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Abstract Day by day, the number of diabetic people is increasing worldwide.
Since abnormal glucose levels in human blood cause diabetes, analysis of blood
glucose concentrations is essential during diabetes therapy. Moreover, the existing
glucose monitoring approaches commonly emphasize the invasive analysis method,
which is generally time-consuming, painful, costly. Besides, these methods are prone
to cause tissue damage. On the other hand, the non-invasive method of analysis over-
comes this set of limitations. Different optical approaches have been used for the non-
invasive detection of blood glucose levels. Interestingly, the photo-acoustic approach
is one such technique that provides a high level of sensitivity during the method
of analysis. Thus, this chapter introduces diabetics, followed by the importance of
non-invasive technology compared to invasive technology. Further, it discusses the
general principle of the photoacoustic spectroscopy and its application in monitoring
glucose levels.

Keywords Photoacoustic spectroscopy * Glucose + Diabetes - Sensors -
Non-invasive method - Blood

1 Introduction

Diabetes mellitus is a group of metabolic disorders identified by high blood sugar
levels in the human body over a prolonged period and is well known as diabetes.
However, diabetes occurs mainly in two instances, one where the pancreas secretes
little insulin or no insulin at all and the other one where the insulin produced by the
pancreas fails to work; this condition is known as the insulin resistance condition. The
millions of cells in our body need food in an elementary form to make energy. When
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we consume food, our diet is broken down into basic sugar called glucose that
supplies the body with the required energy for everyday activities. As the produced
sugar cannot reach the cells, the insulin is released by the pancreas to act as a carrier
and help the sugar reach into the cells and produce energy. Whenever the insulin fails
to help this process, the sugar level in the blood increases dramatically. Eventually, it
causes hyperglycemia, resulting in severe medical conditions such as kidney failure,
tissue damage, blindness, heart disease, stroke, etc. Finally, it leads to death if left
untreated [1]. The World Health Organization and International Diabetes Federation
have addressed that diabetes is a primary concern affecting the world. Moreover,
the current diabetes infection rate is around 382 million and is anticipated to reach
approximately 592 million in 25 years [2—4]. Further, Cho et al. [4] mentioned that
451 million individuals were affected by diabetes in 2017. The patient numbers are
likely to increase to more than 693 million by 2045 across the Globe [5].

There are two kinds of diabetes, i.e., diabetes type 1 (sudden drop in glucose
levels due to insufficient insulin production in the pancreas) and diabetes type 2
(high glucose levels due to ineffective use of insulin).

Diabetes type 1: The body’s immune system is mainly responsible for fighting
harmful foreign invaders like bacteria and viruses. Whereas, in people with diabetes
type 1, the immune system attacks the insulin producing beta cells and destroys them
in the pancreas. Thereby, the production of insulin stops in the body. Every 25 years,
the prevalence of diabetes type 1 in children doubles [6, 7]. At present, the average
loss of about 11-12 years of the life span was noted in the diabetes type 1 patients
[8, 9]. Moreover, loss of life span is slightly higher in patients diagnosed before age
15 compared to those diagnosed after age 30 [9]. However, no therapeutic approach
has been effective in preventing or curing diabetes type 1 [10, 11]. Since insulin is
not produced in the body of patients who have diabetes type 1, insulin is regularly
injected into their body, i.e., either by using injections insulin is injected into soft
tissue, like the arm, buttocks, or stomach, numerous times per day or by using insulin
pumps, which supply the insulin into the body via a small tube. In addition, blood
sugar testing is essential to manage diabetes type 1, as glucose levels can go up and
down quickly.

Diabetes type 2: This type of diabetes is caused by relative insulin deficiency
because of beta-cell dysfunction [12—14]. Moreover, it frequently exists with insulin
resistance. In all the cases of diabetes mellitus, 80% of the cases are of diabetes
type 2. However, till today it remains an ill-defined type of disease. Also, there is no
precise diagnostic criteria exist for diabetes type 2. Currently, 6 years were shortened
in the life span due to diabetes type 2. However, it reaches 12 years in patients with
diabetes type 2 at a younger age [15]. Several medications are available to treat
diabetes type 2, but none of them has been proven to affect the progressive decline
in beta-cell function over time significantly. RISE study on the patients with early
diabetes type 2 revealed that function of beta cells was improved on treatment for
1 year with metformin, insulin plus metformin, or metformin plus GLP-1 analog.
However, these positive effects vanished in 3 months when the treatment withdrawed
[16]. Similar results were noted in the ACT NOW study, where the positive effects
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of pioglitazone on beta-cell function is vanished after discontinuing the treatment
[17, 18].

Both types of diabetes do not have an effective treatment, which means that regular
monitoring of glucose in diabetic patients is essential for the rest of their lives.
Numerous approaches have been developed to estimate glucose levels, including
capacitive, coulometric, optical, enzymatic-electrochemical and non-enzymatic
electrochemical [19-30].

Current measurement approaches are focused mainly on the invasive method,
which uses the patient’s blood. Most of the time, these technologies are expensive
and may damage tissues. Moreover, these invasive approaches are always associated
with a high risk of infection [31]. In contrast, various optical techniques have been
available nowadays and used to monitor glucose levels in a non-invasive manner [32—
34]. The main aim of these studies is to develop a technique with less pain and low
infection risk. In these techniques, fingertips (where the interstitial fluid is present)
are commonly used for measurement. Also, these measurements can be made by
using a variety of natural areas, like saliva, earlobe, sweat. In this context, the photo-
acoustic approach emerged as one of the available non-invasive approaches, which
is not affected by light scattering during the analysis and provides high sensitivity
[31, 35].

2 History of Photoacoustic Spectroscopy

According to Rosencwaig, [36, 37] Tyndall, Rontgen, and Alexander Graham Bell,
discovered the photoacoustic effect in 1881. Bell and Charles Summer Tainter were
working together in the making of photophone. Further, Bell found that when modu-
lated light irradiated on selenium (and other solid materials), it started to emit a
sound and was attained by passing modulated light through a rotating disk with holes.
Further, Bell used the spectrophotometer to study this phenomenon, and he noted
that the intensity of emitted sound mainly depends on the wavelength of the incident
light. Moreover, he attributed this observed sound effect to the optical absorption
process [38].

However, the photoacoustic effect was applied in gas studies nearly after fifty years
of its discovery. Since then, it has become a well-established method for analyzing
gases, and the underlying concepts have been well understood [39]. On the other hand,
Rosencwaig studied the photoacoustic effect in the field of solids after 90 years of its
discovery. This delay was probably because of the unavailability of high-power light
sources and sensitive sound detectors [40]. In particular, the 1st photoacoustic spectra
acquired by Rosencwaig were on the materials like carbon-black, Cr,O; crystal,
and rhodamine-B powder [37]. Further, Rosencwaig has introduced photoacoustic
spectroscopy technique as a new tool for solid research [40]. After this, he noted
that photoacoustic spectroscopy allows similar spectra to be produced on any kind
of semi-solid or solid system, whether it is amorphous, smear, gel, crystalline, etc.
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In addition, since only the absorbed light converts into sound, the effect of light
scattering on photoacoustic spectra is negligible [41].

Rosencwaig has also made a groundbreaking application of photoacoustic spec-
troscopy in the field of biology [40]. He recorded the photoacoustic spectra (200
to 800 nm) over many biological samples such as hemoglobin extracted from
red blood cells, smears of whole blood, and plasma-free red blood cells. In addi-
tion, photoacoustic spectra (250 to 650 nm) of guinea pig epidermis were also
obtained under different conditions. Also, he described the block diagram for
the single-beam photoacoustic spectrometer comprising digital data acquisition. In
1980, Princeton Applied Research Corporation manufactured the 1% commercial
spectrometer (Model 6001) [39, 42].

Moreover, dried solids comprising hemoproteins such as soluble proteins
(cytochrome c) and insoluble or membrane-bound proteins (cytochrome P-450) were
studied. Certain experiments have confirmed that this technique can determine the
absorbing substances like some drugs in the dried urine samples (e.g., urine drops
on filter paper) [42].

3 Conventional Methods of Glucose Monitoring

Diabetes mellitus has been named the “invisible killer” due to hypoglycemia and
hyperglycemia [26]. Normal fasting blood glucose concentration level is around
< 100 mg/dl (5.6 mmol/L), concentration level in between 100-125 mg/dL (5.6
to 6.9 mmol/L) is considered as prediabetes. Moreover, diabetes is higher than
126 mg/dL (7 mmol/L). However, glucose level concentration is less than 70 mg/dl
(3.9 mmol/L) is termed hypoglycemia [19].

The glucose concentration level can be measured using serum, plasma, or whole
blood. Although the serum or plasma samples were preferably chosen for analysis
because the reading obtained using whole blood samples are typically has 15% lower
values owing to the excess water content level in the blood cells. Intrinsically, tradi-
tional procedures for the analysis (invasive). At first, the glucose analysis was only
possible in labs by using glucose’s reducing property and condensation reactions.
Still, it had some drawbacks, such as toxicity, cross-reaction, and non-specificity.
Because of these drawbacks, this method was phased out from the clinical practices.
Therefore, the latest approaches are based on enzymatic and hexokinase processes.
Both processes have a specificity, high accuracy, and limited cross-reaction. Even
though the laboratories use both processes, home testing and point-of-care use the
enzymatic approach owing to its relative affordability and simplicity [1].
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3.1 Invasive Methods of Glucose Monitoring

Most commercially available devices for continuous blood glucose measurement use
electrochemical sensors due to their quick response for glucose detection in the blood
and cost-effectiveness [43, 44]. Additionally, various commercially available devices
use the lancets to prick the blood at the primary stage for monitoring blood glucose
levels [45]. However, frequent monitoring (3—4 times in a day) via this process may
cause panic and tissue damage attributable to the fingertip prickling to collect the
blood sample [46]. Moreover, invasive methods are irritating and not recommended
for continuous monitoring; they may also cause blood-related infections.

3.2 Minimally Invasive and Non-invasive Methods
of Glucose Monitoring

Intensive research has been focused on non-invasive glucose detection systems
because of the pain, risks, and discomfort associated with the conventional method
of approach. Thus, it can be divided into two main groups: minimally invasive and
non-invasive, detecting people with diabetes. Minimally invasive methods involve
the extraction of somebody’s fluid (e.g., interstitial fluid and tears) to quantify glucose
concentrations via the enzyme reactions. Non-invasive methods entirely rely on some
form of radiation, and it does not require any body fluids. Additionally, glucose moni-
toring systems can be divided into four sub-groups: electrical, thermal, optical, and
nanotechnology [1].

Glucose monitoring in thermal methods includes identifying the physiological
indices linked to the metabolic heat generation due to the glucose molecule, and it
operates in the far-infrared region. In contrast, electronic methods generally involve
analyzing the dielectric properties of the glucose molecules at lower frequencies by
using electromagnetic radiation, ultrasound, and current. In a general context, the
optical method includes all the techniques developed to operate in the ultraviolet and
optical spectrum bands because they take advantage of the reflective, absorbing, and
dispersing properties of light while transmitting through biological media. Addition-
ally, there is a new area called nanotechnology for glucose monitoring. Presently,
only two methods have started exploring this area extensively (surface plasmon reso-
nance and fluorescence), along with optical methods. Nevertheless, various possible
methods can be established, such as plasmonic and carbon nanotubes [47-50].
However, they are still at a very early stage of growth, and most of their present
advancements are being made on the theoretical side. However, it is worth noting
that most of these techniques are focused on minimizing noting that most of these
techniques are focused on minimizing their impact physiological variability and the
diverse environmental factors irrespective of the form of the technology used during
the time analysis [1].
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4 Theory of Photoacoustic Spectroscopy

Usually, when a substance absorbs light, there are several paths that energy can go.
As shown by Eq. 1, light is always conserved,

1=A+T+R (D

where
A—Absorbance
T—Transmittance

R—Reflectance.

The light that hits the sample must either be absorbed or transmitted through
the material or reflected off the material. Photoacoustic spectroscopy relies on the
absorbed path of light since it releases heat. As the light strikes the sample, the
photons are absorbed, and the electrons are excited. This energy was further released
as heat, and acoustic waves were formed as the heat expanded. The process is shown
in Fig. 1.

Electrons are excited either vibrationally or electronically as light is absorbed.
Electrons move to a higher energy level in the case of electrical excitation. As they
fall back to their original state, i.e., ground state, the extra energy is released as heat.
Another form of heat generation is via the collisional deactivation process, which
involves atom’s collision. The collision of atoms produces energy in the form of heat.
Even so, in the case of electronic excitation, energy can also be dissipated by radiative
emissions or chemical reactions, as described in Fig. 1. The energy emits photons
in the radiative emission process, making it useless for photoacoustic spectroscopy
(that needs heat). This process decreases the amount of heat formed because energy is
spent elsewhere. Chemical reactions in heat can occur, but only part of the absorbed
energy goes to heat.

Buton the other hand, radiative emissions and chemical reactions have little impact
on vibrational energy. The vibration’s lifetime is long enough to avoid interferences
because of the chemical reactions and radiative emissions. The atoms thus have as
much time as required to execute the collision deactivation process, which efficiently
uses the entire amount of energy for heat transfer.

= . Acoustic
Expansion |—

Radiative || Chemical Heat Phase
emission reaction || diffusion || transition

Fig. 1 Schematic illustration for the generation of acoustic waves



Photoacoustic Spectroscopy Mediated Non-invasive Detection of Diabetics 171

Rotating disc

{\ Filter
Light source . .

‘ Microphone

Fig. 2 Primary components of the photoacoustic spectrometer

Sample

The thermal expansion also occurs with the formation of heat. The expansion of
heat produces localized pressure waves which can be analyzed as acoustic waves.
Nevertheless, as in the case of energy formation, heat may also be lost through the
environment. Heat diffusion decreases the temperature across the emitted energy
source, which reduces the pressure fields. When acoustic waves are sent after each
pulse of light, the sensor will analyze those waves. Similarly, each pulse of light will
change the frequency of each pulse of light, and the produced acoustic wave will be
analyzed and plotted as a spectrum pertained to a sample material.

Due to the tremendous technological advancement in recent years, technological
development in amplifiers, light sources, and sensors has advanced dramatically.
Figure 2 depicts a schematic configuration inside a photoacoustic spectrometer.
Usually, light sources use infrared lasers or wire filaments such as tungsten that
emit high light intensity. To give the pulses of light to the sample, the light source
is either switched off or switched on to create the pulsing effect or the spinning
disk with the openings to monitor the pulses of light passing through it. Further,
the mirror channels the waves of light to a series of filters, which can be modified
to adjust the wavelength of the light entering the sample. If the light goes through
the filter, it reaches the contact window, where the sample is placed. Moreover, two
microphones are mounted inside to collect the acoustic waves and sent to monitor the
formed electrical signal. Similarly, various wavelengths are examined, and a sample
spectrum is produced.
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5 Recent Advancement in Photoacoustic Spectroscopy
for the Detection of Glucose

A photoacoustic sensor based on an external cavity diode laser and a cheap piezo-
electric film transducer for the glucose analysis has been shown by Bayrakli et al.
[31] Further, the laser operation was shown to be amplitude-stabilized single mode.
Additionally, a 9 GHz range of fine-tuning was reached using this setup. Moreover,
they used a PVDF-based piezoelectric film transducer as a detector that produces the
electrical signal concerning the acoustic signals obtained by the glucose molecules
after absorbing the laser beam. They observed the detection limit of about 50 mM
(900 mg/dl) for the analyzed samples. Finally, they concluded that these sensor’s
sensitivity could be improved to detect glucose concentration levels in the inter-
stitial fluid below the skin. Additionally, they stated that reduced noise levels and
the enhanced acoustic signal could be obtained by improving the laser quality and
finding effective photoacoustic resonators with different geometries in the future.

A near-infrared (NIR) optoacoustic spectrometer is used by Ghazaryan et al. [S1]
to detect physiological glucose concentrations in the aqueous phase, it provided the
glucose spectra between 850 and 1900 nm and measured at the multiple concentration
ranges. Additionally, they implemented the dictionary learning and ratio metric tech-
niques with a training data set. They validated their application for the measurement
of glucose concentration with optoacoustic in the data set of the probe. Further, the
authors noted the superior signal-to-noise ratio for the dictionary learning method
compared to the ratio metric method over a wide range of glucose concentrations.
Moreover, they observed the linear relationship between the concentration of phys-
iological glucose and the intensity of the optoacoustic signal. The results are in
line with the findings of optical spectroscopy. Therefore, they described physiolog-
ical glucose concentration monitoring efficacy via NIR optoacoustic spectroscopy,
which allowed the glucose-sensing with a precision of £ 10 mg/dl.

For the first time, Dasa et al. [52] designed a supercontinuum laser-based multi-
spectral photoacoustic sensing system, and they used it to monitor cholesterol and
glucose in the wavelength around 1540-1840 nm (first overtone region). Addition-
ally, they demonstrated how this designed system could recognize the absorption
properties of different analytes and then choose an acceptable wavelength range for
further analysis. Moreover, they performed a simple ratiometric analysis and demon-
strated the viability of this system for reliable glucose monitoring over a wide variety
of concentrations. Furthermore, this study varied the concentrations from 0-8 g/dL,
covering the commonly encountering glucose concentrations inside the human body
(0-400 mg/dL). Previous studies [51, 53, 54] revealed that the photoacoustic signal
linearly varies with the glucose concentration; hence, they also performed the linear
regression examination to predict different glucose concentration levels with clini-
cally acceptable accuracy concerning the standard Clarke error grid analysis. Results
revealed that this system could be used as label-free and non-invasive continuous
glucose monitoring.
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Kottmann et al. [33] proposed a photoacoustic system composed of a mid-infrared
quantum cascade laser used to monitor glucose present in the human tissue. That
study used the fiber-based quantum cascade laser-photoacoustic framework and the
new dual quantum cascade laser-photoacoustic set-up. Unlike traditional methods,
this approach is entirely non-invasive. It does not record blood glucose concentra-
tion directly but the glucose concentration level in the interstitial fluid. However, it is
related to the blood glucose level with a delay time of < 15 min at the measurement
sites. In addition, the authors analyzed the efficacy of an oral glucose tolerance test
for healthy individuals. They conducted tests with the photoacoustic cell by closely
contacting the forearm to obtain continuous monitoring results for about 90 min.
At the same time, blood glucose concentrations were assessed by fingertips every
10 min, and blood glucose levels were measured from the glucometer. The findings
suggested that the approach with a single quantum cascade laser produces posi-
tive results but does not always have a definite correlation with the blood glucose
measurement data from the glucometer. The dual-wavelength protocol substantially
increases the measurement stability, and the blood glucose level instability of £
30 mg/dL is obtained at a confidence level of about 90%. The authors concluded
that detection sensitivity could be increased by using higher laser power up to the
permissible exposure level for short-term irradiation. It should be stressed that no
specialized data treatment, such as the principal component evaluation comprising
the entire wavelength tuning ranges, has been implemented to show viability under
practical circumstances, i.e., for continuous individual measurements. In addition,
more progress is required from the experiments involving more than two wave-
lengths characteristic of glucose absorption, involving many quantum cascade lasers
or even a quantum cascade laser array of pre-selected fixed wavelengths. Finally, the
authors stated that experiments on diabetic patients need to be carried out to assess
the efficacy and to determine the potential of their designed diagnostic method.

To improve the detection sensitivity of the photoacoustic method, a measurable
depth of the blood glucose concentration level was experimentally identified by
Wadamori et al. [55] Here, the measurable depth of the photoacoustic spectroscopy
mainly depends on the modulation frequency of the chopped light falling on the
sample. Further, they established a relationship between the thickness of the sample
and the used modulation frequency. During this set of experiments, the authors
utilized the photoacoustic detector composed of an acoustic resonance pipe, and
an optical microphone and a two-layer model consisting of sheets of silicone with
different optical absorption properties. Furthermore, they noted the measurable depth
around 2-3 mm in these experiments with a 10002000 Hz modulation frequency.
In addition, they discussed theoretically the reason for the measurable depth to be
more profound when compared to the sample’s thermal diffusion length. In addition,
these thermoelastic wave analyses clarified the relationship between the observable
depth in a tissue and the propagation of the photoacoustic signal.

Photoacoustic technique comprising of tunable pulsed laser for glucose level
detection was presented by Ren et al [56]. This set-up used the light source (532 nm
pumped Nd: YAG optical parametric oscillator pulsed laser) for excitation and
acoustic signal detector (confocal PZT transducer). Further, the authors prepared
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the various concentrated solutions of glucose. It was further loaded into the quartz
cuvette, then irradiated with a laser beam, and obtained the time-resolved photoa-
coustic signals with an average of 512 times. Furthermore, the authors received the
photoacoustic peak to peak values from the wavelength range from 1300 to 2300 nm
(near-infrared spectral range) for all glucose solutions. Moreover, the authors used
the variance and one-order derivative spectral strategy in four photoacoustic peaks
to peak signals to determine the typical glucose wavelengths. Eventually, the authors
used the least square fitting algorithm to adjust the photoacoustic peak to peak values
and the corresponding glucose concentration levels to obtain the optimal typical
glucose wavelengths. The expected concentrations were determined by using the
least square fitting algorithm. The estimated error in concentration was all less than
0.62 mmol/dl.

Pai et al. demonstrated the use of near-infrared photoacoustic spectroscopy for
continuous non-invasive glucose analysis [57]. They designed a different photoa-
coustic measuring system, and photoacoustic observations were performed for
glucose samples at various excitation wavelengths in the near-infrared region. A
variety of frequency and time domain characteristics and amplitude and area-based
characteristics were obtained using photoacoustic analysis. The authors noted that
these properties were proportional to the glucose content of the sample, and they
obtained similar results for the photoacoustic tests of whole blood samples at various
glucose concentrations. Consequently, in vivo photoacoustic tests were calibrated
using a quadratic fit on a cohort of 30 volunteers and further compared the obtained
results with the reference glucose levels. The experiments were performed using a
standard blood glucose meter. The authors performed a comparison of 196 measure-
ment pairs of predicted and reference glucose level concentrations using the Clarke
Error Grid. The result exhibited a point distribution of 87.24% and 12.76% over zones
A and B, with no measurement pairs dropping in inappropriate zones C, D, and E of
the error grid. Also, the authors observed the expected mean absolute difference of
about 12.57 + 13.90 mg/dl and the mean absolute relative difference of about 9.61
+ 10.55%.

Sim et al. [58] proposed a strategy to overcome the problems of non-invasive
measures of glucose by increasing the reliability of micrometer-scale detection.
Before spectroscopic measurement, authors collected the skin’s microscopic spatial
details from the same laser used for spectroscopic analysis. The authors noted the
inhomogeneity in the microscopic image of the fingertip skin with a mid-infrared
laser; this observation was attributed to the secretion from the eccrine sweat glands
that greatly influenced the mid-infrared spectra. Further, they selected the intact posi-
tions where the secretion products were barely intrusive; hence, temporal and spatial
heterogeneity were reduced. Numerous attempts have been made for many decades
to design non-invasive methods of detecting glucose. However, due to the skin secre-
tion materials, the repeatability and accuracy are still below compared to those of
the invasive methods. Finally, the authors stated that their strategy has tremendous
potential to build such a technology to overcome these long-standing problems.
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6 Advantages of Photoacoustic Spectroscopy

Some of the advantages of photoacoustic spectroscopy are listed below, [1]

This method is relatively simple.
Not susceptible to the sensing of sodium chloride, albumin, and cholesterol.
Scattering particles are not influencing the photoacoustic signal.

7 Disadvantages of Photoacoustic Spectroscopy

Some of the disadvantages of photoacoustic spectroscopy are listed below, [1]

e This approach is sensitive to variations caused by motion, pulsation, acoustic
noise, and temperature.

e [trequires a long integration time.

e [t has a low signal-to-noise ratio.

8 Future Outlook

Photoacoustic spectroscopy has the potential for efficient glucose measurement in
the blood shortly as the non-invasive method if extensive research works are carried
to produce the devices with the following properties.

e The device should produce a wide range of glucose measurements of about 30—
600 mg/dl,
User friendly, portable, and durable device,
A device with a borderline cross indication
Low cost.

9 Conclusion

This book chapter started with the introduction to people with diabetes, followed
by the history of photoacoustic spectroscopy. Further, the conventional methods for
glucose monitoring and minimally invasive and non-invasive methods have been
discussed. Furthermore, the theory behind photoacoustic spectroscopy instruments
and the recent advancements of photoacoustic spectroscopy for detecting glucose
and their advantages and disadvantages have been covered in detail. The commonly
used sources of light, wavelength region, and the detectors in glucose detection setup
based on photoacoustic spectra are described in Table 1. At present, low specificity,
low sensitivity and interference are the main hindrances in the measurement of non-
invasive blood glucose levels due to the various imperfections noted in the utilized
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Table 1 Various types of sources, wavelength regions, and the detectors used for the glucose
detection using photoacoustic spectra

Source Wavelength (nm) | Detector References

High energy supercontinuum | 1500-1900 Ultrasonic transducer [52]

laser

External cavity quantum 8000-11,111 Ultrasound transducer [58]

cascade laser

Continuous-wave quantum | 9090-9950 Miniature electret microphone | [33]

cascade laser

Two pulsed laser diodes 905 and 1550 Piezoelectric transducer (Lead | [57]
Zirconate Titanate)

Laser diode 1550 Microphone [55]

532 nm pumped Nd: YAG 600-2500 nm PZT ultrasonic transducer [56]

optical parametric oscillator
pulsed laser

External cavity diode laser 1050-1700 Piezo transducer [31]
(polyvinylidene fluoride)

Optical parametric oscillator | 850—1900 Ultrasound detector [51]

laser

software and hardware components. However, the rapid changes in technological
advancement and the further advance in the quality of the previously reported analysis
method can make a potential alternative for detecting glucose levels.
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