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Conventional methods
of HMIs detection:

- gas and liquid chromatography,

- spectrophotometry,

- atomic absorption spectroscopy,

- chemical and physical techniques

-Expensive

- Accurate -Complex

- High resolution power of separation | -Time consuming
- Can separate very complex solution | -Require high-skilled staff

-Require a lot of sample pretreatments
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The detection of HMIs is an important issue for environmental remediation and the risk assessment of environmental pollution. The accumulation of toxic substances in the environment continuously increases due to diverse pollutants from the chemical industries and other fields of human activities. Potential sources of heavy metal poisoning include mining, tailings, industrial wastes, agricultural runoff, occupational exposure, paints and treated timber. 
Heavy metals and their compounds in environment are characterized by relatively high stability, solubility in atmosphere precipitations, ability to be absorbed by soil and plants. Their accumulation in organisms of humans and animals results in harmful effects of wide spectrum and variety. Considering the above mentioned, permanent effective control over the presence of these compounds in the environment and foodstuff appears to be extremely important for nature protection and improvement of life quality. 
Today the conventional methods of HMIs determination are gas and liquid chromatography, spectrophotometry, AAS, chemical and physical techniques. Therefore, the development of reproducible, portative, reliable fast and simple methods of determination of these toxic compounds is an important goal of environmental monitoring and analytical chemistry.



The advantages of biosensor analysis
comparing to conventional methods:

Simple;

Accurate;

Specific;

Sensitive;

Convenient;

Fast;

Cheap;

Don’t require a lot of pretreatments.
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Among innovative technologies proposed, biosensors are promising alternatives to conventional analytical methods. Properly designed biosensors based on inhibitory analysis can provide Simple; Accurate; Specific; Sensitive; Convenient; Fast and Cheap determination of HMIs.



Enzyme reactions

Invertase

sucrose + H,0 = B-D-fructose +| a-D-glucose

l

Mutarotase

a-D-glucose = B-D-glucose

Y

Glucose oxidase

f-D-glucose + 0, = D-gluconolactone + H,0,

U

D-gluconic acid + H,O 5§ acid residue + H*
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The functioning of our enzyme conductometric biosensor is based on the following sequence of enzyme reactions. Sucrose are gradually decomposed with appropriate enzymes to hydrogen peroxide and D-gluconolactone, which is spontaneously hydrolyzed to gluconic acid which dissociates to the acid residue and a proton. 
Thus the solution conductivity changed and we can registries it by the conductometric transducer. 
To measure HMIs we used inhibitory analysis. At inhibition, an interaction between HMIs and sulfhydric groups of enzymes results in decrease of enzyme activity and corresponding reduction of number of the protons. 
The interaction can be reversible. Heavy metal ions segregate from reaction mixture in the presence of strong chelating agents, e.g. EDTA, cysteine.



Inhibitory analysis

Substrate

N

Substrate

\

Incubation with
toxicant

Biosensor signals:
Ao — before inhibition
Ai — after inhibition
Ar — after reactivation

Y . .
Incubation with
reactivator

Substrate

N

Z — residual activity

Z=Ai x100/Ao0

18
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The procedure of toxins measurements is shown in this figure. At first, we obtain the biosensor signal to the specific substrate. Then, we incubate the bioselective element in the sample that can contain toxins. After that, we obtain the signal again and in case of enzyme inhibition, we reactivate the biosensor using chelating agents until A0 = Ar.  
In case of inhibitory analysis of Hg2+ determination, first of all, we obtain the biosensor signal to insertion of 1 mM sucrose that is taken as 100%. Then the biosensor is incubated during 1-60 min in the solution containing Hg2+, and then the sensitive layer of biosensor is washed from ions excess. Next, we obtain the biosensor signal to insertion of the same concentration of sucrose again. In case of inhibition of enzymes by heavy metal ions we see the decreasing of biosensor signal.  To calculate residual activity (Z) we use this formula Z=Ai ∗100/A0. 
To use biosensor multiply times we reactivate the enzyme activity of biosensors using chelating agents (e.g. EDTA and cysteine) after inhibition. 


Transducer

Enzyme (work)
membrane:

Immobilization of enzymes on
the surface of electrodes

Invertase 10%,

Mutarotase 10%,
2.5% Glucose oxidase 10% ,
Glutare |* | 10% BSA,
aldehyde 20%Glycerine,

in 40mM PBS, pH 6,5.

1

Electrodes
(gold or platinum)

. Ceramic or

glass substrate

Reference
A N
v N\ membrane:
40% BSA, 2.5%
20%Glycerine, |+ | Glutare
in 40mM PBS. aldehyde
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In our research we used the conductometric transducers  consisted of two identical pairs of gold/ platinum planar thin-film interdigitated electrodes deposited onto ceramic/ glass substrate. The three enzymes (invertase, mutarotase,  glucose oxidase) immobilized on the transducer surface were used as a sensitive biological element.
Immobilization of enzymes and BSA on the electrodes surface were performed using GA. To obtain bioselective membrane for determination of sucrose three enzymes with albumin were mixed with 1% solution of GA and then this mixture were deposited onto the first pair of electrodes. The BSA instead of enzymes was laid down on the second pair of electrodes which was used as reference electrodes. Then sensors dried during several minutes in the air at room temperature and after that washed in the working buffer solution. After that sensors were ready for usage. 
The optimal enzyme amount and enzymes ratio in the bioselective membrane were found considering the enzyme activity, biosensor sensitivity to substrate (sucrose and glucose) and heavy metal ions. Differential mode
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The next slide presents conductometric multibiosensor system. This conductometric device have opportunity to process simultaneously signals from 4 transducers and send (transmit) the data to the personal computer. 
The measurements were carried out in an open cell in buffer solution with constant stirring at room temperature. This figure shows a typical response of biosensor. 



Part 1

Study of biosensor characteristics in direct analysis:

Effect of pH,

Buffer capacity,

lonic strength on responses of biosensor, reproducibility,
Operation stability,

Storage stability,

Linear range,

Limit of detection, etc.

Part 2

Study of biosensor characteristics in inhibitory analysis:

Optimal substrate concentration in inhibitory analysis,
Optimal time of biosensor inhibition,

Selectivity to different HMIs,

Sensitivity to different HMIs,

Study of reactivation of biosensor, etc.
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First of all, we studied the working characteristics of biosensor (effect of pH, buffer capacity, ionic strength on responses of biosensor, reproducibility, operation stability, the storage stability, etc.) in direct measurement and after that we studied the characteristics of biosensor in inhibitory analysis (optimal time of biosensor inhibition, optimal substrate concentration in inhibitory analysis, selectivity to different HMIs, study of reactivation of biosensor). 


Part 1

Effect of pH on responses of biosensors

4] ) 4

—e —glucose
— v — sucrose

response, uS
e o

—_—
|

0
45 50 55(60,65 70 75 80 85 90

pH

Concentration of substrate was 0.5 mM.
Measurement in polymix buffer solution


Presenter
Presentation Notes
The conductometric method is based on measurement of the change in conductivity of the solution analyzed. This change can depend not only the enzyme reaction but also on characteristics of the solution in which this reaction takes place. Therefore, the influence of the solution parameters on the sensor response was studied firstly.
Any enzyme is known to have an optimal pH, which can be shifted to either alkaline or acid region as a result of immobilization. We studied effect of solution pH on responses of biosensors to 0.5 mM substrate. According to our results pH 6,0 proved to be optimal for functioning of our biosensors.



Effect of buffer capacity on responses of biosensor
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Dependences of biosensors responses on buffer concentration.
Measurement were carried out in phosphate buffer, pH 6,0.
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Second parameter of analyzing sample that can have influence on the sensor response is buffer capacity. It turns out that with increasing of concentration of buffer the biosensors responses decrease exponentially. So the control of buffer capacity is important during the conductometric analysis. The optimal concentration of buffer solution was from 5 mM to 10 mM of PBS.



Effect of ionic strength on responses of biosensors
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Effect of KCI| on response of biosensor.
Measurement were carried out in 10 mM phosphate buffer, pH 6,0.
Concentration of substrate was 0.5 mM.
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 Ionic strength is one of the basic buffer characteristics which can have a negative effect on measurements by conductometric biosensor. The figure shows that an increase in concentration of KCl in buffer solution results in exponential decrease of the responses to the substrates concentration. One of the main reasons of this effect is an increase in the solution background conductivity, therefore the ionic strength of the working solution has to be strictly controlled. 



response, uS

Reproducibility and operation stability

sucrose 0.5 mM

response, UuS
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The next step of our research was testing of biosensors signal reproducibility. The responses to the same substrate concentration were measured every 10 min. The chosen substrates concentrations were on the linear region of sensor calibration curves. The biosensors turned out highly reproducible. The relative standard deviation was 5%.



The storage stability

of biosensors
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Biosensor stability is an important characteristic of developed biosensor especially for its further commercialization. This slide presents the research of sucrose biosensors stability at different storage conditions. The biosensors were stored in 5 mM phosphate buffer solution, pH 6.0 and in dry conditions at different temperatures. The activity of biosensors stored dry at -5°С and +4°С was close to stable for a month. That’s why these conditions were chosen as optimal for biosensors storage. 



Calibration graphs of dependences of biosensors
responses on concentration of substrates
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Measurements were carried out in 10 mM PBS, pH 6,0.
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The detection limit was 1 µM . The linear range was from 2 µM up to 1,5 mM for sucrose and glucose detection. 
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Part 2 Finding of optimal sucrose
concentration for inhibitory analysis
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The next task was to find the optimal sucrose concentration for inhibitory analysis. This slide presents dependences of conductometric biosensor responses on different sucrose concentration before A0 (1) and after A1 (2) inhibition with 50 μM Hg2+ solution, and level of inhibition (L) of three-enzyme system (3).
 L=(A0–A1)•100%/A0. 
---{Measurements in 5 mM phosphate buffer, pH 6.5,  (The x-axis is a logarithmic scale of sucrose concentration).}



Finding of optimal time of biosensor
incubation in solution with inhibitor
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The next task was to find the optimal time of biosensor incubation in solution with inhibitor. If we apply less then 20 min. we can not measure very small concentration of HMIs. If we apply more then 20 min. we can not measure very high concentration of HMIs.


Study of influence of HMI on biosensor response
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The next task was to study of influence of HMIs on biosensor response. As you can see the developed biosensor was highly sensitive just to mercury and silver ions.


Study of reactivation of biosensors

residual activity %

residual activity %
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The next task is to study of reactivation of biosensors. Incubation time was 45 min! In our case inhibition of the bioselective element with heavy metal ions is irreversible, therefore the biosensor can be used for measurement only once which makes its application ineffective. To provide repeated usage of the biosensor we studied a possibility of its reactivation. Since EDTA and cysteine are known as reactivators of enzyme systems of biosensors for heavy metal determination, we used the solutions of 10mM cysteine and 5 mM EDTA with neutral pH to evaluate a possibility of reactivation of the developed biosensor. For better understanding of inhibition of a specific enzyme with corresponding heavy metal ions and, thus, of processes of reactivation of the entire three- enzyme system, the biosensor responses to both glucose and sucrose were measured over time of investigation. The response to glucose can be considered as correspondent to the glucose oxidase activity in three-enzyme system while the response to sucrose — proportional to the total enzyme activity of the bioselective element. Therefore, at first we measured responses to addition of glucose and sucrose into the cell, then the biosensor was inhibited with the solutions of mercury or silver ions during 10–20 min depending on their concentration. Next, the responses to glucose and sucrose of the same concentrations were measured once more. If the responses decreased significantly, reactivation was repeated. The data obtained are presented in Tables 1 and 2. As seen, inhibition with mercury ions resulted in reduction of the response to sucrose while the response to glucose almost did not change which testifies to inactivation of invertase and, possibly, mutarotase.With silver ions as an inhibition agent, the responses to both sucrose and glucose decreased which evidenced that glucose oxidase was more inactivated. After inhibition, the biosensors were placed for 45 min into intensively stirred EDTA or cysteine solution. It was revealed that EDTA did not reactivate the enzymes inhibited with mercury ions while the enzymes inhibited with silver ions were reactivated efficiently. The effect of cysteine was just opposite, i.e. weak reactivation of the enzymes inhibited with silver, and better — with mercury ions. The data on reactivation of three-enzyme biosensor inhibited with silver and mercury ions are presented in Tables 1 and 2, correspondingly. The results obtained at reactivation with different complex ions can be also used to identify which heavy metal (either mercury or silver) is present in the sample analyzed.
Ss - signal of biosensor to sucrose
Sg - signal of biosensor to glucose




Another enzyme reactions in inhibitory analysis

Urease

Urea + 2H,0 + H* —— 2NH,+ + HCO* (1)
BChE

Butyrylcholine + H,O —— Choline + CH4(CH,),COO-+ H* (2)
AChE

Acetylcholine + H,O0 —— Choline + CH;COO- + H* (3)

GOD
p-D-glucose + O, + H,O —— D-gluconolacton + H,0, —>
D-gluconic acid + H,O & Acid residue + H* (4)
Invertase Mutarotase GOD

Sucrose + H20 —— B-D-fructose + a-D-glucose —— [B-D-glucose + O2 —
H202 + D-gluconolacton —— D-gluconic acid + H20 S Acid residue + H+ (5)
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Another enzyme reactions were used for determination of others HMIs also.
The following enzyme reactions were used for the detection of different HMIs in inhibitory analysis.
The following reactions are accompanied by the change of proton concentration (accordingly the local change of pH solution takes place in a membrane). It allows to use the biosensor based on ion-selective field effect transistors.
Enzymes (urease, acetylcholinesterase, butyrylcholinesterase, invertase, mutarotase and glucose oxidase) were immobilized on the surfaces of potentiometric (ISFETS) and conductometric transducers and used as a bioselective elements for detection of different heavy metal ions (Hg2+, Ag+, Cd2+, Zn2+, Ni2+, Pb2+, Co2+, As+, Cu2+). 

 



Multi-biosensor ISFET device and
flow injection analysis (FIA) system
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Multi-biosensor system for HMIs determination was integrated into an flow injection analysis (FIA) system. 


Sensor strip with pH-sensitive ISFETs
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Inhibitor Level of inhibition of bioselective element, %
Urease INV MUT GOD

1 mkM Ag 0 1

10mkM Ag* | 0 65

0,2 mkM Hg* | 0 5
1mkMHg™ |4 22

10 mkM Hg* | 25 70

10 mkM Cu® 10 0

50 mkM Cu** 30 5

10 mkM Cd* 12 5

50 mkM Cd* 65 30

,,,,,,,,,,,,,,,,,,,




Conclusion

New enzyme conductometric and ISFET biosensors based on inhibitory analysis
for determination of heavy metal ions were developed.

The main working characteristics of the biosensors in direct analysis were
determined. The developed biosensors are characterized by high sensitivity,
high storage stability, reproducible responses, and show good operation stability.

The measurement conditions were optimized. The effect of buffer capacity, ionic
strength and pH of buffer solution on biosensor responses were studied.

The main working characteristics of the biosensors in inhibitory analysis were
studied. The optimal time for incubation of biosensor in solution of toxic
compounds was 20 minutes. The optimal concentration of sucrose for inhibitory
analysis was 1.25 mM.

The biosensor reactivation with EDTA and cysteine solutions was shown and
can be used also in selective determination of different HMIs.

The developed biosensors were tested in the work with water contaminated by
HMIs and waste-water samples from different origin. The obtained results
showed good correlation with results obtained by standard method of HMIs
determination (atomic absorption spectroscopy). In future, the developed
biosensors can be used for express evaluation of the presence of different HMIs
in water samples and monitoring of water toxicity.



Thank you for attention!
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