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ABSTRACT 

Piezoquartz biosensors (PQB) which are analytical devices for recognition of biochemical 
interactions have recently attracted increasing interest from different researchers such as 
analysts, immune-chemists, medical doctors, environmentalists, etc. This is due to the advantages 
of PQB for having high detection sensitivity (at ng and mg level depending on the mass of sorbates 
or micro-organisms) and the ability to monitor biochemical reactions in turbid or highly coloured 
liquids (including in biological fluids) in real time. The use of additional markers and preliminary 
sample preparation are not required in this biorecognition process. This paper reports on the 
principle of the PQB and the design units to perform analysis in static and dynamic conditions 
using different types of biomolecules (immunoglobulins, DNA, lipopolysaccharides, glyco-
conjugates, hapten-protein conjugates and polysaccharides). Research results performed at the 
Department of Chemistry, Lipetsk State Technical University (Russia) and School of Physics, 
College of Natural Sciences, UDOM (Tanzania) are presented. The report aims to review various 
examples of use of carbohydrate molecules and glycoconjugates in the design of the PQB. These 
examples include the following: use of sulphated polysaccharides to increase the strength of the 
sensor’s bio-laye;, use of glycolipids such as O-antigens of bacteria (Yersinia enterocolitica) with 
different chemical structures in the development of immunosensors for the determination of 
specific immunoglobulins at 3-100 mg/ml levels in serum; and the use of polysaccharide hydrogels 
of the first chemical structure (hyaluronic acid, zosteran and neutral and acidic polysaccharide 
fractions isolated from water hyacinth Eichhornia crassipes) in studying their effectiveness in Pb2 

+ions sorption. 
 
Key Words: Quartz crystal microbalance, piezoquartz biosensors (PQB), bioreceptor molecules, 

polysaccharide hydro gel, liquid media, “dip and dry”, flow injection analysis (FIA), 
adsorption, heavy metals. 

 
INTRODUCTION 
One of the actively developing directions of 
modern bioanalytical chemistry is in 
researches dealing with production of 
sensors of different nature including 
piezoquartz biosensors (O’Sullivan 1999, 
Berg 2003, Shen 2005, Ermolaeva 2008 & 
Hunter 2009). Biosensors provide analytical 
devices for rapid and sensitive analysis in 
gas and liquid environments. A distinctive 

feature of this type of analytical devices is 
the ability to determine the contents of target 
components in multiple matrices of the 
samples to be analyzed, with little or without 
preparation of probes for analysis. 
Biosensors contain two major functional 
blocks: a bio-selective receptor and a 
detector directly in contact with the receptor. 
Since biochemical interactions lead to a 
change in voltage, current, light properties 
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(such as refractive index), acoustics, etc., 
different physical converters (optical, 
electrochemical, acoustic and piezoquartz 
transducer) can be used for their registration. 
 
The high selectivity of analysis is due to 
using biomolecules such as different types 
of antibody (Ab) and antigens (Ag) (Cooper 
2007), lectins (Lebed 2007), nucleic acids 
(Minunni 2001), aptamers (Yao 2010) as 
well as synthetic polymers (Molecularly 
Imprinted Polymers, MIP) (Alexander C. 
2006) as receptors. 
 
The receptor interacts with a defined 
substance, the detector, which is a physical 

transducer, and transforms the generated 
signal of biochemical interactions into an 
analytical signal.  
 
The detector, a quartz crystal resonator 
which is known as micro- or nanobalance 
(Fig. 1) has a high detection sensitivity at a 
nano- or microgram level, is composed of a 
thin plate of quartz crystal of AT-cut which 
is characterized by thermostability in the 
range 10 – 50oC, and metallic electrodes 
(Au, Ag, Ni, Al, Cr or others) which are 
deposited by thermal spraying on both sides 
of the quartz disc. 

 

 
 

Figure 1: Quartz crystal resonator (1) metallic electrodes , (2) quartz disc. 
 
An analytical signal of these sensors is 
inversely proportional to the added mass of 
the electrode’s coating and can be calculated 
according to Sauerbrey equation (Sauerbrey 
1959):  

∆ƒ= - 2.3 • 106 •ƒ0
 2•∆m/A, 

 
where: ∆f is the change of frequency of 
oscillation of the crystal in Hz, fo is the 
frequency of oscillation of the crystal in 
MHz, ∆m is the change in mass of tin 
receptor film on the electrode surface in 
g,and А is the area of the surface of the  
sensor’s electrode in cm2. 
 
The advantages of Quartz Crystal Biosensor 
are not only their high sensitivity but also 
their ability to determine high and low 
molecular weight biologically active 

substances, their economy due to multiple 
use after regeneration of the bio-receptor 
layer, their simplicity of construction and 
possibility of registration of biochemical 
interactions without any labeling 
(enzymatic, radioactive, fluorescence, 
luminescent, etc.). It is not surprising 
therefore that the designing and use of 
piezoquartz biosensors has attracted active 
interest of various researchers in the world. 
 
Since 1998 there have been active 
researches in the application of piezoquartz 
biosensors, especially immunosensors, for 
the determination of biologically active 
substances and micro organisms in liquid 
media in the Department of Chemistry of 
Lipetsk State Technical University, Russia. 
Thus, techniques capable of analysis have 
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 been used in the determination of low 
molecular weight haptens such as 
sulphonamides (toxicl phenolic compounds) 
and cotinine (a nicotine metabolite). Direct 
quantification was used to determine the 
high molecular weight substances and micro 
organisms. In each case, it was necessary to 
use different types of receptor molecules. 
 
Sensitivity, reproducibility and duration of 
the exploitation of the sensor depend on the 
quality of the receptor layer. This quality 
requires the following: high activity of 
immobilized biomolecules; the firm 
attachment of electrodes on the surface of 
the crystal; physical and chemical stability 
of the receptor in contact with the sample to 
be analyzed and the regenerating solution; 
minimal mass of the receptor layer that 
allows the detection and registration of an 
analytical signal without overloading the 
sensor; long term of operation of biosensor.  
 
We have investigated the conditions needed 
for obtaining bioreceptor coatings based on 
DNA and Ab, hapten-protein conjugates on 
metal surface by covalent immobilization on 
the electrode's coating using various cross 
linkers such as glutaraldehyde (GA), 1-
ethyl-3-(3-dimethyaminopro-
pilcarbodiimide (EDAC), N,N'-
dicyclohexylcarbodiimide (DCC) (Liedberg 
1997, Su 2000, Kalmykova 2006, 2007a-c, 
Shashkanova OY. 2007). 
 
The nature of the metal should be taken into 
account when choosing a modifier of the 
resonator electrode. Compounds containing 
sulphur (Protein A, thioctic acid) are 
prefered for gold electrodes since sulphur 
atoms form coordination bonds with gold 
atoms. 
 
The recent emergence of "nanotechnology" 

contributed in intensifying research on the 
development of biosensors using 
carbohydrate and glycoconjugate molecules. 
The possibility of using a sulphated 
polysaccharide (S-PS) as an activator of 
gold electrode of quartz crystal resonator has 
been reported by us (Kalmykova 2009). This 
technique improves the resistance of the bio 
layer by 5-7 times compared with protein A 
substrate. This can be explained by the 
presence of more quantity of coordination 
bonds for a linear polysaccharide structure 
compared with protein molecules where 
sulphur atoms are localized inside globules. 
 
The use of lipopolysaccharides (LPS) as 
receptor molecules of piezoelectric crystal 
biosensor for the determination of peptides 
was previously reported by Chang (1997). 
We have proposed the method of 
immobilization of LPS with orientation 
assignment of ligands (Kalmykova 2007a, 
b). LPS are found on the outer membranes 
of cell walls of gram-negative bacteria. 
Structurally, LPS are biopolymers consisting 
of three structural units: a lipid which is 
responsible for the manifestation of toxicity, 
an oligosaccharide bark common for all the 
bacteria, and an O-specific polysaccharide 
(O-PS) that defines the diversity of serovars 
of bacteria (Westphal 1983). Use of diphylic 
LPS macromolecules allows excluding the 
application of cross-phase reagents. It was 
shown that the hydrophobic activator of the 
electrode orients immobilization of the 
carbohydrate part of LPS molecules in the 
direction of hydrophilic eluent. This allows 
the use of biosensor for the determination of 
concentrations of specific antibodies for 
diagnosis of yersiniosis, an infectious 
disease caused by a bacteria, Yersinia 
enterocolitica (Kalmykova 2007c) (Fig. 2 a) 
 

.  
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Figure 2: Assignment orientation of LPS molecules. 

(a) – hydrophobic activator; (b) – hydrophilic modificator of electrode of quartz crystal 
resonator 

 
The Hydrophilic surface causing the 
opposite orientation of LPS molecules 
becomest the bioreceptor layer of the sensor 
which can be used to evaluate anti-toxic 
medications (Fig. 2b). The sensor with 
immobilized LPS have also been proposed 
for quantification of bacteria Francisella 
tularensis by using succinimine (Pohonka 
2007). 
 
The analyses of liquids using PQB have both 
static (Thompson 1986, Bunde 1998) and 
flow-injection modes (Barnes1992, Saber 
2002). The use of the sensor as a detector in 
flowing injection analysis improves the 
speed of the analysis, as well as it provides 

the ability to monitor high-risk biochemical 
reactions in real time. 
 
When the sensor is used in “dip & dry" 
method (Shons 1972) the mass increment of 
the receptor layer is measured before and 
after the exposure of the sensor in the 
analyzed solution and then drying it in air to 
constant weight. An advantage of the 
method is not only having low detection 
limits of analytes, but also in its ability to be 
used in both laboratory and field conditions 
(Su 2002). 
 
Conditions of analysis. The sensitivity of 
detection using biosensor depends largely 
on the conditions of analysis of the fluids 
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 (pH, temperature and flow rate of the 
solution for flowing injection analysis). It 
has been found out that the pH of the buffer 
solution has an influence not only on the 
analytic signal but also on the linear range 

of analyte concentrations (Kalmykova 
2007c). For example, pH 7.2 posses a 
higher value of analytic signal and a wider 
linear range of defined concentrations (Fig. 
3).  

 

 
 

Figure 3: Influence of pH of buffer solution effectivity of binding immobilized LPS as receptor 
molecules with antibodies. 

 
For immobilized LPS most fully 
immunochemical reactions occur when the 
pH is 7.2 with a maximum value of an 
analytic signal. For neutral media the 
process of linking of LPS with antibodies is 
noted over a wide linear range of 
concentrations (5-100 µg/ml). Changes of 
pH to weak-acid region (pH 5.8) and 
particularly to alkaline region (pH 8) lead to 
the  reduction of effectiveness of linking 
immune-reaсtants and dissociation of the  
immune complex that is accompanied by a 

decrease of the analytical signal and 
reduction of the linear range of concetrations 
(10-25 µg/ml at pH 5.8). 
 
Ionic strength of the solution affects the 
stability of an immune complex. Changing it 
can result in the deletion of the sorption 
analyte and regeneration of the biolayer. 
Studies of various solutions (Figure 4) show 
distilled water as the most effective and soft 
acting recycling reagent. 
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Figure 4: Influence of ionic strength of buffer solution. Regenerating solution:  

1 – 0.03 mМ KCNS - low effectivity of regeneration, 
2 - 0.1 М НСООН, NaOH - aggressive action causing destruction of not only the 
immune complex, butalso the substrate of biolayer; 
3 - Н2О optimal action: effective dissociation of immune complex without 
destruction of substrate if bioreceptor layer (more then 20 measurement cycles). 

 
Since the limited stage for immunochemical 
reaction on the surface of the electrode 
sensor is phase diffusion, the influence of 
duration of the exposure of the sensor in the 

analyzed solution under static conditions and 
rate of solution for the analytical signal in 
flow-injection determination of biologically 
active compounds was investigated(Fig. 5.  

 

 
 
Figure 5: Influence of the flow rate of solution (r) for analytical signal of flow-injection 

quantifications. 
 
Reducing the solution flow (30 µl/min) 
contributes to the enhancement of the 
analytic signal but increases the duration of 

one cycle of measurement. The optimum 
rate established was 60-90 µl/min. 
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 The maximal reduction of signal (20-22 
Hz) is noted only after 10-15 min exposure 
of the sensor for “dip & dry” conditions. 
 
Change of temperature in the range 18-
26oC does not provide significant influence 
on the value of the signal, so it’s possible to 
carry out an analysis at room temperature 
without need of temperature stabilization. 
 
Establishment of selectivity of biosensor is 
particularly important for carrying out of 

clinical research. Selectivity was assessed as 
a coefficient of cross-interaction of haptens 
and their structural analogs with antibodies 
by the formula:  
 

CR,% = ∆f (B) 100 per cent/∆f (A), 
 

Where: ∆f (B) and (A) frequency ∆f 
improvements when binding antibodies with 
a structural analogue of haptens and 
immunogens, respectively, Table 1.  
 

 
Table 1: Cross-reactivity (CR, %) of LPS with Ab to bacteria Y. enterocolitica, determined 

by Precipitation Reaction (+ or -) and Piezoquartz Biosensors 
 

LPS 
(serovar) 

СR, % 

Ab 
О:3 

Ab 
О:5 

Аb 
O:6,30 

Аb 
О:7,8 

Аb 
O:8 

Аb 
O:19,8 

О:3 98-100 4-6 6-8 - - - 

О:5 3-6 96-99 4-9 - - - 

O:6,30 4 7-9 96-98 - - - 

О:7,8 - - 39 99-100 84 61 

O:8 - - 23 47-55 86-99 24 

O:19,8 - - 24 91-100 65-72 100 

 
The high specificity of interaction of LPS 
with homologous serum allows using 
immunosensors for clinical diagnosis of the 
infectious diseases yersiniosis (Kalmykova 
2007, Ermolaeva 2008, Kalmykova 2011). 
Results obtained with PQB are correlated 
with serological tests (Precipitation 
Reaction) but are characterized by higher 
sensitivity and expression. 
 

Studies have enabled the development of 
sensors for the determination of low-
molecular haptens such as cotinine (a 
metabolite of nicotine, drugs such as 
sulphonamides and toxic compounds such as 
nonylphenol (Melikhova 2006, 
Kalmykova 2002, Ermolaeva. 2006) Table. 
2. 
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Table. 2: Quantification of Low-molecular Haptens in Enviromental Samples, Foodstuffs, 
Drugs, Biological fluids 

 

Sample Introduced 
(ng/ml) 

Determined 
(ng/ml) 

Calculated 
(ng/ml) Sr 

Sulfamethoxazole (Standard additions method) 
River Voronezh water 10 14±2 4±2 0.2 
Soil 10 22±3 12±3 0.2 
Human milk 10 15±1 5±1 0.06 
Natural cow milk 10 11.5±0.4 1.5±0.4 0.04 
Pasteurized cow milk 10 11±0.2 0.6±0.2 0.02 
Chicken meat 10 14±1 1.6±0.6 0.1 
Chicken eggs 10 11.6±0.4 0.8±0.4 0.1 
Biseptol (Poland) 20 16.±0.8 - 0.04 
Cо-trimoxazole (Russia) 20 18±2 - 0.1 

Cotinine (Calibrated graph method) 
Urine - probe 1 - 2300±300 - 0.04 
Urine - probe 2 - 4500±500 - 0.05 

Nonylphenol (Calibrated graph method) 
River Voronezh water 15.2±1 - - 0.02 

 
The PQBs were tested in the analysis of real 
substances (foodstuffs, medicines, body 
fluids). The accuracy of determinations was 
evaluated by the method “introduced-found” 
and by comparing the results obtained with 
those from other methods of analysis such as 
polarization-fluorescent immunoassay 
(PFIA) and HPLC. 
 
The determination of cotinine was carried 
out with the aim of identifying active 
smokers. The results obtained were 
consistent with data obtained through PFIA. 
 
Sulfonamides and phenolic compounds were 
found in water samples from river 
Voronezh, matching with sewage from 
industries, but the content of these 
substances did not exceed the approved 
standard.  
 
The concentration of sulphamethoxazole in 
pharmaceutical products was determined 
and was found to correspond with those in 
documents thus confirming the satisfactory 
quality of pharmaceutical products. 
Sulphamethoxazole was also detected in one 
sample of women milk, as well as in all 

samples of cow's milk (from 0.6 to 1.5 
ng/ml), chicken meat (1.6 ng/g), and eggs 
(0.8 - 1.2 ng/g). These amounts are far 
below the standard indicators for European 
Union countries (Melikhova 2006).  
 
High-molecular analytes Yersinia 
enterocolitica bacteria that are also referred 
to as "bacteria out of the refrigerator", are 
causative agents of gastro enteric diseases 
such as widespread yersiniosis that can be 
passed through contaminated water and food 
stored in the refrigerator. These analytes 
were determined by direct form of analysis 
with specifiied biosensors. When you define 
a linear function in microorganisms, the 
range of concentrations of the graduating 
function is sufficiently narrow due to the 
large size determined by the particles. The 
liner range for bacteria is 0.1 – 4.9 cells/ml 
(Kalmykova 2007c). 
 
The presence Ab-DNA in the blood at 
varying specificity can serve as a marker to 
identify various somatic and infectious 
diseases. Ab-DNAs are formed in the 
organism in the development of autoimmune 
diseases such as Lupus Erythematosus, 
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 Rheumatoid Polyarthritis, etc. Since the 
identification of specific Ab allows for early 
detection of pathological processes, we have 
proposed an immunosensor based on DNA 
immobilized molecules to determine the Ab-
DNA. As a standard, a solution of Ab serum 
of a patient with symptoms of Systemic 
Lupus Erythematosus was used. The activity 
was detected by ELISA -320 IU. The linear 
range of definitions was 25 - 0.1 µg/ml 
(0.03-8 IU) while the LOD was 0.01 µg/ml 
(0.003 IU)  (Kalmykova 2002).  
 
The necessity of quantification of Ab to 
bacteria arises due to the polymorphism of 
clinical forms of yersiniosis (arthritic, 
enteric, miocarditic, etc.) which makes it 
difficult to identify the disease. Therefore, in 
order to confirm the diagnosis 
microbiological and immuno-chemical 
methods of analysis are now used. These 
methods are characterized by long-run tests 
(several hours for reaction of passive 
hemagglutination), and the possibility of 
non-refillable bio reagents (ELISA). We, 
therefore, propose sensors based on 
immobilized LPS Y. enterocolitica serovar 
O:3 for quantification of antibodies. The 
sensor is characterized by high expression, 
sensitivity and efficiency for the 
determination of antibodies in the blood sera 
at concentrations range from 3-150 µg/ml 
(Kalmykova 2007c). 
 
The method of piezo quartz microbalance 
detection is promising not only for 
identifying the various biologically active 
substances in aquatic environments but for 
studying of sorption processes of toxins, 
ions of heavy metals, etc. by biosorbents of 
different nature (proteins, polysaccharides). 
The advantages of biosorbents are: safety for 

people and other living organisms, relative 
low cost, high stability in extreme 
conditions, ability to biodegrade quickly 
enough, possibility of wider practical 
applications. Sorption activity and 
selectivity of some biosorbents are the same 
as synthetic ionites and in many cases better. 
 
MATERIALS AND METHODS 
Zosteran was kindly proposed by Dr R.P. 
Ovodova, Institute of Physiology, Komi 
Science Centre, the Urals Branch of the 
Russian Academy of Sciences. 
 
Hyaluronic acid was isolated from animal 
tissue (umbilical cord) using water-acidic 
extraction.  
 
Neutral and acidic polysaccharide 
fractions were isolated from Water 
Hyacinth (Eichhornia crassipes), collected 
from Lake Victoria, Tanzania. 
 
All polysaccharides were tested for 
effectiveness of sorption of Pb+2 ions in 
water solutions using PQB by “dip and dry” 
detection. Resonators of AT – cut running at 
9 MHz resonance frequency with silver 
electrodes of 5 mm diameters from CAS 
“ETNA”, Russia were used as detectors for 
measuring sorption activity of thin films 
formed at the surface of the electrode of the 
resonator. Each polysaccharide investigated 
was immobilized (as a thin film) on the 
electrodes by cross-linking with water-
formaldehyde solution. The process of 
polysaccharide-film formation was 
controlled by quartz crystal microbalance 
method. The sorption activity of 
polysaccharide fractions was tested using 
diluted solutions of Pb(NO3)2 . The results 
are given in Table 3.  

 



Kalmykova and Mgina– Biorecognition Ability of Polysaccharides as Piezo Quartz Biosensors … 

218 
 

RESULTS AND DISCUSSION 
Table 3: Sorption Activity of Polysaccharides for Pb+2  Characterized with using PQB  

 

С, % 
Linear interval, 

mg/ml 
Cmin, mg/ml а∞, Hz 

Based on Hyaluronic Acid 
1.00 0.32-8.33 0.27 5019.1 
2.00 0.32-10.00 0.25 6942.2 

Based on Zosteran 
1 0.31 – 8.83 0.062 60050 

1.5 0.31 – 10.00 0.060 70700 
2 0.31 – 10.00 0.059 70800 

Based on Polysaccharide fractions from Water Hyacinth (Eichhornia crassipes) 
Neutral PS 1.5 0.0005 – 0.019 0.0004 - 
Acidic PS 1.5 0.0005 – 0.025 0.0004 - 

а∞ - limiting sorption of biolayer of the sensor, Hz 
 
The influence of concentration of 
polysaccharide solution was investigated 
and the optimal concentration for obtaining 
a bioreceptor layer was determined to be 1.5 
%. Hyaluronic acid and zosteran were found 
to exhibited high sorption activity for Pb+2 
ions. The linear ranges were found to be of 
0.31 - 8.00 and 0.32 - 10.00 mg/ml for 
hyaluronic acid and zosteran, respectively. 

 
Compared to purified polysaccharides 
(zosteran and hialuronic acid) sorption 
activity of polysaccharide fractions isolated 
from Water Hyacinth (Eichhornia crassipes) 
exhibited lower activity. This may be due to 
the chemical nature and the presence of 
admixtures in the fractions obtained. It was 
also found out that acidic polysaccharide 
exhibited higher activity than neutral 
polysaccharides The linear range was found 
to be 0.5 - 18.5 µg/ml and 0.5 - 25 µg/ml for 
neutral and acidic polysaccharides 
respectively. The high sorption activity of 
acidic polysaccharide fractions can probably 
be attributed to the space attractable 
carboxyl groups of uronic acids present in 
glycans. 
 

CONCLUSION 
Given their effectiveness sensors, 
piezoquartz biosensors should be more 
widely used in many areas such as: 

• Medicine in assessing the dynamics of 
immunological interactions, the growth 
of microbial populations, changes in 
the viscose-elastic properties of 
bioliquids to identify infectious, 
autoimmune, of cancer at early stages 

• Food and perfume industry for 
identifying genetically-modified or 
counterfeit products);  

• Pharmaceutical chemistry 
• Agriculture (veterinary, horticulture, 

plant breeding) 
• Biotechnology;  
• Monitoring of environmental toxic 

agents, and of bacteriological 
pollutants of water, soil and sewage. 

 
Of particular importance is the promising 
use of PQBs for the detection of drugs and 
doping which can be carried out on samples 
of urine, saliva and other biological fluids on 
the content of alkaloids of hormonal 
preparations and other medicinal substances 
taken by athletes. 
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