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Abstract. Diabetes mellitus is a serious social and economic problem of modern society 
because it is widespread and fraught with numerous complications. Therefore, it is 
necessary to search for new methods of diabetes mellitus diagnostics and treatment and 
to improve the existing ones, which, in turn, requires thorough investigation of the 
disease development mechanisms, as well as elaboration of simple and reliable methods 
and criteria for detecting the complication precursors. In connection with the solution of 
these problems, in the paper we present an analytical review of recent publications 
devoted to the study of the changes of structural and optical properties of biological 
tissues under the conditions of diabetes mellitus development using in vitro models of 
glycated tissues, in vivo experimental models of diabetes in laboratory animals, and 
clinical studies. © 2018 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 
Diabetes mellitus is a chronic endocrine diseasecaused 
by the increased content of free glucose in organism, 
which results in the violation of metabolism in the 
organism. According to the prognosis of the World 
Health Organisation, the diabetes mellitus will move 
from the eighth to the seventh position in the list of the 
most widespread causes of death, the mortality growth 
in 2030 compared to 2010 amounting to 54% [1]. The 
numbers of patients suffering from diabetes mellitus has 
grown by approximately four times from 1980 (108 
million people) to 2014 (422 million people) [2, 3]. 

The normal content of free glucose (glycaemia) in 
blood amounts to 3.3–5.5 mmol/l (60–100 mg/dl) [4]. 
The glucose is a monosaccharide that plays an important 
role in the functioning of a living organism. It is a 
source of energy providing metabolic processes in the 
organism. To regulate the glucose metabolism, the 
pancreas beta cells produce the peptide hormone insulin. 
The insufficient insulin production by the pancreas, or 
the abnormal reaction of the organism cells to the 
produced insulin, leads to the excess glucose content in 
the blood. Long-term increase of the glucose content in 
blood (above 11 mmol/l (200 mg/dl)) (hyperglycemia) 
leads to excess glucose content in the interstitial fluid, 

which violates the metabolism in the organism, causing 
the development of diabetes mellitus [2, 5-12]. 

It was supposed that the hyperglycemia could lead to 
increased oxidation of glucose and formation of 
superoxide radicals in mitochondria [13-15]. Anions of 
superoxide radicals are benign and nonreactive chemical 
substances, however, under some conditions, mainly in 
the presence of reductive-oxidative transition metals, 
such as iron and copper, they turn into highly reactive 
free radicals [13, 16]. The transformation occurs via 
metal-mediated Haber-Weiss or Fenton reactions  
(Eqs. (1) and (2), respectively) [13]: 

O2∙− + H2O2
Fe/Cu
→   O2 + HO− +HO∙    (1) 

Fe2+/Cu+ + H2O2 → Fe3+/Cu2+ +HO− +HO∙ (2) 

For example, the hyperglycemia-induced 
overproduction of superoxide activates the 
hyperglycemic damage in endothelium cells of aorta. 
The damaging effect of superoxide leads to the 
redirection of glucose metabolism from the glycolytic 
path to alternative metabolic paths, including the 
formation of the advanced glycation end products. 

Since the glucose level in blood is related to its level 
in the interstitial fluid, the hyperglycemia facilitates the 
metabolic disbalance and disturbance of the organs 
functioning [12, 17-19]. In this connection, many papers 
are aimed at determining the concentration of free 
glucose in blood, interstitial fluid, and other fluids of the 
body [20-30], revealing the morphological changes in 
vital organs [10, 12, 17, 31], designing biosensors for 
permanent monitoring of free glucose in the organism 
[20, 32], studying the effect of glucose on blood and 
proteins of tissues, developing the methods for diabetes 
monitoring based on the difference of optical properties 
between healthy and diabetic tissues [17, 20, 33-48], 
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assessing the glucose diffusion rate in healthy [20, 48-
54] and pathological tissues (the walls of atherosclerotic 
blood vessels [48,55] and malignant tumours [56]). 

One third of all patients with diabetes mellitus have 
complications in the form of skin lesions, the most 
severe of them being the chronic ulcers that recover 
very slowly, thus increasing the risk of infection [19, 
57-59]. Diabetes mellitus increases the risk of 
cardiovascular diseases, retinopathy that leads to 
blindness, neuropathy and nephropathy [8-13, 19, 31, 
60-64]. According to the data of the World Health 
Organisation, diabetes mellitus is the main cause of 
heart attacks, myocardial infarction, brain stroke, 
blindness, renal failure, and amputation of lower 
extremities, i.e., a risk factor of many other diseases 
enhanced by the diabetes [9, 13, 19, 60, 63, 64].  

Thus, diabetes mellitus is a cause of serious 
complications that should be prevented by inventing 
new methods of diabetes diagnostics and treatment and 
improving the existing ones, which requires careful 
examination of the disease development mechanisms, as 
well as developing simple and reliable methods and 
criteria for detecting the complication precursors.  

The clinical course and complications of diabetes 
mellitus are widely studied using different physical 
methods, including the optical ones, which often allow a 
noninvasive monitoring of the key parameters of 
biological tissues in real time. The latter explains why 
the optical methods are considered as promising in 
medicine and the field of their application permanently 
expands. This paper presents a review of recent 
publications on the study of the changes of structural 
and optical properties under the development of 
diabetes mellitus using in vitro models of glycated 
tissues, in vivo experimental models of diabetes in 
laboratory animals, and clinical studies. Such analysis 
seems to be useful for further research and engineering 
activity in the field of noninvasive optical diagnostics of 
pathological conditions in human organism. 

2 Classification of diabetes mellitus 
Diabetes mellitus can be divided into two principal 
types: type I is the insulin-dependent diabetes (“diabetes 
of young”, “immune-mediated diabetes”), type II is the 
insulin-independent diabetes (“diabetes of aged”) [8, 9, 
19, 57]. They separately consider the gestational 
diabetes mellitus, diagnosed during pregnancy and not 
observed before it. One can also select specific types of 
the disease due to other causes. The examples include 
the monogenic diabetes syndrome, which is a result of 
mutant genes inheritance (diabetes of neonates), the 
diabetes caused by the diseases of exocrine pancreas 
(such as cystous fibrosis), the diabetes induced by a 
chemical agent (e.g., when medicines are used in 
HIV/AIDS treatment or after organ transplantation) [8].  

Types I и II of diabetes mellitus are most 
widespread. Type I insulin-dependent diabetes mellitus 
is a consequence of the destruction of the pancreas beta 
cells that disturbs the insulin production. The amount of 
the produced insulin appears insufficient to process the 

amount of glucose received by the organism. The 
content of glucose in the organism increases, the 
chronical hyperglycemia arises, and the metabolism in a 
number of organs is disturbed [2, 5-9, 19, 64-67]. Type I 
diabetes mellitus is more frequent in young people, so 
that it is also referred to as “the diabetes of young”. 
Type I diabetes mellitus comprises nearly 5-10% of the 
total number of patients, suffering from all types of 
diabetes mellitus [2, 8]. For type I diabetes mellitus 
such symptoms are characteristic as polyuria (excess 
urinary excretion), polydipsia (thirst), permanent 
hunger, loss of weight, visual impairment, and tiredness 
[2, 8, 17, 19, 67]. 

Type II insulin-independent diabetes mellitus 
develops because of cell resistance to the produced 
insulin, the insulin deficiency being also present in the 
organism of the patient. Type II diabetes mellitus is 
wider spread and comprises about 90–95% of the total 
amount of diabetic patients. In this case, the disease 
develops in the middle age, so that this type of disease is 
often referred to as “the diabetes of aged.” However, in 
recent time this type of diabetes mellitus more and more 
often appears in children. Diabetes mellitus is largely a 
result of excessive body mass and physical inactivity [2, 
8, 9, 19, 64]. The symptoms of type I and II diabetes 
mellitus are alike, but in the second case they are often 
less expressed, because of which the disease is 
diagnosed in a few years after its beginning, when the 
complications already arise [2]. In the case of type II 
diabetes mellitus, the obesity of the patient is an 
additional symptom [9]. It is important to determine the 
type of diabetes mellitus for prescribing the most 
efficient therapy [8]. 

Under the excess injection of insulin or its excess 
production induced by medical preparations in patients 
with diabetes mellitus, the hypoglycaemic coma (crisis) 
can happen, when the glucose content in blood falls 
below 3.9 mmol/l (70 mg/dl). In this case, the organism 
has not enough energy to support normal vital activity, 
which leads to weakness, trembling, irritability, 
tachycardia, and hunger, with possible loss of 
consciousness and fatal outcome [8]. The main cause of 
diabetes mellitus development is genetic predisposition 
[8, 19]; the rest causes comprise mainly different 
diseases that disturb metabolism, as well as the 
insufficient physical activity [8]. 

The processes that accompany the aging of the 
organism become faster with the development of 
diabetes mellitus [63]. With age the water content in 
skin decreases, and, correspondingly, the ratio of the 
base substance and fibrous structures changes. The 
coefficient decreases at the expense of increasing the 
collagen content and decreasing the concentration of 
glycosaminoglycans. The content of hyaluronic acid 
considerably reduces. The physical and chemical 
properties of collagen change: the number and strength 
of inter- and intramolecular crosslinks increases, the 
elasticity and swelling ability reduces, the resistance 
against collagenase develops, the structural stability of 
collagen fibres, i.e., the maturation of fibrillar structures 
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of the connective tissue progresses. The collagen aging 
is a result of metabolic processes that occur in the 
organism and affect the molecular structure of collagen. 
The connective tissue injury includes the damage of all 
structural parts of the tissue: the fibrils, the intercellular 
substance, and the cells [68]. In the studies of the human 
sclera aging using the wide-angle X-ray scattering, the 
structure of collagen fibers was investigated. It was 
found that with age the rigidity of the scleral matrix 
increases, the degree of fiber straightening and the 
mechanical anisotropy in the peripapillary sclera 
decreases [69]. The aging of organism is accompanied 
by structural and functional modifications of 
macromolecules [70]. The changes that occur in the 
tissues of the organism under the development of 
diabetes mellitus are investigated both in laboratory 
animals using experimental models [9-11, 17, 39, 40, 
42, 45-47, 71-77] and directly in patients in the course 
of clinical examination [12, 35, 78-87]. 

3 Experimental models of diabetes mellitus 
Among the models of diabetes mellitus, the chemically 
induced ones that allow relatively cheap and simple 
induction of pathology development in rodents are 
widely used. Similar models can be implemented also in 
higher animals [9-11, 17, 39, 40, 42, 45, 71-77, 88]. The 
most well-known and widely used methods of chemical 
diabetes induction are implemented using two 
compounds, streptozotocin [47, 73-77, 88] and alloxan 
[17, 39, 40, 42, 45, 46, 71]. Accumulated mainly in the 
pancreas, they provoke the production of radicals that 
cause the destruction of the pancreas beta cells and, 
therefore, disturb the insulin production [9, 10, 11, 75, 
89]. Since alloxan and streptozotocin have the structure 
resembling that of glucose, their accumulation occurs in 
the pancreas by means of glucose transporters, so that, 
as a rule, the animals are more susceptible to them on an 
empty stomach [9, 11, 90]. Thus, the injection of 
alloxan or streptozotocin to the animals induces the 
insulin-dependent (type I) diabetes mellitus [11, 89]. 
Since the solutions of alloxan and streptozotocin are 
relatively unstable, they should be prepared 
immediately before the injection. Note that these 
substances can possess different degrees of toxicity with 
respect to other organs, too [9, 90, 91]. Besides the 
destruction of beta cells, alloxan and streptozotocin are 
capable of modifying biological macromolecules and 
DNA fragmenting [9, 10, 11, 89]. 

Dunn et al. gave the first description of the alloxan 
diabetes model in 1943 [11, 89, 92]. A single doze 
varies from 50 to 200 mg/kg of body mass for mice and 
from 40 to 200 mg/kg for rats, depending on the breed 
[9, 10, 42]. Alloxan is injected intravenously, 
intraperitoneally, or subcutaneously [10, 42, 76].  

In 1963 Rakieten published a paper, reporting the 
capability of streptozotocin to induce diabetes mellitus 
[11, 75, 93]. The single maximal dose of streptozotocin 
is from 100 to 200 mg/kg for mice [9, 94, 95] depending 
on the breed [9, 96] and from 35 to 65 mg/kg of body 
mass for rats [9, 94]. There is also a method of injecting 

streptozotocin to animals by small dozes from 20 to  
40 mg/kg during 5 days [9]. 

Note that in contrast to animals, in humans the beta 
cells of the pancreas are resistant against the toxicity of 
streptozotocin and alloxan [97]. It is also interesting that 
the glucose content variation in blood during the first 
week after the injection of alloxan and streptozotocin is 
nonlinear (Fig. 1). Immediately after the injection, the 
glucose content in blood increases during about 3-4 
hours, which is accompanied by morphological changes 
of beta cells: intercellular vacuolisation, dilatation of 
rough endoplasmic reticulum, reduction of Golgi 
apparatus area, diminution of secretor granules and 
insulin content, swelling of mitochondria. Then the 
hypoglycaemic stage begins, during which in a few 
hours the glucose content in blood falls, and the 
hypoglycaemia can lead to fatal outcomes. Such 
dramatic transient hypoglycaemia appears in the process 
of insulin accumulation because of the secretory granule 
toxication and the cell membrane rupture. In addition to 
the morphological changes, the nuclei of beta cells 
become pyknotic [11]. In about 6 days after the 
injection the permanent diabetic hyperglycemic phase 
comes, for which the morphologically full degranulation 
and the loss of integrity of beta cells during 12-48 hours 
is observed [9, 11]. In this connection, it is important to 
choose the appropriate terms of measuring the glucose 
content in blood in the process of diabetes modeling. 

	
Fig. 1 Phases of free blood glucose variation after the 
injection of alloxan (I-IV) or streptozotocin (II-IV) [11]. 

The animals with the model diabetes are 
characterised by such symptoms as polyuria, polydipsia 
[67], and loss of body weight [9, 67], typical for type I 
diabetes mellitus. 

Besides the above models of type I diabetes, there 
are also other ones, which are used less widely, e.g., the 
autoimmune modes of diabetes. The lines of mice with 
“spontaneous” diabetes mellitus (“non-obese diabetes”) 
and biobreeding (BB) rats are created, in which from the 
very birth or in some time after the birth the prediabetic 
state of the organism develops [9, 66, 67, 98-100]. The 
Akita mouse lines, in which diabetes mellitus 
genetically develops in a few weeks after the birth are 
bred. The diabetes is also induced using viruses [9]. To 
model type II diabetes mellitus, mono- and polygenic 
models of obesity, the rats of the Zucker line, etc. are 
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used [9, 101]. The most widely used monogenic models 
of obesity possess defects in the transmission of leptin 
hormone signals. Leptin is responsible for the feeling of 
saturation, so that the absence of functional leptin in 
animals gives rise to hyperphagia (overeating) followed 
by obesity. The Lepob/ob and Leprdb/db mice, the Zucker 
rats that possess no leptin receptor experience the lack 
of leptin. These models are often used to test new 
methods of type II diabetes treatment [9, 101-104]. 

In Lepob/ob mice, the mass increase begins from the 
age of two weeks, the hyperinsulinemia develops, in 
four weeks the hyperglycemia manifests itself, the 
concentration of free glucose in blood continues to 
grow, achieving the maximum in 3–5 months [9, 105]. 
The volume of the pancreas significantly increases [9, 
106], the hyperlipidaemia progresses, the temperature 
regulation is disturbed, and the physical activity is 
reduced [9, 105], the infertility develops [9, 107].  

In Leprdb/db mice, the autosomal recessive mutation 
in the leptin receptor takes place [9, 108]. These mice 
suffer from hyperphagia, obesity, hyperinsulinemia, and 
hyperglycemia. The hyperinsulinemia in such mice 
manifests itself in the age of about two weeks, the 
obesity from the age of three-four weeks, and the 
hyperglycemia develops in 4–8 weeks [9].  

The Zucker rats possess expressed resistance to 
insulin that cannot be compensated by the increased 
level of apoptosis in beta cells [9, 109], which is 
characterised by hyperinsulinemia at the age of about 
8 weeks with subsequent decrease of the insulin level 
[9, 110]. The diabetes mellitus in Zucker rats commonly 
develops in nearly 8–10 weeks in males, while in 
females the explicit diabetes does not develop [9, 94]; in 
these rats the signs of diabetic complications are 
observed [9, 110]. 

 Depending on the problems under solution, it is 
necessary to choose for the experimental studies a 
suitable model of diabetes with the specific features of 
the models taken into account. Note also that a given 
model of diabetes could develop in different ways in 
animals of different lines. Thus, the authors of Ref. [73] 
obtained different results for outbred and linear mice. 

4 Glycation and non-enzymatic glycation 
of proteins 

The main complications of the diabetes mellitus disease 
are related to the glycation of proteins. The glycation is 
a result of the interaction between the glucose molecules 
and the proteins, which leads to the change of protein 
structure and to the restriction of tissue functioning [19, 
33-36, 38]. It is known that the protein glycation is 
initiated by the non-enzymatic reaction between the 
protein amino group and the carbonyl group of sugar 
and, correspondingly, leads to the formation of 
crosslinks between the protein molecules [17, 34, 37]. 
The glycation results in the Malliard reaction [111–
113], comprising two stages. As a result of the 
interaction of protein with glucose via the adducts of the 
Schiff base, the stable Amadori product is formed. In 

the course of further incubation, the Amadori product is 
transformed into an advanced glycation end product [17, 
113-115]. The glycation can be accompanied by both 
the protein modification and the attachment of the 
advanced glycation end product to the protein receptor 
[70]. The collagen glycation mechanisms involve 
complex processes, accompanying the occurring 
reactions [34, 37, 114, 116, 117]. Such end products of 
glycation as N(ε)-carboximetillysine (CML) and 
pentosidine are known to accumulate in the skin 
collagen with age and diabetes mellitus. Pentosidine is a 
fluorescent molecule; it can be detected using the 
methods of fluorescence analysis [37, 70, 114, 116, 118-
121]. Glucosepane related to nephropathic, retinopathic, 
and neuropathic complications [82, 120, 121], glyoxal 
[118], and pyrroline [70], are also known as advanced 
glycation end products, as well as other products of 
glycation and the substances, facilitating their 
accumulation [70, 121]. 

Since proteins comprise a considerable part of many 
tissues, their glycation leads to the change of the tissue 
structure, the restriction of tissue functioning [6, 34-38, 
70, 118], the metabolic disbalance and, finally, the 
organ malfunction [17]. Due to the fact that the structure 
of biological tissues determines their optical properties, 
it becomes possible to monitor these changes by optical 
methods, such as fluorescence spectroscopy [34, 36, 42, 
79, 84-87, 116, 118, 119, 122-128], refractometry [35, 
122], Raman spectroscopy [43, 44, 129], 
spectrophotometry in a wide range of wavelengths [39-
41, 47, 84, 86, 130-132], electron microscopy [18, 73, 
78], laser speckle-contrast imaging [45, 46], laser 
Doppler flowmetry [38, 84-86, 133], confocal 
microscopy [80] and optoacoustic spectroscopy [56]. 

To study the glycation of proteins, both the samples 
of tissues and cells from the objects with natural or 
artificially induced diabetes mellitus (in vivo glycation), 
as well as the samples that has been glycated under in 
vitro conditions are used. Studies of in vitro glycation 
refer, for example, to human placental type IV collagen, 
performed by fluorescence analysis, as well as by 
electrophoresis and densitometry [134]; collagen of 
bovine skin - using multiphoton microscopy [34]; 
hemoglobin - by optical coherent tomography [135-
137], refractometry and IR spectroscopy [122], as well 
as biochemical analysis [138]; albumin - using 
fluorescence spectroscopy [70], refractometry [122], 
and terahertz spectroscopy [138]; collagen of the 
tendon – through biochemical and biomechanical 
analyzes [139], as well as to collagen hydrogels - using 
multispectral fluorescence life time imaging (FLIM) 
[140]; by incubation in ribose [37, 134, 139, 140], 
glucose [70, 122, 135, 138, 141] or fructose [70, 141] 
solutions. All of them show a sufficiently effective 
glycation of proteins during 10-11 days of incubation, a 
change in the mechanical properties of tissues due to the 
formation of collagen cross-links. In work [82], an 
increase in the glucosapane content in the skin with age 
and with the development of hyperglycemia in patients 
with type 1 diabetes mellitus was recorded. 
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To determine the degree of glycation of proteins, the 
studies of the fluorescent properties of the glycated 
hemoglobin and different tissues [34, 36, 42, 116, 118, 
119, 123-127] have been performed earlier. The 
vascular walls modified as a result of glycation [142], 
the refractive properties of erythrocytes in healthy 
volunteers and patients with diabetes mellitus [35], and 
the optical properties of skin in patients suffering from 
diabetes mellitus [38, 126, 127] were investigated. 
Multiple papers are devoted to the development of 
methods for monitoring diabetes and its different 
complications, based on the detected changes of the 
optical properties in diabetic tissues in comparison with 
healthy ones [6, 17, 34-38, 41, 48, 77].  

After eight months of glycation of the rabbit 
Achilles tendon in ribose solution [139] the increased 
maximum load, deformation stress, Young modulus of 
elasticity, and viscosity, indicating the fact that the 
glycation increases the stiffness of the tendon matrix, 
were observed. The tendon glycation was found to lead 
to significant reduction of the soluble collagen content 
and considerable increase of insoluble collagen and 
pentosidine content. Thus, the obtained results show 
that the collagen crosslinks caused by glycation directly 
increase the stiffness of the matrix and change other 
mechanical properties of the tendon. 

The analysis of literature shows that the study of 
glycated biological tissues is a demanded and promising 
field of research in view of developing novel 
technologies for noninvasive or low-invasive 
monitoring of hard complications, their prevention, and 
treatment maintenance  

5 Optical and structural properties of 
biological tissues  

5.1 Blood and cardiovascular system 
The development of diabetes mellitus is related to 
increased risk of micro- and macrovascular 
complications (angiopathy) [8, 9, 13, 19, 62-64, 82], 
such as retinopathy that leads to blindness [8, 9, 10, 13, 
31, 60], neuropathy [8, 9, 13, 60], and nephropathy [8, 
9, 13, 60]. Diabetes mellitus considerably enhances the 
risk of vascular diseases that finally result in the 
cerebral stroke [13, 19, 60, 63]. The hyperglycemia 
accelerates the atherosclerotic processes [13, 61, 63], 
the atherosclerosis and the corresponding loss of 
elasticity of coronary artery walls cause stenosis and, 
therefore, reduce the blood supply to the cardiac muscle, 
which finally leads to angina pectoris, cardiomyopathy, 
and increased risk of myocardial infarction [12, 13, 63, 
64]. These serious complications are due to the 
glycation of proteins in vascular walls permanently 
washed by blood in the presence of increased free 
glucose content in blood [41, 129, 135, 138].  

Different methods are used to determine glycated 
hemoglobin or albumin, such as ion exchange, affine, or 
liquid chromatography, electrophoresis, colorimetric 
and immunochemical methods [70, 143]. First, these 

methods are invasive, since they imply blood sampling 
from the patient’s vein. Since the mean lifetime of 
erythrocytes amounts to three months, it is possible to 
get information on the glycation accumulated during 
three months only. Moreover, the accuracy of the 
measurement is affected by the increased concentration 
of bilirubin, glucose, lipids, and other substances [143]. 
Also, the level of free glucose in the blood is influenced 
by external factors, for example, such as eating and 
exercise, which limits the applicability of many 
diagnostic methods where blood measurements are 
required [7, 8], so it is necessary to develop new 
algorithms for processing measurement results reducing 
the influence of external factors. 

Optical methods of diagnosing the condition of 
biological tissues are widely used in biology and 
medicine, e.g., for determination of oxygenation degree 
and blood perfusion [144, 145]. The safety of these 
methods and the possibility to get information in real 
time explain their wide usage and permanent expansion 
of the application field in medicine [20, 38, 48, 146-
149]. Using optical radiation one can also extract 
information on the structure, composition, and 
properties of biological tissues, investigate metabolic 
processes avoiding negative effect on them [144]. An 
essential advantage of visible and near-infrared optical 
radiation is its capability of sufficiently deep penetration 
into biological tissues. The range from 600 to 2500 nm 
includes four “transparency windows”, i.e., the regions 
where the light attenuation by biological tissues is 
minimal. Since many biological tissues contain a lot of 
water, the spectral transparency windows correspond to 
the wavelengths, at which the light absorption by water 
is minimal. The first transparency window includes the 
wavelengths from 650 to 950 nm, for which the 
absorption of light by water is relatively weak, but the 
absorption by hemoglobin and myoglobin is present. 
The second transparency window is located between 
two maxima of water absorption and corresponds to the 
wavelengths from 1100 to 1350 nm. The third 
transparency window lies in the range from 1600 to 
1870 nm and the fourth window from 2100 to 2300 nm, 
which is convenient for probing the collagen-containing 
tissues [145, 150-152]. 

To assess the degree of hemoglobin glycation the 
Raman spectroscopy can be used [129]. In Ref. [35], 
microscopic studies with the Nomarsky interference 
microscope, combining a two-beam interferometer and 
a polarization microscope to enhance the contrast of 
phase images, showed a significant difference in the 
refractive properties of erythrocytes in healthy and 
diabetic patients. 

 In Ref. [41], the quantitative assessment of the 
glycated hemoglobin concentration in human blood was 
performed using the spectral analysis in the infrared 
wavelength range (from 780 to 2498 nm). The authors 
of Ref. [42] measured the fluorescence of blood plasma 
in 12 days after the alloxan injection to rats. It was 
shown that the shape of the fluorescence band at the 
excitation wavelength 320 nm is most indicative for 
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hyperglycemia in the blood plasma samples due to the 
formation of protein fluorescent link by non-enzymatic 
glycation. In Ref. [122], the optical properties of 
hemoglobin and albumin in aqueous solutions of 
glucose were studied. With the increase of glucose 
concentration in the solution, the authors observed the 
increase of the refractive index and the reduction of the 
absorption in the studied solutions, probably due to the 
protein-glucose binding. A decrease in the albumin 
absorbance in the terahertz range of wavelengths was 
observed with an increase in the incubation time of 
albumin (glycation in vitro) in solutions of glucose and 
fructose [138]. Also in this work, slow glycation in 
glucose in comparison with fructose and the dependence 
of albumin glycation rate on the pH of the sugar 
solution were obtained. 

The authors of Ref. [44] have shown the 
applicability of Raman spectroscopy to the assessment 
of glycated hemoglobin in vivo with the measurements 
performed on hand, ear and forehead. Using the Raman 
spectroscopy, the porphyrin conformations in 
erythrocyte hemoglobin were revealed in patients with 
diabetes mellitus [43]. Using the electronic 
paramagnetic resonance spectroscopy, the reduction of 
the erythrocyte membrane viscosity was found in 
patients with diabetes mellitus. The change of 
permeability was fixed in the plasmatic membrane of 
the erythrocyte, namely, the higher rate of Na-H 
exchange, the activity of Са2+-dependent К+-channels, 
the reduction of the Ca-ATPase activity in patients 
suffering from type II diabetes mellitus [43]. It was 
supposed that the change of viscosity and permeability 
of the erythrocyte plasmatic membrane could be the 
cause of the conformation change of the hemoglobin 
porphyrin, the reduction of binding activity and oxygen 
transport by hemoglobin under the conditions of 
diabetes mellitus [43].  

In the patent [130], a noninvasive method and a 
device for assessing the content of glycated hemoglobin 
were proposed based on measuring the light reflection 
spectra from the studied blood sample. The device 
consists of two measuring units, one of which contains a 
spectrophotometer, recording the absorption spectra, 
and the other one contains a Raman spectrometer.  

The possibility to use the absorption spectroscopy 
method for the assessment of the amount of glycated 
hemoglobin in the spectral range 200–850 nm was 
demonstrated in [131]. Good correlation between the 
results of spectroscopic method and the standard 
method of high-efficiency liquid chromatography was 
obtained. 

The method of quantitative analysis of the content of 
glycated hemoglobin in human hemolysate samples 
using near infrared (NIR) spectroscopy and the 
subsequent processing of the spectra by the moving-
window-partial-least-squares (MWPLS) method was 
proposed in [132]. The method allows to find the 
optimal wavelength ranges for determining the content 
of glycated and non-glycated hemoglobin. The optimal 
wavelengths for the analysis were in the over-current 

range of the NIR band and were from 958 to 1036 nm 
for hemoglobin and from 1492 to 1858 nm for glycated 
hemoglobin.  

In [153], the optical characteristics of diabetic 
erythrocytes using a three-dimensional quantitative 
phase imaging based on Common-Path Diffraction 
Optical Tomography (cDOT) were noninvasively 
studied. The morphological (volume, surface area and 
sphericity), biochemical (concentration and hemoglobin 
content) and mechanical (membrane fluctuations) 
parameters of individual cells were quantitatively 
determined from the measured three-dimensional 
tomograms for the refractive index and two-dimensional 
time-dependent phase images. As a result, statistically 
significant changes in morphological and biochemical 
parameters of diabetic erythrocytes were not obtained in 
comparison with nondiabetic, however, the 
deformability of the membrane of diabetic erythrocytes 
was shown to be lower. 

 Since in the case of diabetes mellitus the advanced 
glycation end products are dissolved in the blood 
plasma, they interact with the endothelium, affect the 
endothelium functioning, and cause the accompanying 
tissue hypoperfusion and hypoxia [63, 114]. In this way, 
the advanced glycation end products accumulate in 
vascular walls, i.e., the formation of crosslinks in the 
vascular walls occurs [114]. In turn, the endothelium 
damage gives rise to the development of atherosclerosis 
[13, 114, 142]. In the presence of diabetes mellitus, the 
risk of ischemia increases [64, 81].  

In comparison with the hemoglobin, which is subject 
to glycation only during 3 months, the glycation of other 
proteins occurs during a long time; therefore, the 
diagnostics of such proteins can provide more 
information on the condition of the organism in the 
process of diabetes mellitus development.  

In Ref. [73], basing on the histological sections 
stained by the lectin antibody, the exhaustion of lectin 
content in the endothelium of mice with four-week 
streptozotocin-induced diabetes was reported (Fig. 2). 
The perfusion recovery after ischemia was poorer in 
diabetic outbred mice (WT) than in linear mice (RAGE 
KO). Thus, the result can depend on particular animals 
under study. The studies [81] of human atrium samples 
in vitro performed after reoxygenation and perfusion 
that modelled ischemia revealed the cell apoptosis and 
necrosis stronger expressed in patients with type I and 
type II diabetes mellitus. In rats with streptozotocin-
induced diabetes, the apoptosis of myocardial cells was 
also observed [74]. 

Diabetes mellitus disturbs the mechanisms of 
reperfusion, i.e., the activation of earlier existing arterial 
collaterals and generation of new vessels 
(arteriogenesis, angiogenesis), thus hampering the 
recovery after an ischemic stroke [63, 64]. The 
development of diabetes in outbred mice [73] was found 
to cause the smaller number of vessels and the 
accumulation of the advanced glycation end product in 
muscles and blood of all mice with diabetes. 
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Fig. 2 Histogram (a) and images of histological sections 
(b) reflecting the content of lectin (red) in WT and 
WT+DM outbred mice of the control and diabetic 
groups, and in RAGE KO and RAGE KO+DM linear 
mice of the control and diabetic groups, respectively 
[73]. 

Because of the change of the vessel structure, its 
physical properties also change. In Ref. [45], the effect 
of the iohexol solution (X-ray contrast solution, 
Omnipaque®) on the blood flow velocity in rats with 
alloxan-induced diabetes was studied using the laser 
speckle contrast imaging. In contrast to the control 
group, in diabetic rats the increase of blood flow rate 
was fixed, which could indicate the increased 
endothelial permeability under the development of 
alloxan-induced diabetes [45]. Using ultrasound to 
measure the elastic modulus of arteries, the authors 
showed that under type II diabetes mellitus the elasticity 
of arterial walls decreases [63, 154]. By means of laser 
Doppler flowmetry, the reduced blood flow rate was 
observed in the case of diabetes mellitus [38, 133]. 
Anomalous thickening of vascular walls in skin was 
also found [38]. 

The studies aimed at assessing the noradrenalin 
effect on the blood flow in mice with alloxan-induced 
diabetes were carried out [45]. Using the laser speckle 
contrast imaging, the reduction of venous and arterial 
blood flow caused by the noradrenalin injection was 
observed in mice with two- and four-week alloxan-
induced diabetes without subsequent restoration of 
blood flow after the noradrenalin injection (Fig. 3).  

Since heart is the main organ of the cardiovascular 
system, through which the process of blood circulation 
is implemented in the entire organism, it directly 
experiences the negative effect of the disease with 

numerous complications [12, 13, 63, 64]. In Ref. [12], 
the change of adipocytes and the excess accumulation of 
lipids on the heart epicardium in patients with diabetes 
mellitus was reported. Such changes enhance the 
development of heart diseases. In optical measurements 
[40], the reduction of the glycerol diffusion rate in ex 
vivo myocardium of rats with alloxan-induced diabetes 
mellitus was observed, which indicates the change of 
cardiac muscle tissue in the very first weeks of the 
development of alloxan-induced diabetes in rats. 

 

	
Fig. 3 Typical images of vascular blood flow after the 
noradrenalin injection to the control group of mice 
“non-T1D” (a), the mice with one-week “T1D-1w” (b), 
two-week “T1D-2w” (c), and three-week “T1D-4w” (d) 
diabetes [45]. 

The possibility of assessing the functional condition 
of the microcirculatory system in patients with diabetes 
mellitus using such optical noninvasive methods as the 
laser Doppler flowmetry, the diffuse reflection 
spectroscopy, and the fluorescence spectroscopy was 
demonstrated in Refs. [84, 86]. The obtained data have 
shown that the combined application of these three 
diagnostic technologies allows for revealing and 
prognosis the development of trophic disorders and the 
diabetic foot syndrome at earlier stages. The use of 
wavelet analysis for evaluating the regulatory 
mechanisms of peripheral blood flow during the heat 
tests makes it possible to study the changes in the 
vascular tonus autoregulation and the regulation of 
bypass blood flow by the sympathic fibers. This allows 
for indirect consideration of the blood flow innervation 
and can indicate the presence of neuropathies [84]. The 
authors of Ref. [86] stated that the hemoglobin 
introduces a considerable contribution to the spectra of 
diffuse reflection of human skin in the visible and near-
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Fig. 4 Images of glycated and control samples of bovine cornea, skin, and outer surface of aorta, obtained by means 
of multiphoton autofluorescence (green) and the second harmonic generation (red); “Сompositе” means two 
superimposed images: the autofluorescence one (green) and the second harmonic generation one (red). The laser 
wavelength is 700 nm and the power is 180 mW, the image size is 620 × 620 µm2 [34].  

 
infrared range. The variation of its content under the 
impairments in the microcirculatory layer of the foot 
skin due to the diabetic microangiopathy can be seen in 
the reflection spectra as the change of absorption and 
scattering properties of skin. 

5.2 Different tissues 
Type I diabetes mellitus develops due to the pancreas 
malfunction that leads to the chronical hyperglycemia 
and then to the excess glucose in the interstitial fluid 
disturbing the metabolism and the functioning of many 
organs [2, 5-11, 17, 57, 65-67, 89, 92]. Since all vital 
organs, such as myocardium, eye retina, and cerebral 
tissues are abundantly supplied with blood and, 
therefore, glucose, in the patients with diabetes mellitus 
they are glycated first. 

To find new efficient methods of the diabetes 
mellitus diagnostics and treatment, to prevent serious 
complications of this disease, multiple studies of the 
effect of diabetes mellitus on different properties and 
functioning of biological tissues and organs have been 
carried out. 

For example, in 12 days after the intra-abdominal 
injection of streptozotocin to rats [76] the swelling of 
liver and pancreas mitochondria was fixed that led to 
the damage of mitochondria and ATP deficiency. In 
Ref. [17], the effect of diabetes mellitus on the rat 
internals was studied. After the intra-abdominal 
injection of alloxan to the rats, the hyperglycemia, 
polydipsia, and polyuria were fixed in the animals. On 
the 15-th day after the alloxan injection, the histological 
sections of liver, kidney, spleen, and pancreas tissues 
were taken. After the analysis of the histological 
sections of the tissues, the morphological changes of 

different degree of severity in comparison with the 
control group of animals were revealed in the tissues. In 
the liver, the authors found significant decrease in the 
glycogen accumulation, in the pancreas the perivascular 
fibrous indurations were noted, the size and the number 
of pancreatic islands was decreased [17]. These results 
confirm the fact that within the frameworks of the 
alloxan-induced diabetes model in rats already in two 
weeks after the intra-abdominal injection of alloxan one 
can detect structural changes of tissues and organs 
caused by the accumulation of glycogen. In kidneys, the 
necrosis of individual cells with the development of 
diabetes was revealed. 

Since the high level of blood glucose leads to the 
growth of its content in the interstitial fluid, the 
glycation affects not only the blood proteins, such as 
albumin and hemoglobin [70, 129, 135, 138, 155], but 
also other proteins of the organism tissues. For example, 
in Refs. [58, 156] it was concluded that the glycation of 
collagen under diabetes mellitus facilitates the 
development of fibrosis. In turn, the structural changes 
of tissue proteins lead to the change of their optical 
properties. 

Based on the studies of the fluorescence properties 
of the advanced glycation end products of hemoglobin, 
skin, cornea, aorta, articular tendon [34, 36, 116, 118, 
119, 124, 157], and the corresponding changes in the 
nonlinear susceptibility of the tissue structures [34, 123, 
158], it was found that the glycation facilitates the 
increase of the tissue fluorescence intensity [34, 116, 
118, 119, 124, 125, 157] and the decrease of the second 
harmonic generation intensity [34, 123, 158] (Fig. 4). 

The authors of Ref. [79] studied the 
autofluorescence of skin and the condition of brain in 
vivo in patients with type II diabetes mellitus. The 



D.K.	Tuchina,	V.V.	Tuchin:	Optical	and	structural	properties	of	biological	tissues…		 doi:	10.18287/JBPE18.04.020201	

J	of	Biomedical	Photonics	&	Eng	4(2)	 	 29	Jun	2018	©	J-BPE	020201-17	

 
Fig. 5 Histogram, microscopic images, and plots describing the increased size of adipocytes of the visceral (VAT) and 
subcutaneous (SAT) adipose tissue of the patients suffering from diabetes mellitus [87]. 

autofluorescence was found to grow both with age and 
with the development of diabetes mellitus. Using the 
magnetic resonance tomography (MRT) in patients with 
diabetes mellitus the reduction of the grey matter in the 
brain was observed, which, in turn, causes cognitive 
defects of different degree. 

In Ref. [80], it was found that in the group of 
patients with recently diagnosed type II diabetes 
mellitus the length and density of nerve fibers is 
significantly smaller than in the control group. Such 
studies have been performed by means of the skin 
biopsy and confocal microscopy of the eye cornea, for 
which the loss of nerve fibers and the accompanying 
injure of nerve conductivity were observed, indicating 
the early parallel involvement of both small and large 
nerve fibers into the pathological changes.  

In turn, the damage of nerve fibers (neuropathy) can 
lead to a neuropathic foot ulcer, the most severe skin 
injure arising when the reduced recovery capability of 
diabetic skin gives rise to infection, formation of 
gangrene, and, finally, leads to the amputation of lower 
extremities [58, 59]. The authors of Ref. [79] proposed a 
hypothesis that the autofluorescence of skin can reflect 
the formation of advanced glycation end products of 
other cell proteins, e.g., in neurons. 

Since proteins are the main components of many 
tissues, the glycation of proteins leads to significant 
change of the tissues structure [34, 37]. The 
permeability of a tissue for chemical agents is largely 
determined by the tissue structure and its changes 
caused by pathological processes, such as glycation. 
Therefore, the change of the agent diffusion rate in a 
tissue during a certain time interval can reflect the 
change of the tissue structure and, thus, can be used as a 
biomarker of the glycation degree [40, 95, 159]. The 
study of permeability of biological tissues for different 
agents is aimed at extracting information on the 
mechanisms of interaction of tissues with different 
chemicals, on the transport of drugs in tissues, on the 

effect of the agents on the optical, diffusion, 
morphological, and functional properties of biological 
tissues [48, 49, 52, 146, 147, 160-162]. These data are 
necessary for efficient application of different 
pharmacological preparations to treat diabetes mellitus 
and for developing noninvasive optical methods of 
disease diagnostics and monitoring [48, 163], since 
efficiency of treatment (diagnostics) is determined by 
drug (agent) diffusion rate, i.e., the time during which 
the drug (agent) molecules reach the target part of the 
organism.  

The slower diffusion of glucose in the kidney 
sample of diabetic mouse as compared to non-diabetic 
one was obtained in Ref. [47]. It was assumed that the 
diabetic kidney has a denser structure at the expense of 
the tissue glycation. The efficiency of the optical 
clearing of skin, kidney, and cornea samples in the 
terahertz wavelength range was higher for non-diabetic 
samples than for the diabetic ones at application of 
glycerol solution of different concentration [47]. 

About 80% glucose in the organism is transported to 
muscles [19]. The reduction of insulin production under 
the diabetes mellitus affects the absorption of glucose 
by muscle cells, which leads to muscle dystrophy and 
muscle mass reduction [164]. Using electron 
microscopy, the authors of Ref. [78] observed the 35% 
reduction of mitochondria size in patients with obesity 
and type II diabetes. The enlargement of vacuoles in 
muscle fibres, the lowering of NADH:O2-
oxydoreductase in patients with type II diabetes was 
also found. The authors concluded that at type II 
diabetes mellitus a failure of the bioenergetics capability 
of the mitochondria of skeletal muscles takes place. 

Larger fat cells were observed in patients with 
diabetes mellitus as compared to the healthy volunteers 
[83]. It was shown that the main phenotype of white fat 
tissue in humans without obesity and with type II 
diabetes mellitus is the hypertrophy of adipocytes, 
which can affect the inflammation of fat tissue, the 
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release of free fatty acids, the deposition of ectopic fat, 
and the sensitivity to insulin.  

In Ref. [87], using a fluorescence microscope it was 
found that the mean cross section of the fat tissue 
adipocytes extracted from the patients during surgical 
operation is higher in patients with diabetes mellitus 
than in those of the control group (Fig. 5). The reduction 
of fibrous tissue formation and the increase of adipocyte 
hypertrophy was also revealed in patients with diabetes 
mellitus suffering from obesity. The hypertrophy is a 
cause of the fat tissue malfunction [87]. 

The revealed changes of the ocular tissues 
autofluorescence in the patients with type II diabetes 
mellitus having no signs of diabetic retinopathy 
evidence in favour of the accumulation of advanced 
glycation end products in the eye tissues [165]. 

The studies of air expired by the patients with type II 
diabetes mellitus, prediabetic patients, and the control 
group patients revealed a correlation between the insulin 
sensitivity index (1/ISI0,120) and the content of the 
isotope 13C (δDOB

13C(‰)) in the expired air (Fig. 6). 
This correlation potentially can serve as a marker for 
noninvasive assessment of both prediabetic condition 
and the development of type II diabetes mellitus in 
humans [166]. This marker was implemented by oral 
intake of 13C-labelled D-glucose that is metabolised and 
produces 13C-labelled carbon dioxide (13CO2), which 
arrives at the lungs via the blood flow and then is 
expired [166]. 

 

	
Fig. 6 Distribution of 13C isotope content in the expired 
air (δDOB

13C(‰)) and the insulin sensitivity index 
(1/ISI0,120) depending on the level of glycated 
hemoglobin HbA1c (%) in the blood of the control 
group (Normal), prediabetic patients (Pre-diabetes), and 
of the patients with type II diabetes mellitus (Type 2 
diabetes) [166]. 

5.3 Skin 
With the development of diabetes mellitus, the skin 
becomes susceptible to various infections, the skin 
fibrosis is observed, the skin becomes more dry and 
vulnerable (because of the malfunction of leucocytes), 
and the patient suffers from skin itch. These symptoms 
are manifestations of diabetes mellitus complications 
related to the hyperglycemia and glycation of proteins. 
There are many skin diseases facilitated by diabetes 
mellitus [19, 58, 59]. With age, structural changes occur 
in the skin, such as enlargement of pores, thinning of 

dermis, loss of bulk collagen, atrophy of blood vessels 
and flattening of dermis-epidermis junction [167]. 
These age-related changes are enhanced by the 
development of diabetes mellitus [63]. The skin 
fluorescence can reflect the age-related changes, the 
kidney diseases, as well as the changes induced by 
smoking [126]. The skin autofluorescence enhancement 
was observed in diabetic patients with retinopathy and 
nephropathy [127]. The excitation light wavelength 
varied from 300 to 420 nm with the peak excitation at 
370 nm. The normalized autofluorescence signal was 
calculated by division of the mean radiated light 
intensity in the range 420–600 nm by the mean intensity 
of the excitation in the range 300–420 nm [127].  

As can be seen from the works [79, 126], the 
increase in the fluorescence intensity associated with the 
development of diabetes, and with the aging, so it is 
important to distinguish the contribution of age and 
disease in the results of the study. It was shown in [168] 
that the number of glycated collagen increased only by 
33% in patients not suffering from diabetes mellitus at 
the age of 20 to 85 years. While the fluorescence of the 
final glycation products in diabetics increased five-fold, 
strongly correlating with age. In patients with diabetes, 
glycation of collagen increased three-fold compared to 
non-diabetic subjects, strongly correlating with the 
content of glycated hemoglobin in the blood, but not 
with age. Thus, for a certain age, appropriate glycation 
levels in tissues can be identified. With diabetes, these 
indicators are significantly increased. 

 Many papers are devoted to the study of optical and 
structural parameters of skin in the process of diabetes 
mellitus development and its modelling. Unfortunately, 
the conclusions based on different studies are often 
contradictory [57]. Thus, in Refs. [169, 170] the 
hydration of stratum corneum was shown to reduce in 
humans and mice in vivo in the process of diabetes 
mellitus development, the reduction of water content 
being not related to the barrier malfunction of 
epidermis. However, in Refs. [169, 171] it was stated 
that in the case of diabetes mellitus the transepidermal 
loss of water does not increase. The authors of 
Ref. [170] state that long-term hyperglycemia disturbs 
the barrier function of the skin and its permeability. 

In mice with model diabetes mellitus, the reduction 
of keratinocyte proliferation in epidermis was observed 
[57, 171, 172], while in Refs. [170, 172] no such 
changes were observed in the experiments with rats and 
mice of other age. Contradicting results were also 
obtained in the studies of epidermis thickness in the 
case of diabetes [57]. In some papers the authors 
conclude that the epidermis thickness does not change 
[170, 172, 173] under the conditions of long-term 
hyperglycemia in rats and the diabetes mellitus in 
humans and mice, however, other authors using other 
model of diabetes mellitus or animals of other age state 
that the thickness either decreases [171, 172, 174], or 
increases [175]. The ultrasonic measurement of skin 
thickness in patients with diabetes mellitus revealed the 
skin thickness increase [176]. In Ref. [172], the 
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Fig. 7 (A) Image of collagen fibrils obtained using atomic force microscopy (AFM). White and red arrows point at the 
intact and fragmented/disordered fibrils, respectively. (B) 3D images of collagen fibrils, obtained using the AFM. (C) 
Roughness of collagen fibrils estimated using the Nanoscope Analysis software (Nanoscope_Analysis_v120R1sr3, 
Bruker-AXS, Santa Barbara, CA). (D) The tensile strength. (E) The traction force. (F) The deformation of collagen 
fibrils determined using the AFM PeakForceTM Quantitative NanoMechanics mode and Nanoscope Analysis software 
[179]. 

conclusions could be different due to different age of 
mice under study. The contradiction of results could be 
also due to the use of different models of diabetes 
mellitus. The change of collagen distribution in dermis 
was observed by means of histology and microscopy in 
diabetic patients with complications, in contrast to those 
having no complications [177]. The inconsistent results 
require checking or specifying the features of the 
experiment that could cause the contradictions. 

The formation of advanced glycation end products 
reduces the elasticity and solubility of collagen, 
enhances its stiffness [58, 178]. The results presented in 

Ref. [179] confirm that the accumulation of fragmented 
skin collagen and the presence of molecular crosslinks 
in the case of diabetes mellitus impairs the structural 
integrity of skin collagen and its mechanical properties. 
In the studies of aging diabetic skin, the expressed 
crosslinks of collagen fibres were demonstrated. The 
atomic force microscopy (AFM) has shown that in the 
case of diabetes the collagen fibrils of skin are 
fragmented and disordered (Fig. 7(A, B)), and the key 
mechanical properties are essentially changed [179]. 
The quantitative analysis of AFM data has shown that 
the mean roughness of collagen fibrils as a measure of 
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Fig. 8 Kinetic curves of optical clearing (a-f) and diffusion coefficients of glucose (g) in the skin of mice of the 
control group (a, c, e) and diabetic group (b, d, f) obtained with the 30%- (a, b), 43%- (c, d), and 56%- (e, f) 
solutions of glucose [39]. 

their arrangement increases in diabetic dermis by 176% 
(Fig. 7(C)), from 16 nm to 29 nm, which can be related 
to the increased content of matrix metalloproteinases 
(MMPs) that lead to fragmentation of collagen fibrils. 
The fragmentation of fibrils impairs the structural 
integrity of collagen and, thus, changes the mechanical 

properties of the dermis. The basic mechanical 
properties, such as the tensile strength (Fig. 7(D)) and 
traction force (Fig. 7(Е)), were found to increase by 
197% and 182%, respectively, while the deformation of 
collagen fibrils was reduced by 58% (Fig. 7(F)) in 
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diabetic dermis in comparison with the non-diabetic 
one. 

The mechanical properties of the collagen hydrogel 
after incubation in solutions of ribose and 
glutaraldehyde (GTA), which promote the formation of 
collagen cross-links, were studied in paper [140] using 
multispectral fluorescence lifetime imaging (FLIM). In 
the case of collagen incubation in GTA, in contrast to 
ribose, correlations were observed between the 
fluorescence lifetime and the mechanical properties of 
collagen. It has been shown that the nature and degree 
of collagen cross-links have a significant effect on the 
elasticity of the tissue also under the action of ribose. 

Under the in vitro glycation of murine skin in the 
glyoxal solution [118] the transepidermal loss of water 
was increased, the content of saturated fatty acids in the 
peidermis significantly increased. Moreover, the barrier 
function of the epidermis was impaired. The skin 
immersed in the solution of glyoxal acquired a yellow 
hue. The presence of advanced glycation end products 
in the skin was detected using autofluorescence, the 
intensity of which was increased. 

Ref. [39] presents the result of studies of glucose 
diffusion in ex vivo skin of mice with alloxan-induced 
diabetes mellitus by measuring the collimated 
transmission of visible light through the skin samples. 
The glucose diffusion in the skin of mice with alloxan-
induced diabetes was found to occur by up to 2.5 times 
slower in comparison with the control group (Fig. 8). 
Close results were obtained for the glucose solutions of 
three different concentrations: 30%, 43% and 56%. 
Analogous reduction of glycerol diffusion rate was 
observed in the ex vivo skin samples from rats with 
alloxan-induced diabetes mellitus [40].  

The optoacoustic spectroscopy was used for the 
study of advanced glycation end products in skin in the 
case of in vitro glycation [157]. The principle of 
optoacoustic spectroscopy is based on the 
transformation of the energy of pulsed or time-
modulated optical radiation into thermal and further 
acoustic waves when interacting with an object, while 
as a spectrally non-selective detector of absorbed energy 
at different wavelengths a microphone or an ultrasonic 
transducer is served [180]. The conditions of 
physiological hyperglycemia were provided by 
immersion of porcine skin samples in the ribose solution 
during 17 days. As a result, the increase of the 
optoacoustic signal with the incubation time and the 
maximal absorption of light by the glycated skin in the 
wavelength range 540–620 nm was observed [157]. 
Possibly, the increased intensity of the optoacoustic 
signal with the growth of skin glycation degree is 
related not only to the high light absorption by glycated 
skin (in the wavelength range 540–620 nm), but also to 
the increased efficiency of light-to-sound conversion 
due to greater tissue elasticity because of the crosslinks 
between the fibres. In this paper, the increase of 
fluorescence intensity and the decrease of the second 
harmonic generation intensity are also demonstrated for 
the glycated skin (Fig. 9). 

	
Fig. 9 Microscopic images of porcine skin incubated 
during 17 days in a) phosphate buffer solution, and b) 
ribose solution. Superimposed images of 
autofluorescence (green) and second harmonic (red) 
intensity are shown. The images were obtained at the 
depth 35 µm, the scale bars correspond to 50 µm [157]. 

The patent [128] proposes a device whose operation 
principle is based on fluorescence, by which it is 
possible to determine the final products of glycation of 
collagen, to measure their concentration in skin, the oral 
mucosa or sclera tissues in order to diagnose diabetes 
mellitus or pre-diabetic condition. The area of the tissue 
contactly or contactlessly illuminated by light of 
wavelengths selected from a wide range, fluorescence of 
the tissue caused by the exciting radiation is recorded, 
after that the analyzing system of the device determines 
the degree of glycation of the tissue from the measured 
spectral properties. 

In Ref. [85], authors evaluated the possibility of 
combined measurements of skin fluorescence and blood 
perfusion using the laser Doppler flowmetry for the 
diagnostics of type II diabetes complications in the 
lower extremities of the patients. The blood 
microcirculation was topically stimulated by heating. 
The experimental studies have shown that the patients 
with diabetes mellitus demonstrate enhanced 
fluorescence and lower perfusion response to the local 
heating, which can play the role of markers for different 
degrees of diabetic complications.  

Ref. [88] describes a method of noninvasive in vivo 
monitoring of hyperglycemic state in mice with 
streptozotocin diabetes, based on mm-wave 
spectroscopy, which has been experimentally confirmed 
using live animal models as objects. The transmission 
coefficient of the skin fold at the nape of mice of 
various lines was measured at 25 uniformly located 
frequencies in the range 0.075–0.110 THz. Skin 
transmission was several times higher for animals in the 
hyperglycemic state and depended little on the presence 
of white or black hair, or its absence in mice. 

6 Conclusion 
The effect of diabetes mellitus development on the 
biological fluids and tissues is widely studied, and the 
development of different research techniques 
additionally stimulates the growing interest to this 
disease. In view of diagnostics, it is of primary value to 
detect the earliest changes in the tissues, related to the 
progress of diabetes mellitus at its initial stage. As can 
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be seen from the review, many optical methods are 
applicable to the diagnostic study and monitoring of the 
degree of glycation of biological tissues and fluids in 
the development of diabetes. These include 
refractometry, Raman spectroscopy, fluorescent 
spectroscopy, spectrophotometry over a wide range of 
wavelengths, laser speckle-contrast imaging, laser 
Doppler flowmetry, optical coherence tomography, 
confocal microscopy and optoacoustic spectroscopy, 
multiphoton fluorescence microscopy and harmonic 
generation. Among a variety of optical methods, one of 
the promising, because of the simplicity of 
implementation and the possibility of non-invasive 
diagnostics, is the fluorescence spectroscopy method, 
which allows for recording the presence of final 
glycation products in tissues. Also promising are 
refractometric and phase methods, including using 
optical coherence tomography and three-dimensional 
diffraction tomography. The methods of terahertz 

spectroscopy and imaging can also be referred to 
promising methods for studying glycated biological 
tissues and fluids. The problem of non-invasive 
monitoring of early structural changes in biological 
tissues associated with diabetes gradually loses its status 
as "unresolved". 
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