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Abstract.

Reversible inhibitors of acetylcholinesterase are increasingly applied in the Alzheimer’s disease therapy.
Their determination with biosensors requires special attention to the enzyme immobilization due to
importance of electrostatic and steric factors affecting accessibility of the active site to the substrate and
inhibitor present simultaneously. In this work, polyelectrolyte complexes have been assembled from
electrochemically inactive components with implementation of acetylcholinesterase from electric eel. The
influence of the complex components and enzyme position on the assembling efficiency was
explored using surface plasmon resonance and Kinetic parameters of the enzyme with
amperometry with Co phtalocyanine mediator. The biosensor developed showed robust response
toward donepezil and berberine with limit of detection of 0.46 and 70 nM, respectively, within 1
minute after inhibitor addition. The sensitivity of determination coincides or is better than
characteristics of biosensors based on covalently attached AChE described in the literature. The
biosensor was tested on the example of drug determination in spiked samples of artificial urine
(recovery 103% for 0.6 nM donepezil and 110% for 0.1 uM berberine).
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1. Introduction

Acetylcholinesterase (AChE) is one of the enzymes most frequently used in
electrochemical biosensors for inhibitor determination [1, 2]. The interest to this enzyme was
first initiated by its high sensitivity toward chemical warfare agents exerting neurotoxic effect.
Although the international programs of chemical warfare destruction sufficiently decreased risks
related to their application, terrorist attacks are continuously reported starting from the Tokyo
subway sarin attack (1995) and finishing with recent accidents in Syria civil war [3]. Chemical
nerve agents exert irreversible inhibition of the AChE resulted in sever health damage and death
of poisoned people. Later on, anticholinesterase organophosphates and carbamates have found a
broad application as insecticides in agriculture. From 1950-s, they are on the third place in the
world market among other pesticides due to low stability in the environment and high efficiency
of action. Analytical aspects of the development and application of the AChE biosensors for
irreversible inhibition detection have been the subject of recent comprehensive reviews [4-7].

Recently, the attention to the AChE biosensors has been increased due to another area of
their application related to the detection of drugs for neurodegenerative diseases, especially,
Alzheimer’s disease, a leading cause of age related dementia [8]. The effect of the AChE
inhibitors is related to the suppression of acetylcholine hydrolysis. This compensates for lower
rate of its natural synthesis catalyzed by choline acetyltransferase [9, 10]. Galantamine,
rivastigmine, tacrine and donepezil (DON) are approved at the moment for clinical treatment of
neurodegenerative diseases [11]. They show positive influence on cognitive function, living
activity, but exert rather high toxicity.

For this reason, further efforts both in searching new anti-dementia drugs and their
sensitive detection in biological fluids are demanded. Most of the drugs mentioned showed
competitive inhibition of the AChE related to binding of anionic site of the enzyme. The
methodology of the determination of reversible inhibition differs from that of irreversible
inhibitors dominating in the AChE biosensor reports.

In modern clinical analysis, anticholinesterase drugs are commonly determined with
HPLC coupled with extraction protocols [12-14]. Being sensitive, such conventional
instrumentation is time and labor consuming and cannot be used outside the laboratory as the
point-of-care devices.

Biosensors for inhibition measurements offer new opportunities in clinical analysis and
medicine [15]. There are considered as alternative to conventional analytical techniques
appropriate for fast screening of biochemical targets and pharmacokinetics study. However, only



few articles have been published for determination of reversible AChE inhibitors that offer
specific requirements to the accessibility of the active site to the substrate and inhibitor present in
the sample simultaneously.

In this work, electrochemical biosensors based on the AChE physically entrapped in
polyelectrolyte complexes assembled on the electrode surface has been elaborated for the
determination of two reversible inhibitors, i.e., DON as anti-dementia drug and berberine (BER)
as reversible AChE inhibitorapplied in Chinese medicine.

The interaction of DON with AChE was first studied on the enzyme from Torpedo
Californica, which structure and active site composition were at that time discovered. It was
shown that DON is oriented along the active site gorge from anionic subsite at the bottom to
peripheral anionic site at the top [16]. Hydrophobic n-staking interactions with aromatic residues
also contribute to the inhibition complex formation as was later shown for human AChE [17].

Berberine is an isoquinoline alkaloid present in some medicinal herbs (Hydrastis
Canadensis, Cortex phellodendri and Rhizoma coptidis). It exerts reversible inhibition on AChE
first characterized in 2002 [18]. Its positive effect on Alzheimer’s disease was proved on rat
models by intragastric administration [19].

For the first time, the conditions of the AChE immobilization in the polyelectrolyte
complexes consisting of electrochemically inactive components were characterized by the
surface plasmon resonance (SPR) technique and the analytical characteristics of the drug

determination were obtained in model solutions and spiked samples of artificial urine.

2. Experimental

2.1. Reagents

AChE from electric eel (EC 3.1.1.7, 1468 units /mg protein), acetylthiocholine chloride
(ATCh), Carbon black (CB, N220) was produced by Cabot Corporation (Ravenna, Italy). Co
phtalocyanine, polyallylamine (PAA, mol. mass 65000), poly(diallyldimethylammonium
chloride) (PDDA, mol. mass 400 000-500 000), polystyrene sulfonate (PSS, mol. mass
1 000 000), 11-mercaptoundecanoic acid (MUA, 95%), 2-(N-morpholino)ethanesulfonic acid
(MES) were purchased from Sigma-Aldrich, Germany. Working solutions were prepared using
Milli-Q® type 1 water. The AChE, ATCh, DON and BER stock solutions were frozen and stored
at -20°C between measurements and diluted before use. Final AChE solution was prepared with
0.05 M phosphate buffer solution containing 0.1 M NaCl (pH = 7.8) or 0.05 M MES (pH =5.5)



and adjusted to the pH value required. Electrochemical measurements were performed in
Britton-Robinson buffer solution. Artificial urine samples contained 10 mM CaCl,, 6 mM
MgCl,, 80 mM, 16 mM Na,SO4, 2 mM potassium citrtrate, 20 mM KH,PO,4, 21 mM KClI, 18

mM NH,4CI, 9 mM creatinine and 416 mM urea. All other reagents were of analytical grade.

2.2. Apparatus

Electrochemical measurements were performed in 5 mL non-thermostated cell at ambient
temperature with Pt wire auxiliary electrode and double-junction Ag/AgCl (3 M KCI) reference
electrode (Metrohm Autolab b.v., the Netherlands). The AChE biosensor was assembled using
glassy carbon electrode (20 mm cylindrical rod with the cross-section area 2.83 mm? capsulated
in polytetrafluoroethylene tube) mechanically polished to a mirror like surface. Voltammograms
and chronoamperograms were recorded using potentiostat-galvanostat AUTOLAB PGSTAT
302N (Metrohm Autolab).

SPR measurements were performed on the 25 mm BK-7 glass disk covered with the 50
nm thick Au film with the Autolab ESPRIT (Metrohm) equipped with two-channel cuvette and
the 670 nm laser with the p-polarization. An incidence angle shift of the laser beam was recorded
as the SPR signal expressed in millidegrees (m°).

Statistical data treatment was performed using Origin 8.1 Software (OriginLab).

2.3. The acetylcholinesterase biosensor preparation

For electrode modification, two dispersions containing 1 mg/mL of Co phtalocyanine and
1 mg/mL of CB were first prepared by 30 min. sonication in dimethylformamide. Glassy carbon
electrode polished and cleaned were covered with 1 pL of the dispersions mixed in 4:1 vol. ratio
and dried at 70°C. After that, polyelectrolyte solutions with alternating positive and negative
charges were deposited one by one. Each layer was adsorbed from 10 pL of solution for 10 min
followed by multiply washing of the electrode with deionized water. Finally, enzyme was
immobilized by physical adsorption from phosphate buffer solution. For this purpose, 1.5 puL of
solution of the 0.05 U/uL AChE were placed onto the polyelectrolyte layer and allowed drying at
ambient temperature. The electrode was washed as described above and dried if not used. In
some cases, additional polyelectrolyte layer has been deposited on the enzyme for its protection.
The AChE sensors were stored in dry conditions at 4 °C.



2.4 Biosensor signal measurements

The AChE activity was measured at a constant electrode polarization
(chronoamperometric mode) by anodic current related to the mediated oxidation of thiocholine
formed in reaction (1).

AChE
(CH3)3N+CHzCHzS”CCH3 +Hy0 (CH3)3N*CH,CH,SH + CH;COOH

0 _e-’l_HJr 1)

1/2 (CH3)3N*CH,CH,SSCH,CH,N*(CHs),

For this purpose, the AChE biosensor was immersed in phosphate buffer solution, pH =
7.8, and polarized at 200 mV for 180 s to reach a constant background current. After that, the
ATCh solution was added and the shift of the current iy, which corresponded to the thiocholine
oxidation in the absence of an inhibitor, was measured. For the inhibition degree (1%)
determination, the inhibitor solution was then added to the biosensor contacted with the substrate
and appropriate current i was recorded in 60 s after addition. Inhibition degree was calculated in
accordance with Eq. (2).

)

i —1

o

1% = 100%

2.5. The SPR investigation of the polyelectrolyte layer capacity toward acetylcholinesterase

The surface of the golden coating of the SPR chip was first modified with 1 mM MUA
solution in ethanol under 30 min. stirring. Then the surface was rinsed with deionized water.
Consecutive deposition of the oppositely charge polyelectrolytes was performed as described
above for glassy carbon electrode by treatment of the chip with 100 uL of their solutions and 10
min. conditioning. The AChE adsorption was performed by placing 70 uL of the ACHE solution
in phosphate buffer for 30 min. The amounts of the AChE adsorbed were estimated by the shift
of the SPR angle measured prior to and after the AChE immobilization. Maximal theoretic angle
shift (670 m°) was calculated as described elsewhere [20] assuming the AChE mol mass 260 kDa
and spherical shape of the molecule. Immobilization efficiency (Im) was calculated from the

SPR angle shift 9 corresponded to the enzyme implementation (3).



Im= 6—100% (3)
3. Results and discussion

3.1. Influence of the polyelectrolyte complex composition on the efficiency of

acetylcholinesterase immobilization

The efficiency of immobilization (Im) characterizes the amount of the enzyme that can be
kept in the surface layer and depends on the number and relative position of the binding sites of
polyelectrolyte molecules. The AChE globule can be ascribed as a dipole with the vector
directed to the active site cavity [21]. For this reason, the enzyme can be immobilized in the
polyelectrolyte complex via electrostatic interactions with positively charged components.
Besides, hydrogen bonds and hydrophobic interactions should be considered. They explain
possibility to form stable complexes with negatively charged carbon nanotubes in weakly basic
media (pH 7.4-8.0) that is preferable for inhibition measurements and causes negative charge of
the protein globule (the AChE pl = 5.5) [22]. Driving forces of immobilization pre-determine
spatial orientation of the AChE globule and hence can affect kinetics of the substrate hydrolysis
and inhibition. The charge, chemical structure and order of deposition highly influence resulting
parameters of polyelectrolyte complexes, i.e., total charge density, hydrophobicity and polymer
chain rigidity. Besides, the increase of the ionic strength of the solution and of the
polyelectrolyte concentration promote globulization of the polyelectrolyte molecules and hence
increase external and internal roughness of the layer surface [23, 24]. In turn, higher roughness
resulted in some cases in exponential growth of the polyelectrolyte coatings obtained by their
stepwise assembling and in a higher effective square of the films [25, 26]. Such consequences
can improve enzyme immobilization.

Fig. 1 represents the dependency of the SPR signal on the number of polyelectrolyte
layers. Measurements were performed after equalization of the electrode in phosphate buffer
solution, pH = 7.8, and correspond to the amounts of adsorbed components stable at conditions
commonly used for the AChE inhibition estimation.

PAA deposition results in bigger quantities of the complex attached to the surface against



those in case of the PDDA use. This can be attributed to the increased internal heterogeneity of
the complex and external roughness of the coating in case of PAA resulted in a higher effective
square and bigger adsorption of the oppositely charged components. Decrease of the PAA
concentration from 0.5 to 0.1 mg/mL insignificant decreases the quantity of the complexes
formed after the PSS addition.

Immobilization efficiency determined for various assemblies of polyelectrolytes is

illustrated by Fig. 2 for different amounts of the enzyme present in the immobilization mixture.

Maximal Im value accessible in the experimental conditions was calculated from the
experimental data on Fig. 2 by nonlinear data fitting using the function (4) where c,.. is

concentration of the enzyme in the aliquot used for immobilization per electrode.
Im = Im™ CA%“E (4)
k +CAChE

Eq.(4) describes Hill equation that is often used for description of sigmoidal dependencies in
biochemical investigations [27]. Here n is the Hill coefficient describing cooperativity of interactions. For
n<l (see Table 1) binding of the enzyme on the support decreases the approaching of other enzyme
molecules, This coincides well with electrostatic mechanism of enzyme immobilization, The k value is
equal to the concentration of enzyme corresponded to the occupation of 50% binding sites available for
enzyme on the support surface. The coefficient of determination R? represents fitting quality. It was
calculated from the total sum of squares (TSS) and residual sum of squares (RSS) ascribing
deviation of the model and experimental data (5).

R _ Explainedvariation _ TSS —RSS 1 RSS c
Totalvariation TSS TSS ®)

The results of the Im™ approximation are presented in Table 1.

Polyelectrolyte complex involving PAA show maximal capacity toward the enzyme
among all the assemblies tested. However, if the PAA was deposited directly onto the MUA
monolayer, the adsorption was minimal. Addition of the PSS-PAA polyelectrolyte pairs
remarkably increases the adsorption of the enzyme (see Fig.2, curves 2-4). Maximal capacity
toward the AChE was achieved with the PAA-PSS-PAA complex. Moreover, decrease of the
PAA concentration from 0.5 to 0.1 mg/mL did not significantly affect the enzyme



immobilization. The following deposition of the fourth PSS layer expectedly decreased the
capacity due to electrostatic repulsion of the charge outer surface of the complex and the enzyme
globules. Replacement of the PAA by PDDA in combination with the PSS decreases the
adsorption (Fig.2, curve 5). The consecutive addition of the PSS-PDDA pairs influences the
adsorption in a similar manner.

It should be mentioned that maximal Im value achieved remains much lower than that
corresponded to the monolayer deposited on the electrode. This might be due to two reasons, i.e.,
rather high roughness of the surface accessible for the enzyme and due to rather crude
description of the monolayer in the framework of the model used. However, maximal
concentration of the enzyme immobilized is not a primary goal for inhibition measurement. Vice
versa, lower enzyme activity often provides lower inhibitor concentrations detected because of
higher part of the enzyme inactivated in target interactions. Affinity of the substrate toward the
enzyme active site is more important. For this reason, kinetic parameters of enzymatic reaction

have been explored for various assemblies of the polyelectrolyte complexes.

3.2. Kinetic parameters of the acetylthiocholine hydrolysis

Amperometric signal of the AChE catalyzed hydrolysis of ATCh was recorded with the
glassy carbon electrode modified with CB and Co phtalocyanine, which previously were
examined for mediated thiocholine oxidation and showed excellent efficiency and low working
potential [28, 29]. Co phtalocyanine does not form separate peak on voltammogram. However,
the current recorded at 150-250 mV regularly increases with the thiocholine concentration. CB
stabilizes Co phtalocyanine on the electrode interface and increases the surface area and
efficiency of electron transduction. In case of further polyelectrolyte assembling, negative charge
of carboxylate groups on the surface of CB particles acts as anchor for binding positively
charged components of the complex. The signal was measured at 200 mV offering most
reproducible and stable current in the whole range of the ATCh concentrations used.

The influence of the current on the substrate concentration was monitored for various
polyelectrolyte complexes. Concentration curves obtained were used for estimation of efficiency
of the AChE immobilization and calculation of the Michaelis constant (Ky). For this purpose,
electrochemical form of the Michaelis-Menten equation (6) describing the concentration
dependence of the current was used. Here i is the thiocholine oxidation current, imax IS its

maximal level corresponding to the saturation of the immobilized enzyme with the substrate and



Cs is the bulk ATCh concentration.

Iax * Cs

'= c: aJXr Ky ©)

Eq. (5) was applied as approximation model for the calculation of the apparent imax and
Kwm values (Table 2). The ATCh concentration was varied between 1.0 uM and 10.0 mM and the
current (i) values were measured in triplicate for each of 14 different concentrations with at least

three individual biosensors. In Table 2, average + standard deviation values are presented.

The comparison of the results showed remarkable difference in the parameters of the
layers including PAA and PDDA. In case of PAA, ima is mostly affected by the nature of the
component contacting the enzyme. The PSS outer layer provides higher currents against those
with PAA due to electrostatic attraction of cationic ATCh molecules. In case of PDDA, such an
influence is much milder. Recorded currents regularly decrease with the total number of
polyelectrolyte layers. Similar decay was also observed for increasing number of PSS-PAA
pairs. The SPR data indicated increase of the amounts of immobilized enzyme with the number
of polyelectrolyte layers, so that current decrease might be due to progressive limitation of the
thiocholine transfer from the enzyme location through the polyelectrolyte layer to the electrode.
Bigger current decay in the complexes with the PAA outer layer and PSS as counter ion is
probably related to a high density of negative charge and hydrophobicity of the PSS core, which
do not promote the enzyme adsorption.

The apparent Ky value regularly decreases with the number of polyelectrolyte layers in
the complexes PDDA-PSS while the PAA-PSS complexes rather slowly affect its value. Even
more, the Ky was slightly bigger if PAA was an outer layer. With the PSS outer layer, the Ky
obtained with the PAA containing complexes was twice less and became minimal among all the
polyelectrolyte complexes considered.

Variation of the apparent Ky values depends on the electrostatic interactions of the
enzyme microenvironment with the charged substrate molecule. the In PAA case, positive
surface charge hinders diffusion of the positively charge substrate to the enzyme active site.
Considering dipole character of the enzyme globule, the AChE active site is located in negatively
charged part of the molecule that is deeper immersed in the polyelectrolyte matrix than
oppositely charged free part of the protein. Electrostatic limitations of the substrate diffusion are
confirmed by the results obtained with PSS deposited onto the enzyme adsorbed (PAA-PSS-
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PAA-AChE-PSS). The Ky decreased threefold against that obtained with the same complex with
outer PSS (PAA-PSS-PAA-AChHE). For the following determination of reversible inhibitors that
are also cationic substances, the complex (PAA-PSS-PAA-AChE-PSS) was chosen. In addition
to the lowest Ky value corresponded to high affinity of cationic substrate to the enzyme active
site, this complex stabilized the enzyme structure and prevented enzyme desorption during the

biosensor operation.

3.3. Conditions for inhibition measurement

Inhibition caused by DON and BER was evaluated by consecutive addition of the
substrate and inhibitor to the buffer solution followed by the measurement of appropriate current
shift. All the measurements were performed at a constant polarization of the AChE biosensor at
200 mV which was found sufficient for mediated oxidation of thiocholine and generation of
reliable and reproducible signal.

First, pH dependence of the inhibition effect was considered (Fig. 3). In weakly basic
media, a broaden maximum of the inhibition degree at pH = 7.8 was obtained corresponded to

the pH dependence of free AChE. Other experiments were performed at this pH value.

As could be seen, BER exerts much lower inhibition effect which is about constant in
rather broad range of the pH. This might be due to difference in the DON and BER structure
(Figure 4).

The reversible AChE inhibition is controlled by interaction between the cationic center
of an inhibitor molecule and anionic site of the enzyme. In case of DON, salt form of the drug
was used with protonated amino group active in such an interaction. The reaction is also
promoted by hydrophobic interactions with aromatic residues near the active site gorge of the
AChE molecule [16, 17]. Meanwhile, quaternary ammonium group in BER molecule is sterically
hindered so that inhibitory activity of BER is lower than that of DON.

Fig. 5 displays the effect of the ratio of the substrate/inhibitor concentration ratio on the
inhibition degree. DON is more active inhibitor was used in these experiments. For comparison,

concentration dependence of the response obtained prior to inhibitor addition is presented.
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Relative decay of the current recorded prior and after addition of 10 nM DON regularly
decreases with increased ATCh concentration in accordance with kinetics of competitive
inhibition [30]. Meanwhile the deviation of the signal also increases with the anodic current
recorded. Thus, the following experiments have been performed using 0.2 mM ATCh
concentration as a compromise between the biosensor signal and accuracy of its recording. It
should be mentioned that contrary to other works on the AChE biosensors, implementation of the
AChE in the polyelectrolyte layer does not allow considering different enzyme quantities
because the activity of immobilized enzyme is established by intrinsic properties of
polyelectrolytes involved in the complex by self-assembling. Independency of the AChE signal
on the concentration of the AChE used on the stage of complex assembling was confirmed in
independent experiments. Thus, variation of the AChE concentration in aliquot within 0.03-0.20
U/uL resulted in 3% deviation of maximal signal. This is comparable with the sensor-to-sensor

repeatability of the above parameter reached for each enzyme concentration.
3.3. DON and BER determination

The calibration curves of DON and BER obtained with a constant ATCh concentration of
0.2 mM are non-linear (Fig. 5) and can be fitted by logistic four-parameter function (7).
A-A
%=—02>—=_+
TS TSUNS. ()
Here c, is an inhibitor concentration, A; and A are upper and lower limits of the curve,

ideally near 0 and 100%, respectively, and b characterized half inhibition value of an inhibitor
concentration and p reflects sensitivity of the enzyme toward inhibitor (slope of the middle part
of the curve). Similar dependencies are frequently used for the description of the
immunochemical assay results [31]. Both cases describe similar models with reversible
formation of 1:1 complex inactive from the point of view of detection system used. Appropriate
calibration curves are presented in Fig. 6 and corresponding fitting parameters summarized in
Table 3.
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Limit of detection (LOD) was estimated on the level of 15% inhibition which
corresponds to 5% deviation of the current recorded (S/N = 3 criterion). Similar cut-off value is
often used in the works describing irreversible inhibition evaluated with the AChE biosensors [1,
2, 28, 32]. Sensitivity of an inhibitor determination was expressed by its concentration ICsg
corresponded to 50% inhibition. In case of DON, covalent AChE immobilization resulted in
increase of the 1Csy value against free enzyme and the parameter obtained in this research.
Hence, implementation of the enzyme in the polyelectrolyte complex retains native enzyme
structure and its accessibility toward reversible inhibitor.

The characteristics of DON and BER determination obtained with the AChE biosensor
based on polyelectrolyte complex are comparable or better than those reported for other

biosensors (Table 4).

It should be mentioned that enzymes from various source were applied in biosensor
assembly. This complicates direct comparison of the biosensor performance. The only method
offered lower LOD value, utilized electropolymerized redox active layer with two enzymes, i.e.,
choline oxidase and AChE attached to its surface. Higher sensitivity can be probably referred to
synergic effect of the analyte on all the components of the layer. Besides, linear range of
concentrations near this LOD value is very narrow and for this reason can hardly be used for real
sample assay.

Regarding BER, its interaction with the AChE was first characterized as competitive-
non-competitive in 2002 [18]. Since that time, a number of reviews considered various aspects of
inhibition by BER and its derivatives as anti-dementia drugs [39, 40]. However, only few reports
have been devoted to analytical applications of BER-AChE interaction. This approach was
applied in spectrophotometric detector in liquid chromatography [38] and in a similar
amperometric device coupled with the FIA system [37]. Lower sensitivity of the BER
determination vs. DON can be explained, as in the case of pH sensitivity of the signal, by higher
steric limitation of the enzyme-inhibitor interaction.

As BER inhibition is less investigated and detectable concentrations are higher than those
of DON, the parameters of calibration curves were also determined with different substrate
concentration. Thus, decrease of the ATCh concentration from 0.2 to 0.1 mM decreased the 1C;5
value to 60 nM whereas its increase to 0.5 and 2.0 mM obviously increased this parameter to 107
and 187 nM. The ICsy concentrations varied as follows: 0.54 (0.1 mM ATCh), 0.93 (0.5 mM



13

ATCh) and 1.24 uM (2.0 mM ATCh). The upper quantification level estimated by reaching 85%
inhibition varied for the same substrate concentration range from 5.6 to 16.9 uM. Thus, the
behavior of the AChE biosensor coincides well with kinetic of reversible inhibition assuming

competitive or mixed mechanism of inhibition [18].

3.4. Biosensor precision, lifetime and real sample analysis

Although the polyelectrolyte complexes are rather sensitive to physical contacts, the use
of CB - Co phtalocyanine underlying layer provides stability of the biosensor assembly sufficient
for multiple use and rather long storage. All the results were obtained with the biosensor with
enzyme layer additionally covered with the PSS layer. The sensor-to-sensor repeatability
determined for ten biosensors prepared from the same set of reagents was found to be 4.5% for
0.2 mM ATCh and 5.5% for 1.0 mM ATCh. The storage of the biosensors in dry conditions at
4 °C did not affect the response toward the substrate and DON for at least six weeks. After that,
the activity of the AChE began regularly decreasing by 10% per weak. Nevertheless, inhibition
degree remained quite stable until reaching 50% decay of the response. Reversible character of
inhibition assumes possibility of biosensor recovery by washing out the inhibitors after
measurements. Indeed, it can be performed by simple washing with working buffer solution.
Unfortunately, this procedure significantly increases deviation of the response toward the
inhibitor on second (third etc.) cycle of measurement — washing. For robust reliable drug
determination single use of the AChE biosensor is recommended. This will also avoid possible
mistakes related to the impurities of the samples with biological materials of other patients.

Applicability of the AChE biosensor developed for the real samples analysis was proved
by testing artificial urine samples spiked with the drugs investigated. Samples contained main
urine components including inorganic salts, urea and creatinine. Prior to measurements, the
samples were diluted with phosphate buffer solution in 1:1 (DON) or 1:3 (BER) vol. ratio and
adjusted to pH = 7.8. It was preliminary shown that the inhibitory effect of the samples prior to
inhibitor addition was negligible. The addition of DON to its final concentration 0.6 nM in
diluted artificial urine resulted in the detection of 0.62+0.15 nM, n =5, or 103+£24%, based on
non-linear calibration graph plotted using standard analyte. Rather high deviation of the results is
because of the rather flat course of the curve (compare Fig. 5) in this concentration region.
Increase of the DON concentration to 10 nM decreased error to 6% , which is comparable with
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the deviation of the signal in standard solution. For 0.1 pM BER the measurement result
(0.11+0.01 uM, n = 5) corresponded to the 110£10% recovery.

It should be mentioned that DON is predominantly released from the human being via
urine (57% of daily dose) [41] so that the biosensor can be used to monitor this drug. BER is
metabolized to some products with even higher anti-cholinesterase activity (berberrubine and
thalifendine) that are excreted together with parent drug so that the biosensor can be used only
for semi-quantitative BER assessment [42]. In both cases, no effect of sample matrix on

inhibition measured with the AChE biosensor developed was found.

4. Conclusion

In this work, polyelectrolyte complexes based on electrochemically inactive polycations
and polyanions have been explored as matrix for electrostatic AChE immobilization. The
polyelectrolyte complex obtained by rather simple protocol of drop casting of oppositely charged
agents onto the electrode surface was characterized using PCR method to establish the role and
possible mechanism of influence of the polyelectrolyte nature and content. Based on this
consideration, it was supposed that the self-assembling protocol provides site-oriented
immobilization of the dipole AChE molecule in the layer so that active site remains fully
accessible for interaction with the substrate and inhibitor. Appropriate interactions were
monitored by amperometric system consisted of carbon black — Co phtalocyanine mediator
catalyzed oxidation of thiocholine, a product of enzymatic hydrolysis of ATCh, an artificial
substrate. Kinetic parameters of enzymatic reaction showed preferable position of the enzyme in
outer layer of the polyelectrolyte complex and electrostatic control of the substrate access
affecting the current recorded.

The AChE biosensor developed showed robust response toward two model drugs one of
which is approved (DON) and the second one considered as promising in the Alzheimer’s
disease therapy (BER). They competitively decreased the response with decreased substrate and
increased inhibitor concentration. The concentration dependence of the signal was fitted with the
four-parameter logistic curve. The sensitivity of determination coincides or is better than
characteristics of biosensors based on covalently attached AChE described in the literature.
Potential application of the biosensor described was shown by determination of the drugs in
spiked samples of artificial urine with satisfactory recovery.
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Fig. 1. The dependence of the SPR signal on the number of polyelectrolyte layers consecutively
deposited on the Au surface of the SPR chip modified with MUA

Fig. 2. Efficiency of the AChE immobilization at various assemblies of the polyelectrolyte
complexes and enzyme concentration taken for immobilization. 1 — PAA 0.5 mg/mL, one layer;
2 —PAA 0.5 mg/mL + PSS 0.5 mg/mL, three layers; 3 - PAA 0.1 mg/mL + PSS 0.5 mg/mL,
three layers; 4 - PAA 0.1 mg/mL + PSS 0.5 mg/mL, four layers; 5 - PDDA 0.5 mg/mL + PSS 0.5
mg/mL, three layers; 6 - PDDA 0.5 mg/mL + PSS 0.5 mg/mL, five layers; 7 - PDDA 0.5 mg/mL
+ PSS 0.5 mg/mL, six layers. Average * standard deviation calculated from three repetitions.
Fig. 3. pH Dependence of the DON and BER inhibition measured with the AChE biosensor
based on PAA-PSS-PAA-AChE-PSS polyelectrolyte complex. ATCh 0.2 mM, average of three
replications

Fig. 4. Chemical structures of reversible AChE inhibitors studied. DON — donepezil, BER -
berberine

Fig. 5. The dependence of the inhibition degree (I, %) and anodic current of thiocholine
oxidation (ip, mA) on the ATCh concentration. The AChE biosensor based on PAA-PSS-PAA-
AChE-PSS polyelectrolyte complex. DON 10 nM, Average = standard deviation calculated
from three repetitions

Fig. 6. Determination of DON and BER with the AChE biosensor based on PAA-PSS-PAA-
AChE-PSS polyelectrolyte complex. ATCh 0.2 mM, Average + standard deviation calculated

from six repetitions. Lines represent fitting results based on four-parameter logistic function
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Table 1. Maximal efficiency of the AChE immobilization for various assemblies of

polyelectrolyte complexes. Average * standard error calculated from three repetitions. The line

numbers correspond to the complex content denoted in legend to Fig. 2; n, k and R? are the Hill

model parameters (Eq.4)

No Im™, % k,U/uL n R?

1 12.6+1.8 0.023+0.013 1.01+0.13 0.9992
2 23.5+0.2 0.0045+0.0001 1.06+0.01 0.9999
3 137+16 0.13+0.02 0.75+0.08 0.9987
4 22.5+0.9 0.013+0.001 0.87+0.02 0.9999
5 214+25 0.78+0.14 0.62+0.05 0.9993
6 12.1+0.3 0.0056+0.0005 1.33+0.07 0.9992
7 11.0+1.4 0.011+0.002 0.52+0.09 0.9878
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Table 2. Kinetic parameters (imax and apparent Ky) of ATCh hydrolysis measured by glassy
carbon electrode modified with CB and Co phtalocyanine and covered with polyelectrolyte
complexes with physically adsorbed AChE. Concentration of the polyelectrolytes used 0.5
mg/mL. Average * standard deviation calculated from results obtained with 14 substrate

concentrations measured in triplicate

Polyelectrolyte complex content Imax » LA Km, mM R?

AChE 0.68+0.11 0.7£0.3 0.8879
PAA-AChE 0.65+0.18 1.1+0.1 0.9929
PAA-PSS-AChE 0.11+0.01 0.48+0.04 0.9968
PAA-PSS-PAA-AChE 0.38+0.06 1.9+0.2 0.9967
(PAA-PSS),-AChE 0.099+0.009 0.59+0.03 0.9993
(PAA-PSS),-PAA-AChE 0.34+0.03 1.15+0.03 0.9976
(PAA-PSS);-AChE 0.015+0.005 0.59+0.04 0.9987
PAA-PSS-PAA-AChE-PSS 0.047+0.003 0.51+0.12 0.9430
PDDA-AChE 0.72+0.04 1.63+0.06 0.9998
PDDA-PSS-AChE 0.77+0.05 2.16+0.02 0.9983
PDDA-PSS-PDDA-AChE 0.42+0.04 0.94+0.05 0.9992
(PDDA-PSS),-AChE 0.36+0.06 0.62+0.06 0.9951
(PDDA-PSS),-PDDA-ACHE 0.36+0.05 0.65+0.05 0.9958

(PDDA-PSS);-AChE 0.28+0.03 0.48+0.03 0.9973




Table 3. Approximation parameters based on logistic model for inhibitor
determination with the AChE biosensor based on polyelectrolyte complex,

six repetitions, average + standard error

Inhibitor DON BER
A1, % 5.5+3.6 -25+22
Az, % 107+9 10045
b, M (4.1£1.4)x10°® (5.5+1.5)x107
p 0.51:+0.08 0.37+0.05
R? 0.9964 0.9972
ICy5, "M 0.46 70

I1Cs0, "M 24.7 590

28
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Table 4. Comparison of analytical characteristics of the AChE based DON and BER

determination with biosensing devices

Method Enzyme immobilization LOD,nM  ICso,NnM  Ref.
DON
Differential pulse Free AChE from human erythrocytes, - 28+7 [33]
voltammetry Au screen-printed electrode
SPR Human recombinant AChE bonded to 20+1 [34]
human serum albumin deposited on the
Au film
Cyclic Covalent binding together with choline  0.07 - [35]
voltammetry oxidase to electropolymerized
thiophene derivative
pH sensitive field Affine immobilization onto graphene 47 [36]
effect transistor ~ via pyrene butanoic acid and
carbodiimide binding
Amperometry in  Covalent attachment to Au via 500 [37]
FIA mode cysteamine-glutaraldehyde binding
Amperometry Implementation in polyelectrolyte 0.46 24.7 This
complexes work
BER
Amperometry in  Covalent attachment to Au via 6450 [37]
FIA mode cysteamine-glutaraldehyde binding
Photometric Capillary enzyme reactor with the 3.1+0.6 [38]
AChE immobilized onto the
polymethacrylate monolith and
coupled with liquid chromatography
Amperometry Implementation in polyelectrolyte 70 590 This
complexes work




Highlights:

1. Acetylcholinesterase was immobilized by entrapment in polyelectrolyte complexes.

2. Enzyme capacity and complex properties were evaluated with surface plasmon resonance.
3. Kinetics of enzymatic reaction depends on electrostatic and steric factors.

4. Anti-dementia drugs (donepezil and berberine) were determined with high sensitivity.
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