface [36]. It completed the whole process by means of an electrochemical dual channel
generated by a paper battery under the skin, using blood glucose seepage and glucose
reverse ion electroosmosis, which showed a high correlation with the clinically measured
blood glucose level (>0.9). This kind of flexible electronic device removes interference from
the external environment to some extent and is one of the main directions of non-invasive
real-time glucose detection in the future.

In addition to the study of internal biological fluids, the measurement methods of
glucose in external biological fluids (tears, sweat, saliva, etc.) have also been developed.
These fluids are used as samples of glucose, whose specific component concentration is
determined by its association with the amount of glucose in the body (Figure 4); thus,
glucose concentration can be calculated through the information from these fluids. Saliva
contains biomarkers of clinical significance and is easy to obtain, which is of great im-
portance for monitoring physiological and metabolic status. Laura et al. [37] proposed
an integrated pacifier sensor (Figure 4b) for non-invasive chemical detection of newborn
saliva, whose results achieved a relative standard deviation of about 9%. Integrated dis-
posable PB electrodes by screen printing, which is modified with chitosan and GOx, were
used for in vitro analysis of glucose in saliva. It not only breaks through the traditional
thought of integrated physical parameters sensors but also avoids piercing the skin to
obtain tissue fluids, commonly used in neonatal care units, making the newborn in a safer
environment. The sweat can present a timely concentration tracking in various parameters
with the change of blood glucose concentration, including sweat glucose concentration
and pH value, although its concentration is much smaller than the glucose concentration
in the blood [38]. In a typical contribution, Lee et al. [39] developed a wearable sensor
for detecting glucose in sweat. When the glucose concentration of sweat was fed back,
the statistics of pH value, temperature, and humidity of sweat can assist in correcting the
result of it in real-time, forming a multi-mode accurate glucose concentration detection
(Figure 4d). This self-checking working system allowed it to measure blood glucose concen-
tration with low sweat volume (4 nL) in non-extreme environments, which showed almost
no significant deviation compared with direct blood detection. Further, glucose and lactate
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contained in tears can also reflect blood glucose concentration to a certain extent [40], and
contact lenses equipped with integrated lactate sensors have been invented. In terms of the
newly proposed contact lens that detected glucose in tears [41], the researchers realized the
detection accuracy of a wide range of concentrations, from the extremely low concentration
of 0.05 mM to the high concentration of 0.9 mM, which had a good reproducibility of the
results with a standard deviation of only about 4.5%.

Although the composition of biological fluids can indicate the blood glucose concen-
tration, considering the uncertainties of human activities (such as uncontrollable sweat
production and pollution risk of the unpredictable mix of new and old sweat in collection
pipelines [42]) and the effects of environmental changes (such as changes in ambient tem-
perature and humidity), biological fluids will inevitably be affected by the surrounding
parameters, which may not accurately reflect the data. Therefore, how to tackle these
extra problems becomes a further research topic. It is one of the development directions in
the future to integrate multiple detection technologies of biological fluid components for
multi-dimensional detection and calibration, which appears as multi-channel and multi-
substrate biosensors. Correspondingly, with the increase in biological fluid technologies
for collection and detection, researchers also need to overcome the barriers in computer
science of the stable algorithm [43] to predict the level of blood metabolites through various
kinds of data.
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Figure 4. Some wearable non-invasive glucose sensor. (a) Tattoo glucose sensor based on ISF [45].
(b) Wireless glucose pacifier sensor [37]. (¢) Electrochemical tear glucose sensor [46]. (d) Sensor arrays
for sweat glucose monitoring [39]. (e) Wearable biosensor device for wireless real-time detection
of the ISF glucose and sweat alcohol [44]. All figures are licensed under an open-access Creative
Commons CC BY license.

How to collect multiple types of external fluids simultaneously has great difficulty
in technology. For example, sweat and ISF can share the same sampling sites on the skin
surface; however, the methods used to collect them are different. When the method of sweat
stimulation is used, the perspiration production area cannot be controlled, which may result
in the mix of the two collection fluids and interference with the signals. As shown in Kim'’s
work [44], positive and reverse iontophoresis (IP) was proposed to deal with the problem.
The two external fluids were obtained in parallel through the reverse IP of ISF in the cathode
chamber and the IP of transdermal pilocarpine delivery in the anode chamber. Under the
effect of electric repulsion, the anode delivered the pilocarpine with a positive charge and
caused the delivery area to produce sweat, which was located in the pilocarpine-loaded gel
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in the anode compartment. At the same time, because of the negative charge of the human
skin, a convective ionic electroosmotic flow to the cathode resulted in the migration of
positive ions and neutral molecules (such as glucose), excluding the interference of proteins,
other biomolecules, and some electroactive substances. Therefore, this system allowed
selective, simultaneous, and localized sampling to be performed on different electrodes,
avoiding mixing between samples (Figure 4e). The cathode side of the system is a biosensor
based on glucose oxidase (GOx), and the anode side is a biosensor based on an alcohol
oxidation reaction. The alcohol level (anode) and glucose level (cathode) of the blood can
be effectively detected, which can be used for the blood glucose diagnosis of DM and
the monitoring of the diabetic glucose curve after drinking, by completing the following
reactions (1) and (2), respectively on the biosensor. Thus, it may provide a facile strategy to
design a non-invasive epidermal sampling and analysis platform for effective evaluation of
physiological status.

Glucose + oxygen R hydrogen peroxide + gluconic acid (1)
Alcohol + oxygen AQx hydrogen peroxide + acetaldehyde (2)

2.2. Diverse Selections of Biomarkers for Diabetes

The diversity of the synergistic redox reactions makes it possible to detect various
biomarkers. On the one hand, there are many other biomarkers useful to indicate the
occurrence of DM, just like blood glucose can do, because the endocrine disorder is a
complex process. In traditional detections, biomarkers such as urine glucose, glycosylated
hemoglobin, serum insulin, and insulin antibody have been used to indicate DM [47]. Stud-
ies on metabolomics markers start from the direction of lipid and glucose metabolism and
have been reported that amino acids and their derivatives are significantly associated with
DM [48,49], such as glycine and glutamine, the content of which is negatively correlated
with the disease. In order to overcome the shortcoming that a single biomarker cannot
accurately indicate diseases, Borges et al. proposed an integrative method on the basis of
principal component analysis (PCA). Through the evaluation of the reliability of different
biomarkers for the diagnosis in patients, different combinations of diabetes biomarkers
were associated, and specific biomarker combinations, such as glycation markers and
oxidation markers, were obtained. The detection of a single biomarker was expanded into
the detection of a combination of biomarkers, which greatly improved the accuracy of DM
detection [50].

The study of molecular markers has also been developed since most types of DM
have been linked to genes. These markers are mainly microRNAs (miRNAs). For example,
miRNA-375 will be highly expressed during the onset of DM, while miRNA-23a will be
significantly reduced in the plasma of patients with T2DM. Recent studies have confirmed
that circRNA is another reliable molecular marker to indicate the occurrence of DM and its
related complications [51], which have been shown to be related to insulin regulation and
disease development in patients with T2DM [52]. Furthermore, these kinds of markers sug-
gest the occurrence of complications such as diabetic retinopathy and diabetic nephropathy,
more specifically [53], which provide a more effective way to predict complications for the
long-term treatment of DM patients and a new guiding basis for the comprehensive early
diagnosis of DM.

On the other hand, the evolution of electrochemical techniques would bring about the
way of biomarker detection updates. With researchers experimenting with new substrates
and electrochemical reaction chains, the quest for biosensors has never stopped. Newfound
reaction chains continuously improve the electrochemical detection scheme of various
biomarkers and simplify the reaction steps, which further increases the accuracy of results
and improves detection efficiency. For example, Esokkiya et al. reported an acetaldehyde
(AcH) ultra-trace detection sensor based on electrochemically activated copper nitroprus-
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side (CulNPr) in 2022 [54]. This method is expected to overcome the difficulty and high cost
of traditional breathalyzers with fuel cells for the accurate measurement of acetaldehyde.
Therefore, based on technological development, people will have more feasible sections
about biomarker detection objects and methods for DM in the future.

With the development of non-invasive detection, researchers found that reasonable
capture and analysis of volatile organic compounds (VOCs) in human breath can obtain
associated blood indicators, combined with the biochemical indicators of DM in body
fluids and current breath detection methods. The ease of access to breath samples is one
of the huge advantages of expiratory biochemical sensors. Acetone, acetaldehyde, carbon
monoxide, alkane, methyl nitrate, and other compounds in respiration have been proven to
have abnormal concentrations in patients with DM [55]. According to the method of PCA,
researchers further classified VOCs into different clusters (Table 1) to indicate the occurrence
of DM accurately [56]. On account of non-invasive breath testing, some researchers have
tried to develop a self-powered wearable breath biosensor based on the electrochemical
determination of acetone for non-invasive blood glucose monitoring. Su et al. [57] proposed
an electrochemical respiratory biochemical sensor based on a triboelectric nanogenerator
(TENG) (Figure 5). The periodic vertical contact and separation of the PTFE film and nylon
film acted as a self-powered device in the upper chamber. Patients’ breath entered the
lower reaction chamber, and then the acetone in the airflow reacted with the sensitive film
at the bottom of the chamber to produce electron exchange which changed the dielectric
constant of the gas so that the voltage generated by the upper self-powered chamber, which
would conduct to the copper electrode in the lower chamber, occurred different degrees
of attenuation. From the analysis of the final load voltage displayed by the device, the
acetone concentration in the breath and the breath state of the patients can be detected
simultaneously. In addition to the sensors of a single biochemical indicator, Wang et al. [58]
prepared a self-powered respiratory biosensor based on the transverse sliding mode of
a TENG for the multi-channel detection of gas molecules synchronously. The sensor set
up the sensing unit and the self-powered unit in a piece of the electronic sticker, which
could complete the whole sensing process through the displacement current caused by the
breakdown discharge. In a further study, researchers successfully adjusted the amplitude
and spectrum of the signal, making this self-powered wireless sensing e-sticker (SWISE)
realize the multi-point sensing behavior of gas sensing.

Table 1. VOC clusters for diabetes diagnosis *.

Biomarker Clusters Healthy/TlP M/T2DM Method Used Research Outcome
Subjects
Mean Correlation Coefficients
Acetone, methyl nitrate, 17 healthy, Gas Chromatoera All =0.883
ethanol, and ethylbenzene 8 T1DM subjects srapy Healthy Subjects = 0.836
T1DM Subjects = 0.950
Mean Correlation Coefficients
2-pentyl nitrate, propane, 17 healthy, All = 0.869
methanol, and acetone 8 T1DM subjects Gas Chromatograpy Healthy Subjects = 0.829
T1DM Subjects = 0.990
Mean Correlation Coefficients
Acetone, ethanol, and 130 healthy, Analog Semiconductor All =0.25
propane 70 subjects with diabetes Sensors Healthy Subjects = 0.97
Subjects with diabetes = 0.35
Isopropanol,
2,3 ,4-trimethylhexane, 39 healthy, Gas Chromatograpy—Mass Sensitivity = 97.9%
2,6,8-trimethyldecane, 48 T2DM subjects Spectrometry Specificity = 100%

tridecane, and undecane

* Data adapted from [56].
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Figure 5. Schematic diagram of self-powered wearable acetone breath biosensor [57]. Reprint
permission was requested from [57].

3. Novel Treatment of Diabetes Based on Electrochemical Biosensing Technology

Over the years, a variety of technologies have been applied in the treatment of DM,
aiming to inhibit the progression of DM based on blood glucose control and insulin reg-
ulation. Hypoglycemic drugs have the longest history. Metformin was first reported
in 1922 [59] and is currently the most classic hypoglycemic drug ingredient. From the
1920s to the 1960s, people gradually discovered the hypoglycemic ability of metformin in
animals [60] and humans [61]. It is surprising that the process of hypoglycemia is harm-
less to the body, both in animals and humans. With the development of drug extraction
technology, researchers discovered and prepared more components with hypoglycemic
effects, such as the genus Aloe [62] and tetrahydrocarbazole derivatives [63]. At the same
time, the discovery of insulin marked a major breakthrough in medicine and treatment for
DM. The deepening knowledge of the human body and physiology made people aware of
insulin [64] and its close association with DM. Therefore, in addition to controlling DM by
reducing blood glucose, researchers also shifted their attention to insulin levels, including
the improvement in insulin sensitivity [65], external insulin delivery, and the development
of insulin analogs [66]. Combination therapies with hypoglycemic drugs and insulin con-
trol were also being perfected. The variety of means of controlling the progression of DM
led to an increase in the life expectancy and the frequency of diabetes complications of
most people with DM. At present, the prevention and cure of diabetic complications have
become an important issue in improving the quality of life of DM patients. Researchers
are still struggling at the forefront of DM treatment, seeking the well-being of patients,
while patients” demand for DM treatment has changed from blood glucose reduction and
regulation simply to diversified requirements such as portability, autonomy, and safety.

3.1. Insulin Administration Regimen

Oral hypoglycemic drugs and insulin administration are traditional methods of DM
treatment; however, both of them lack intelligent regulation of blood glucose levels, often
leading to poor blood glucose control and the risk of hypoglycemia. If the oral drug
administration schedule is fixed, it cannot be adjusted in time in the long-term development
of DM, which will result in problems such as a potential mismatch between the severity of
the disease and the schedule. Insulin administration is mostly limited to subcutaneous and
intravenous injections. Frequent injections may cause pain, and the injection site is prone
to inflammation, increasing the risk of infection [67].

The study of the microneedle patch greatly reduces the risk of infection during insulin
administration, and the environmental stimulus-responsive microneedle patch is more
efficient in regulating blood glucose levels. Glucose-responsive compounds with different
mechanisms (such as glucose oxidase (GOx), glucose-binding protein (GBP), etc.) are used
to construct biochemical cascade reactions with glucose in vivo so as to effectively stimulate
polymer dissociation in microneedles to release insulin and other glucose-regulating agents
when blood glucose concentration rises. At the same time, when the content is released
by the change of glucose, the internal environmental feedback can regulate the amount
of the content released. For example, the pH-responsive micellar complex developed by
Zhang [68] has a cascade reaction behavior triggered by changes in the pH of the environ-
ment. In the condition of hyperglycemia, the oxidation of the polymer and the reduction



Chemosensors 2023, 11, 391

11 of 17

(b)

[*]

Ho” Sy,
S

DDMAT

] o] -
S. S. O.
AP AT 3O oA, |
44 s o o s (Y
07 NH NH o. \

PEG-b-PPBA

i (COCI),, DCM, 25°C, 2h
ii PEG45-OH, DCM, 25°C, 24h

s.OM
OH

in the negative charge of insulin occur successively, which leads to the dissociation of the
complex on the microneedle and the subsequent release of insulin. This two-step cascade of
insulin release avoids the failure release of drugs in single acid environments and increases
the safety of drug delivery (Figure 6a). Similarly, oxidation-responsive polymer micronee-
dle patches were developed. Chen et al. [69] reported an intelligent insulin delivery device
based on dual mineralized particles containing exendin-4 (Ex4) and glucose oxidase (GOx).
While sensitive to blood glucose concentration, the patch device can achieve the transfor-
mation of glucose signal to H signal when blood glucose concentration rises, releasing
drugs specifically. After the blood glucose concentration gradually returns to normal level,
the release rate of drugs slows down, forming a long-term closed-loop regulation. Some
studies have proposed that glucose-responsive copolymers, which can be self-assembled
into nanocarriers, can decompose and release insulin in a high-glucose environment in the
body [70]. The researcher used polymer vesicles, a kind of carrier with a strong hollow struc-
ture and a large loading capacity of hydrophilic drugs, to improve the efficiency of insulin
use and its own biocompatibility to a certain extent. The carrier was self-assembled from an
amphiphilic triblock copolymer, poly(ethylene glycol)-b-poly(3-acrylamidophenylboronic
acid)-b-poly(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate) (PEG-b-PPBA-
b-PPBEM). The polymer vesicles have both functional groups of phenylboronic acid (PBA)
sensitive to glucose and phenylboronic acid pinacol ester (PBEM) sensitive to HyO,, which
have a dual cascade response to glucose after being coated with insulin and GOx. For
the selection of patch microneedles, researchers prepared soluble microneedles based on
poly(vinylpyrrolidone) (PVP) and (poly(vinyl alcohol)) (PVA), which can be inserted into
the skin cuticle to deliver internal reagents to the skin barrier not only noninvasively but
also safely dissolve in the skin tissue after the use. It had a practical significance that insulin
can release from vesicles in an incomplete state under normal glucose concentration, while
it is able to release a large amount of insulin promptly under high glucose concentration
according to the results of animal experiments, which better fulfilled the goal of rapid
response and long-term painless drug administration (Figure 6b). As described in Sec-
tion 2.1, with the improvement in glucose-related reaction chains, adjustable means of
insulin administration are gradually developed.

Bioresponsive microneedle patch
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Figure 6. Schematic diagrams of glucose-responsive insulin delivery systems. (a) A nanoarray
transdermal microneedle patch with cascade reaction of H202 and pH [68]. Reprint permission was
requested from [68]. (b) Synthesis route of PEG-b-PPBA-b-PPBEM and its transdermal drug delivery
approach [70]. All figures are licensed under an open-access Creative Commons CC BY license.
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Insulin administration sources include external and internal routes. The external
routes, including oral medication, subcutaneous injection, and microneedle administration,
are discussed previously. Internally, the artificial pancreas (closed-loop glucose controller)
is created to deliver insulin as an implantable pump. The drugs in closed-loop control show
better blood glucose control compared to traditional insulin therapy (open-loop control).
In general, the closed-loop system includes an insulin pump, a continuous glucose monitor,
and a control algorithm [71] designed to measure and regulate blood glucose concentration
in vivo in real time. PID algorithm [72], model predictive control (MPC) [73], controller
based on pancreatic physiology (BiAP) [74], and other algorithms iteratively improve the
drug delivery scheme of an artificial pancreas. Through the integration of bioelectronics,
information engineering, and other disciplines, human identity as an important controller of
the external open loop is liberated, which is expected to achieve long-term operation by self-
help drug delivery depending on the changes of the organism’s environment. At present,
many varieties of closed-loop control systems have completed commercial applications.
Medtronic MiniMed 670 G (Minimed Medtronic, Northridge, California) [75] is the first
commercial hybrid closed-loop system. Although T1DM is treated by artificial pancreas far
more than T2DM and the algorithm is more mature, the plasticity of an artificial pancreas is
stronger than other open-loop controls when facing both TIDM and T2DM simultaneously.

3.2. Bioelectronic Medicine Based on Nervous System Regulation

Despite the widespread success of the drug approach in treating DM, many problems
remain, such as side effects, drug resistance, and patient compliance. The increase in treat-
ment resistance in many chronic diseases will further limit the use of drug therapies. Therefore,
people begin to explore alternative treatment strategies for chronic metabolic diseases.

Recent studies in the field of glucose homeostasis show that the nervous system is
greatly involved in the control of dietary intake (such as appetite) as well as the regulation
of hormone pancreatic secretion and insulin sensitivity [76], providing brand new thoughts
toward the treatment of DM. In the past, this type of electrostimulation therapy focused
on treating inflammatory diseases by interfering with the neuroimmune reflex and has
successfully improved the treatment of rheumatoid arthritis and colitis in clinical trials.

The success of electrical nerve stimulation has given researchers confidence that the
use of electrical stimulation in conjunction with nervous system therapy is expected to
be the non-drug treatment option. People try to abandon the traditional thinking of drug
therapy and look for ways to regulate the repair from the inside out: (1) Whether they
can record the electrical activity of peripheral nerves to extract metabolic information;
(2) Whether blood glucose fluctuations can be improved by regulating electrical activity.
This therapeutic approach, which alleviates metabolic dysfunction by stimulating relevant
nerves and silences or activating nerves to control organ and tissue function, is called
bioelectronic medicine [77].

Studies of the nervous system are gradually unraveling the question of how neural
circuits regulate blood glucose in the human body. On the one hand, pancreatic 3-cells have
been found to be electrochemically active cells that are able to depolarize and release insulin
in response to glucose activation. Since adjacent pancreatic (3-cells are connected through
the interstice, depolarization will spread throughout the network and islets. On the other
hand, the activity of pancreatic 3-cell is also regulated by direct innervation. Acetylcholine
(ACh) released from nerve endings of efferent fibers in the vagus nerve increases insulin
release in response to glucose stimulation [78]. However, the complexity of the nervous
system also has resulted in its characteristics of multi-pathway, multi-target, and multi-
synergistic glucose regulation circuits. In addition to the neural pathways found around the
pancreatic 3-cells, the central nervous system also plays a role in glucose homeostasis and
numerous peripheral nerves, which directly control the endocrine function of the pancreas.

To date, researchers have only a sketchy understanding of the physiological mecha-
nisms behind this neurometabolic interaction, while multicellular biological circuits are
expected to be properly designed to replace and restore the lost function, which diseased
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tissues operate to complete the body’s autonomous response in metabolic diseases. In
terms of DM, activation or inhibition of neural activity in specific groups of neurons can
be used to achieve glucose homeostasis. Over the past few years, new treatment strate-
gies for T2DM have been developed based on electrical stimulation of peripheral nerve
fibers. These studies focus on the effects of neural stimulation on food intake and insulin
sensitivity recovery [79]. Joana et al. used kilohertz frequency alternating current (KHFAC)
modulation to electrically stimulate the carotid sinus nerve (CSN). The glucose tolerance
and insulin sensitivity of mice were improved to a certain extent under the appropriate
KHFAC pulse frequency, which was designed in the form of rectangular pulses, with sev-
eral clinical experiments showing good responses. Therefore, bioelectronic medicine based
on nervous system regulation is expected to provide more entry points for DM treatment.

4. Summary and Prospect

The correlation between electrochemical biosensing technology and existing diagnosis
and treatment technology for DM indicates that electrochemistry plays an important
role in such processes, including reaction principle at the biochemical level in diagnosis
and treatment technology, signal transduction at the electronic level, or the construction
of dynamic models. It connects various technologies together to construct biological
signal transduction pathways with different functions and application scenes, making
contributions to the improvement in the efficiency, portability, timeliness, and safety of DM
diagnosis and treatment (Figure 7). This is of great significance at a time when the global
diabetes situation is becoming increasingly serious.

Diabetes
Theranostics
based on

Biosensing
Technology

Figure 7. Diabetes theranostics based on biosensing technology.

4.1. Diagnosis of Diabetes

For diagnosis of diabetes, firstly, the diversified detection methods of blood glucose
and the relevant principles of mainstream blood glucose measurements (enzymatic and
non-enzymatic glucose electrochemical sensors) are introduced, including direct blood
collection and indirect analyses of external body fluids (tears, saliva, sweat, tissue fluid,
etc.). Followed by the proposal of unreliability and non-uniqueness of single indicators,
some biochemical indicators (metabolomics markers, molecular markers, etc.) that have
been proved to be associated with diabetes are listed on the basis of the principal ponent
analysis. Further, breath measurement methods are mentioned in detail as an application
of VOCs.

The development of glucose detection technology based on electrochemistry has made
great progress in the perspective of diabetes diagnosis. Researchers have expanded more
diversified diagnostic ideas based on traditional glucose-related electrochemical reactions,
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including but not limited to the joint application of new nanomaterial reaction chains and
enzyme electrodes, the integration of non-invasive/minimally invasive electrochemical
sensor platforms and wearable bioelectronics and self-powered biosensors. Although there
are some problems with the development of advanced material technology and compu-
tational models, such as accuracy, reliability, and environmental impact in the realization
process, it is expected to develop the sensor system with the more accurate functions re-
quired. In addition, as the limitations of single biomarker detection are gradually realized,
multi-biomarker analysis technology has come to the stage. Recently, the convergence of
technologies has become a trend that advance the integration of different surface chemical
compositions and detection principles in a single device. In virtue of methods for simplifica-
tion of the complexity in high-dimensional data, such as principal component analysis, the
detection techniques of different combinations of biochemical indexes become more and
more mature, preventing conflicting indicators from influencing results. Future diabetes-
related sensing strategies tend to focus on the improvement in cost performance, accuracy,
precision, selectivity, and stability, providing more comfortable and safe conditions for
patients. Advances with the concept of miniaturization and portability, better software,
and hardware facilities can be provided in booming electrochemical biosensing technology.

4.2. Treatment of Diabetes

Considering the demand for the treatment of diabetes, the advantages and disadvan-
tages of different drug delivery methods are introduced in Section 3, drawing forth the
typical cases of current controlled drug delivery methods (microneedle patch, artificial
pancreas, etc.) and their general principles. For non-drug treatment methods, we have
summarized the theoretical studies and empirical studies on the use of the nervous system
to regulate insulin secretion in DM.

The hygiene and regulation of dosage is very important in terms of the treatment of
diabetes. In view of the shortcomings of traditional oral drugs and subcutaneous injection,
glucose and its Gox-related reactions show the possibility of controlled insulin release,
which starts to build a long-term independent and sustained-release insulin delivery
channel. Researchers have paid more attention to microneedle patches recently due to
their low risk of infection and portable characteristics, promoting the progress of modified
polymer micelles/vesicles in controlled slow-release insulin delivery.

Generally, the emergence of resistance to the treatment of chronic metabolic diseases
prompts the urgent demand for new non-drug alternative therapies. Drawing inspiration
from the successful application of spinal cord electrical stimulation to treat chronic pain,
researchers turn their attention to electrotherapy based on continuous in-depth research
on human metabolic neural pathways. However, on account of the high complexity of the
human nervous system, the relevant neural pathways of blood glucose regulation have not
been sorted out until now. While neurotherapy is promising, there are still a lot of research
depths and hurdles to overcome. It is worth mentioning that the combination of existing
neural pathways and the closed-loop control of the artificial pancreas has become a new
direction, which is expected to simultaneously instruct the artificial pancreas to acquire
information and repair the body damage to reduce the amount of insulin administration to
a certain extent.
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