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Розглянута концепція взаємо-
дії холестеричних рідких криста-
лів із вуглеводами з метою створен-
ня матеріалу активного середовища 
первинного перетворювача сенсора 
вуглеводів. Показано, що існує загаль-
на тенденція зменшення кроку над-
молекулярної спіральної структури 
з ростом концентрації водних розчи-
нів для всіх досліджених вуглеводів. 
Досліджені їхні спектральні харак-
теристики для різних концентрацій 
водних розчинів вуглеводів
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Рассмотрена концепция взаимо-
действия холестерических жидких 
кристаллов с углеводами с целью 
создания активной среды первичного 
преобразователя для датчика угле-
водов. Исследованы их спектральные 
характеристики для различных кон-
центраций водных растворов углево-
дов. Показано существование общей 
тенденции уменьшения шага надмо-
лекулярной спиральной структуры 
с ростом концентрации водных рас-
творов для всех исследованных угле-
водов
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1. Introduction

Determination of the concentration of the most common 
carbohydrates in the human body, food, pharmaceutical 
forms is a topical issue in medicine for diagnosing pathol-
ogies, and in the diet therapy for determining the carbo-
hydrate concentration in food. Optical sensor systems in 
which detection of carbohydrates is based on the change in 
the spectral characteristics of the sensitive medium are the 

most promising. However, the vast majority of such optical 
systems have a number of unresolved problems caused by 
a difficulty of registration of the selected optical effect, or 
a complex multi-layered structure of the sensing element. 
This complicates their application mainly because of the 
high cost.

We suggest using a cholesteric liquid crystal with the 
reflection band, which lies in the visible spectrum as the 
sensing element of optical carbohydrate sensors.
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– to carry out the analysis of the results;
– to draw conclusions based on the analysis of experi-

mental results for the feasibility of using cholesteric liquid 
crystals as an active medium of primary converters of car-
bohydrate sensors.

4. Experimental study of spectral characteristics of 
carbohydrates

The most common carbohydrates are glucose, fructose 
and lactose. Glucose is a colorless crystalline substance, 
readily soluble in water. The chemical formula and the 
spatial structure of glucose are shown in Fig. 1. Like other 
monosaccharides, glucose exists in several forms. The crys-
talline glucose (a-form), when dissolved in water, first takes 
the chain, and then – b-form. The chain form exists only in 
solutions, moreover, in small quantities. Such forms of organ-
ic compounds, able to pass into another, are called isomeric.

Fig. 1. The spatial structure and the chemical formula of the 
glucose molecule [14]

The chemical properties of glucose are similar to those 
of polyols. Glucose is widely used in medicine as a universal 
toxicide. Blood glucose determination is necessary to iden-
tify the presence and type of diabetes in humans. During 
diabetes treatment, diet is important, which lies in sharply 
limited intake of carbohydrates, especially glucose. There-
fore, control of it in food is a topical issue.

Fructose is a carbohydrate from the monosaccharide 
group, colorless crystalline substance, readily soluble in 
water. The chemical formula and the spatial structure of 
fructose are shown in Fig. 2. The blood and urine fructose 
control is conducted to determine the nature of pathological 
changes in the human body. The fructose control in foods is 
also important since high fructose leads to the development 
of heart diseases and diabetes.

Fig. 2. The spatial structure and the chemical formula of the 
fructose molecule [14]

Lactose is a milk sugar. The chemical formula and the 
spatial structure are shown in Fig. 3. The lactose control 
in food is important, since 10–20 % of the population in 
Western Europe and up to 90 % in Asian countries cannot 
digest lactose. Such people can only eat specially manufac-
tured dairy products, which contain a very small amount of 
lactose. In the dairy industry, the lactose control in milk is 
important for the fermentation process in the manufacture 
of dairy products.

2. Literature review and problem statement

Biosensors for determining the carbohydrate level are 
widely developed, most of which are electrochemical, namely 
amperometric. The operation of such biosensors is governed 
by enzymatic reactions. In [2–6], single-layer and multi-lay-
er carbon nanotubes are used to increase the sensitivity of 
biosensors. Such glucose biosensors are highly selective and 
have a glucose determination range of 4–24 mM. Ampero-
metric biosensors for lactose determination are in the range 
of 0.3–0.6 mM, and biosensors for fructose determination – 
in the range of 1–100 mM [7].

In addition to the electrochemical principle, research is 
carried out in the area of the development of optical systems, 
in which the detection of carbohydrates is based on the 
change in the spectral characteristics of the sensitive medi-
um. In [8], films based on polystyrene-b-poly (2-vinylpyri-
dine) (PS-b-P2VP), functionalized with 2-(bromomethyl) 
phenylboronic acid are used as a sensing material of the op-
tical fructose sensor. A fragment of boric acid, introduced in 
the layered matrix can reversibly bind to fructose, providing 
photonic properties to the PS-b-P2VP film. The films have 
a fructose detection limit of up to 500 mM in water, causing 
a significant color change from blue to orange.

In [9], the development of optical carbohydrate sensors 
based on phenylboronic acid (PBA) and its derivatives as 
sensing materials is considered. Different chromophores and 
fluorophores in combination with the PBA film are used for 
developing sensing elements of PBA-based optical sensors.

In [10], the possibility of using surface plasmon reso-
nance for developing the fructose sensor is shown. The film of 
3-aminophenyl boric acid and L-glutamic acid (2,2,-2)-try-
hloretyl ether is used as the sensing element. The interaction 
with fructose causes a shift to the red region of maximum 
absorption of surface plasmon resonance. A good correlation 
between the wavelength shift and fructose concentration 
is obtained, which indicates the possibility of developing a 
sensor for quantitative measurement of fructose.

In [11], the scheme of the glucose biosensor based on 
enzyme-modified inorganic/organic transparent films Prus-
sian Blue is considered. The films change color under the 
influence of glucose, which can form the basis of developing 
optical sensors.

To resolve the problems caused by the difficulty of reg-
istration of the selected optical effect, a complex multi-lay-
ered structure of the sensing element, and the high cost of 
the active medium material, we propose to use a cholesteric 
liquid crystal as a material for the sensing element of opti-
cal carbohydrate sensors. The information signal in such 
sensors is formed by selective reflection (transmission) of 
light in the sensitive medium of primary converters of op-
tical sensors [12, 13].

3. Research goal and objectives 

The goal of the paper was to investigate the spectral 
characteristics of the cholesteric liquid crystal as an active 
medium of the primary converter of carbohydrate sensors.

To achieve this goal, the following objectives were for-
mulated:

– to perform spectral studies of samples based on cho-
lesteric liquid crystals doped with aqueous carbohydrate 
solutions;
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Fig. 3. The spatial structure and the chemical formula of the 
lactose molecule [14]

Based on the above, we can conclude that the carbohy-
drate control is extremely important in medical diagnostics, 
food, biotechnology and pharmaceutical industries [1].

The problem of detection of simple carbohydrates is 
not fully resolved, so intensive research is carried out in 
this area. Modern methods for carbohydrate determination 
require sophisticated equipment and, therefore, qualified 
personnel [1]. Therefore, the development of sensors for rapid 
analysis of carbohydrates is the urgent problem.

To obtain experimental samples, aqueous solutions of 
carbohydrates, namely, glucose, lactose and fructose in cer-
tain concentrations were added to the cholesteric mixture. 
The resulting mixtures were stirred for 5 minutes.

To measure the spectral characteristics and their chang-
es under the influence of carbohydrates, the spectrophotom-
eter USB-2000 in the range of 200–1100 nm was used.

Processing of experimental results was carried out using 
the OriginPro 8 software. The resulting spectral dependenc-
es were approximated by the Gaussian functions, making it 
possible to determine the wavelength of the position of the 
minimum light transmission of the samples.

The results of the studies of liquid crystal materials 
with the supramolecular helical structure and aqueous 
solutions of various concentrations of carbohydrates, which 
can be the basis for low-cost optical registration sys- 
tems of simple carbohydrates are given below. The object 
of the study was the multicomponent cholesteric mix-
ture BLO-61, EM Industries production, based on 5CB  
(4-cyano-4’-pentylbiphenyl). Its feature is the high tem-
perature stability of optical properties. The concentration 
of simple carbohydrates in the aqueous solution ranged 
from 5 % to 40 %. The total content of the carbohydrate 
solution in the liquid crystal was 0–80 %.

Fig. 4 shows the dependence of the change of the mini-
mum light transmission wavelength on the concentration of 
the 10 % aqueous solution of glucose, fructose and lactose in 
the liquid crystal material.

Two distinctive areas can be identified in all three 
curves, namely, the area of low concentration of the 
aqueous carbohydrate solution (25–45 %) and the area of 
high concentration (over 45 %). The area of low-concen-
tration aqueous carbohydrate solutions is characterized 
by a monotonic decrease in the minimum transmission 
wavelength, and thus the helix pitch with increasing 
concentration of the aqueous solution. The spectral sensi-
tivity coefficient of the cholesteric matrix is different for 
aqueous solutions of different carbohydrates. Fig. 5 shows 
the dependence of the spectral sensitivity coefficient on 
the aqueous carbohydrate solution concentration. The 
maximum spectral sensitivity coefficient is observed in 
aqueous glucose solutions.

Fig. 6–8 show the dependences of the minimum trans-
mission wavelength of the LC-carbohydrate system in all 
investigated carbohydrate concentrations

Fig. 4. The dependence of the change of the minimum light 
transmission wavelength on the 10 % aqueous carbohydrate 

solution concentration in LC: 1 – glucose; 2 – fructose;  
3 – lactose

Fig. 5. The dependence of the spectral sensitivity coefficient 
on the aqueous carbohydrate solution concentration:  

1 – fructose; 2 – lactose; 3 – glucose

Fig. 6. The dependence of the minimum transmission 
wavelength of the LC-glucose solution on the aqueous 

glucose solution concentration: 1 – 10 % glucose 
solution concentration in LC; 2 – 20 % glucose 
solution concentration in LC; 3 – 30 % glucose 

solution concentration in LC; 4 – 40 % glucose solution 
concentration in LC
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Fig. 7. The dependence of the minimum transmission 
wavelength of the LC-lactose solution on the aqueous 

lactose solution concentration: 1 – 10 % lactose solution 
concentration in LC; 2 – 20 % lactose solution concentration 

in LC; 3 – 30 % lactose solution concentration in LC;  
4 – 40 % lactose solution concentration in LC

Fig. 8. The dependence of the minimum transmission 
wavelength of the LC-fructose solution on the aqueous 

fructose solution concentration: 1 – 10 % fructose 
solution concentration in LC; 2 – 20 % fructose 
solution concentration in LC; 3 – 30 % fructose 

solution concentration in LC; 4 – 40 % fructose solution 
concentration in LC

Similar dependences are ob-
served in all investigated carbohy-
drates. The maximum shift towards 
an increase (glucose, fructose) and 
decrease (lactose) in the transmis-
sion wavelength is observed in all 
carbohydrates at a certain concen-
tration of aqueous solutions.

5. Analysis of the mechanisms of interaction of 
cholesteric liquid crystals with aqueous carbohydrate 

solutions 

Based on the analysis of the results, the mechanism of 
interaction of the aqueous solution of simple carbohydrates 

and multi-component liquid crystal chiral mixture is pro-
posed. First, let us consider the features of aqueous solutions 
of simple carbohydrates. The equilibrium mixture of cyclic 
and open forms is formed in aqueous glucose solutions since 
tautomerism occurs only in aqueous solutions, i. e. mono-
saccharides react both in the cyclic, and in the chain form. 
According to the Le Chatelier’s principle, once the chain 
form begins to react with some reagent, the tautomeric equi-
librium shifts towards the restoration of the concentration of 
the chain-form compounds.

Fructose is a monosaccharide, like glucose. It also exists 
in solution as an equilibrium mixture (70 % of fructopyra-
nose, about 22 % of fructofuranose and small amounts of 
three other forms).

Fig. 9. Isomeric forms of fructose in aqueous solution

Lactose is a disaccharide, that is composed of two 
monosaccharide residues, bound by glycosylic linkage, 
namely, β-D-galactopyranose and α-D-glucopyranose. 
Glycoside hydroxyl of one monosaccharide only is used 
for the occurrence of the oxygen linkage in the lactose 
molecule. Therefore, lactose is a reducing disaccharide, 
since there is a glycoside OH group of the second mono-
saccharide which is capable of ring-chain tautomerism to 
form the aldehyde group:

All carbohydrates contain the carbonyl group (=C=O). 
Due to the polarity of linkages of C=O, the carbon atom 
acquires an effective positive charge (electrophilic cen-
ter), and oxygen – negative charge (nucleophilic cen-
ter). Therefore, carbon can be attacked by nucleophiles  
(e. g., negative cyanide ions) or negative parts of another 
molecule.

Since the individual liquid crystal components contain 
the cyano group (nitrile group), the interaction between it 
and the oxo group of simple carbohydrates to form hydrogen 
cyanide is likely to occur.

Hydrogen cyanide is a weak nucleophile, and the reaction 
is extremely slow in the acidic medium. However, the above 
suggests that the formation of stable associates of simple 
carbohydrate molecules and strongly polar components of the 
liquid crystal mixture resulting from the interaction between 
the carbohydrate carbonyl groups and the cyano group in LC 
is possible in the systems of simple carbohydrate aqueous solu-

 

 

 

 

Fig. 10. Isomeric forms of lactose in aqueous solution
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tion – liquid crystal. The presence of a certain asymmetry of 
the associate formed (the presence of chiral center) can also be 
assumed. Therefore, an increase in the concentration of such 
associates leads to the reduction of the pitch of the supramo-
lecular helical structure of the system and, consequently, the 
minimum light transmission wavelength.

6. Conclusions

1. The possibility of using cholesteric liquid crystals of 
the supramolecular helical structure as a material sensitive 
to the presence of aqueous carbohydrate solutions due to 
changes in the minimum transmission on spectral character-
istics of cholesteric liquid crystals is shown.

2. Based on the study of the spectral characteristics, it can 
be argued that there is a general tendency to reduce the pitch 

of supramolecular helical structure with increasing concen-
tration of aqueous solutions in all investigated carbohydrates. 
Furthermore, the maximum sensitivity of the cholesteric 
matrix is observed at low solution concentrations, which can 
be used for their detection. The highest spectral sensitivity 
coefficient is observed in aqueous fructose solutions.

3. Analysis of the data shows that the reason for the areas 
of abnormal behavior of the pitch at high concentrations of 
the aqueous carbohydrate solution is the interface when the 
aqueous carbohydrate solution concentration in the liquid 
crystal matrix exceeds 80 %. In fact, separation of the liquid 
crystal into separate bridges located in the aqueous carbo-
hydrate solution is observed in this concentration range. 
Therefore, using the cholesteric liquid crystal as an active 
medium of the primary converter of carbohydrate sensors 
becomes impossible when the aqueous solution concentra-
tion exceeds 80 %.

References

1.	 Dudchenko, O. Ye. Biosensors for determination of the most common carbohydrates [Text] / O. Ye. Dudchenko, V. N. Pyeshkova, 

A. A. Soldatkin, S. V. Dzyadevych // Sensor Electronics and Мicrosystem Technologies. – 2014. – Vol. 11, Issue 4. – P. 81–96.

2.	 Dung, N. Q. An amperometric glucose biosensor based on a GOx-entrapped TiO2-SWCNT composite [Text] / N. Q. Dung,  

D. Patil, T. T. Duong, H. Jung, D.Kim, S.G. Yoon // Sensors and Actuators B: Chemical. – 2012. – Vol. 166-167. – P. 103–109.  

doi: 10.1016/j.snb.2012.01.008 

3.	 Li, F. Direct electrochemistry of glucose oxidase and biosensing for glucose based on carbon nanotubes–SnO2–Au composite 

[Text] / F. Li, J. Songa, F. Li, X. Wang, Q. Zhang, D. Han et. al. // Biosens. Bioelectronics. – 2009. – Vol. 25, Issue 4. – P. 883–888.  

doi: 10.1016/j.bios.2009.08.044 

4.	 Palanisamy, S. Amperometric glucose biosensor based on glucose oxidase dispersed in multiwalled carbon nanotubes/graphene oxide 

hybrid biocomposite [Text] / S. Palanisamy, S. Cheemalapati, S. M. Chen // Materials Science Engineering: C. – 2014. – Vol. 34. –  

P. 207–213. doi: 10.1016/j.msec.2013.09.011 

5.	 Jang, H. D. A glucose biosensor based on TiO2–graphene composite [Text] / H. D. Jang, S. K. Kim, H. Chang, K. M. Roh, J. W. Choi, 

J. Huang // Biosens. Bioelectronics. – 2012. – Vol. 38, Issue 1. – P. 184–188. doi: 10.1016/j.bios.2012.05.033 

6.	 Zafar, M. N. Characteristics of third generation glucose biosensors based on Corynascus thermophilus cellobiose dehydrogenase 

immobilized on commercially available screen–printed electrodes working under physiological conditions [Text] / M. N. Zafar, 

G. Safina, R. Ludwig, L. Gorton // Analytical Biochemistry. – 2012. – Vol. 425, Issue 1. – P. 36–42. doi: 10.1016/j.ab.2012.02.026 

7.	 Campuzano, S. An integrated bienzyme glucose oxidase–fructose dehydrogenase–tetrathiafulvalene–3–mercaptopropionic acid–

gold electrode for the simultaneous determination of glucose and fructose [Text] / S. Campuzano, O. Loaiza, M. Pedrero, F. Villena, 

J. Pingarron // Bioelectrochemistry. – 2004. – Vol. 63, Issue 1-2. – P. 199–206. doi: 10.1016/j.bioelechem.2003.10.019 

8.	 Ayyub, O. B. Self–assembled block copolymer photonic crystal for selective fructose detection [Text] / O. B. Ayyub, M. B. Ibrahim, 

R. M. Briber, P. Kofinas // Biosensors and Bioelectronics. – 2013. – Vol. 46. – P. 124–129. doi: 10.1016/j.bios.2013.02.025 

9.	 Egawa, Y. Electrochemical and optical sugar sensors based on phenylboronic acid and its derivatives [Text] / Y. Egawa,  

T. Seki, S. Takahashi, J. Anzai // Materials Science and Engineering: C. – 2011. – Vol. 31, Issue 7. – P.1257–1264. doi: 10.1016/ 

j.msec.2011.05.007 

10.	 Vidya, R. Naked eye detection of infertility using fructose blue–A novel gold nanoparticle based fructose sensor [Text] / R. Vidya, 

N. V. Anjaly, J. Kuruvilla // Biosensors and Bioelectronics. – 2014. – Vol. 54. – P. 171–174. doi: 10.1016/j.bios.2013.10.073 

11.	 Koncki, R. Optical biosensors based on Prussian Blue films [Text] / R. Koncki, T. Lenarczuk, A. Radomska, S. Glab // The Royal 

Society of Chemistry 2001 Analyst. – 2001. – Vol. 126, Issue 7. – P. 1080–1085. doi: 10.1039/b103044m 

12.	 Prystay, T. V. Nanocomposite based on a liquid crystal doped with aluminum nitride nanotubes for optical sensor of sulfur dioxide 

[Text] // T. V. Prystay, Z. M. Mykytyuk, O. Ye. Sushynskyi, A. V. Fechan, M. V. Vistak // Journal of the Society for Information 

Display. – 2015. – Vol. 23, Issue 9. – P. 438–442. doi: 10.1002/jsid.380 

13.	 Hotra, Z. Sensitive element of carbon monoxide sensor based on liquid crystals doped by nanosized Fe [Text] / Z. Hotra,  

Z. Mykytyuk, O. Sushynskyy, O. Shymchyshyn, V. Petryshak // Annual journal of electronics. – 2012. – Vol. 6. – P. 99–102.

14.	 Hubskyi, Yu. І. Biological chemistry [Text] / Yu. І. Hubskyi. – Kyiv-Ternopil: Ukrmedbook, 2000. – 508 p.


