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microbalance biosensor. The optimal conditions for the formation of a biolayer based on immobilized LPS on
the resonator surface and its regeneration were elaborated. The association and dissociation rate constants for
LPS binding to chitosans were determined and the affinity constants (K,¢) were calculated based on the data
on changes in the oscillation frequency of the quartz crystal resonator. The K,¢ values correlated with the ones

ﬁ%ﬂqﬁaahmde obtained using other methods. The affinity of N-acylated chitosan binding to LPS was higher than that of the
Chitosan parent chitosan binding to LPS. Based on the results obtained, we suggest that water-soluble N-acylated
Binding derivatives of chitosan with low degree of substitution of amino groups could be useful compounds for endotoxin
Quartz crystal biosensor binding and neutralization.
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1. Introduction

Lipopolysaccharide (LPS, endotoxin), one of the main compo-
nents of the outer membrane of Gram-negative bacteria, plays a
key role in the emergence of sepsis, the complex clinical syndrome.
An LPS molecule is composed of the hydrophobic (lipid A) and
hydrophilic (O-specific polysaccharide, core oligosaccharide)
parts.

Glycolipid fragment as lipid A is the toxic center of LPS; its structure
is similar for many Gram-negative bacteria [1]. Lipid A consists of a
diphosphorylated 3-p-1,6-linked p-glucosamine disaccharide acylated
with varied amounts of ester- and amide-linked fatty acids. The inner
part of the core oligosaccharide of LPS also contains a sufficiently large
amount of anionic groups (phosphate, pyrophosphate and carboxyl
moieties). The negative charge and the amphiphilic nature of LPS
make it capable of binding to the positively charged and amphiphilic
ligands with high affinity.

A series of cationic proteins, peptides, and lipopolyamines that
are capable of binding to LPS and modifying its endotoxic properties
have currently been synthesized or isolated from a variety of natural
sources [2-5]. Fluorescently labeled ligands have been widely used
to estimate the LPS-binding capacity of polycations and to study
their interaction with endotoxins [6]. Parameters of LPS binding to
various proteins and peptides were also determined using the
methods based on optical biosensors [7]. The application of
piezoelectric sensors with the microbalance operating principle
opens new opportunities for determining the parameters of binding
of a ligand to the receptor [8,9]. The analytic signal of a gravimetric
piezoelectric sensor is the change in the resonator oscillation
frequency (Af) caused by increasing or decreasing mass of the
bio-receptor layer as the ligand-receptor complex is either formed
or destroyed [10]. This method does not require any labels for
real-time registration of biochemical interaction and allows one to
determine the mass of a ligand linked to the receptor at the micro-
and nanogram levels. The highly sensitive quartz crystal microbal-
ance (QCM) method opens new possibilities when used to study
complementary biochemical interactions in vitro [11-13]. The
method has been developed to monitor the interaction between an
LPS and LPS-binding peptides using a piezoelectric quartz crystal
[14].

As indicated earlier, the cationic polyelectrolyte chitosan, which
is a linear polysaccharide composed of 3-1,4-linked glucosamine
residues, reacts with LPS to form stable complexes with various com-
positions [15,16]. It has been determined that water-soluble hydro-
phobic chitosan derivatives are promising for high-affinity binding
of LPS [17]. This work continues the previous research in this field.
The purpose of this study was to investigate the interaction of endo-
toxins with low molecular weight chitosan and its mono-N-acylated
derivative. The receptor layer of the sensor consists of immobilized
LPS that can connect with a polycation—chitosan and its derivative
—in a solution to form a stable complex. The quartz crystal microbal-
ance method has made it possible to determine the association (k,),
the dissociation (kq), and the affinity (K,¢) constants of LPS binding
to chitosan.

2. Experimental
2.1. Chemicals

We used LPS 055: B5 of Esherichia coli, y-aminopropyltriethoxysilane
(APTES); glutaraldehyde (GA) chloride, hydrophosphate and sodium
azide; chloride, dihydrophosphate and potassium thiocyanate,
hydrochloric acid (Sigma, USA), and an ultrafiltration membrane
(Millipore, USA). All other reagents were of a reagent grade
(Reachim, Russia) and were used without additional purification.

2.2. Low molecular weight chitosan (Ch-LM) and
N-3-hydroxytetradecanoil chitosan (Ac-Ch-LM)

Low molecular weight chitosan (Ch-LM) and N-3-hydroxytetradecanoil
chitosan (Ac-Ch-LM) were prepared as described previously [17].

2.3. Immobilization of LPS on the surface of gold and silver electrodes of
piezoelectric resonators

AT-cut piezoelectric resonators (10 MHz + 2 Hz) with gold and
silver electrodes (8 mm in diameter) obtained by magnetron
sputtering of silver and gold (OAO Quantum, ZAO Etna, Russia)
were used. The biolayer was formed on the sensor after the
electrode surface of the piezoelectric resonator was activated with
an APTES solution by applying an aqueous LPS solution (0.1%) on
the sensor electrode surface and keeping it for 16 h at 25 °C[11].
The excess of unlinked LPS molecules was removed by washing the
sensor with a phosphate buffer solution to stabilize the frequency
of the device.

The mass gain of receptor coating on the electrode was calculated
according to the Sauerbrey equation (taking into account the corre-
sponding analytic signal of the sensor) [10]:

Af = —2,3-f,10"%Am/A, (1)

where Af'is the intrinsic crystal oscillation frequency, MHz; Am is the
change in mass of the receptor film formed on the electrode surface,
g; and A is the squared surface of sensor electrode, cm?.

2.4. Regeneration of biolayer

Regeneration of biolayer after binding to chitosan was performed
using 0.1 M Tris-HCl buffer (pH 9).

2.5. The LPS-binding activity of C-LM and its acetylated derivative

The LPS-binding activity of C-LM and its acetylated derivative was
determined by passing chitosan solutions of (2.5-12.5 pg/ml) through
the microcell with the sensor. The difference in oscillation frequency
(Af) between the stages of chitosan injection and washing of the quartz
crystal resonator by the buffer from unbound ligand was recorded as an
analytic signal. The control measurement was performed using ovalbu-
min, which cannot interact specifically with LPS.

2.6. The association (k,) and dissociation (k,) rate constants of reactions

The association (k,) and dissociation (kq) rate constants of reactions
on the surface of the LPS-bioreceptor layer of the sensor were deter-
mined according to the common approach previously described in [8,
9]. The kinetic rate was described through the frequency characteristics
using the following equation:

—Af /At = (K # C+Kg)f = K # foen + C, 2)

where Af/At is the rate of change in frequency of the piezoelectric sen-
sor; Cis the ligand concentration; k, and kq are the kinetic rate constants
of direct and reverse reactions (association and dissociation) of the
complex, respectively; f is the experimental frequency of the sensor;
and fe, is the intrinsic frequency of the sensor with immobilized LPS.

We used the kinetic binding curves to plot the graphs showing the
rate of changes in the frequency of the sensor with immobilized LPS
after binding to Ch-LM and Ac-Ch-LM (Af/At versus f). The equilibrium
or affinity (Ky¢) constants were calculated as the ratio between the rate
constants of the direct (k,) and reverse (kq) reactions.



G.A. Naberezhnykh et al. / Biophysical Chemistry 198 (2015) 9-13 11

|t-c-1-c-w-t-c-|
' | poooooooo

Fig. 1. Scheme of the flow-injection analysis: 1—dosator for injecting the sample (buffer or
regenerating solution); 2—micro-cell with QCM-sensor (3); 4—oscillator of frequency; 5—
peristaltic pump; and 6—computer for registration of the change of sensor's signal. The
0.05 M phosphate buffer (pH 6) was used as a carrier solution. The flow rate of liquid
was 30 pl/min.

3. Results and discussion
3.1. The flow injection analysis (FIA) setup

The flow injection analysis (FIA) setup consisted of a peristaltic
pump, a dosing device, and a 15-20 pl microcell with the LPS-sensor
fixed inside the cell. The sensors contacted with the liquid phase only
on one side (Fig. 1).

3.2. Formation of bioreceptor layer on the sensor surface

We have shown previously that chitosan reacted with the positively
charged LPS fragments (core oligosaccharide and lipid A) and lipid A
bound to chitosan with a higher affinity [17]. The orientation and avail-
ability of active sites of the immobilized LPS molecules for interaction
with ligands on the electrode surface are the most important parame-
ters for the binding activity of these molecules. The reproducibility of
the results and duration of the biosensor performance depend on the
stability of the bioreceptor layer. APTES, which forms a strong and
dense cover, was used to obtain the siloxane film on the sensor surface.
It was assumed that a hydrophilic modifier (APTES) provides greater
accessibility of the inner parts of LPS for contacting with the chitosan
solutions under analysis [11]. LPS was immobilized on the APTES-
activated sensor surface using several methods. The first method was
based on the formation of ionic bonds between the amino groups of
the substrate (APTES) and the negatively charged LPS and involved
keeping the aminated sensor with a drop of an LPS solution in humid
atmosphere. The second method (covalent cross-linking with a
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Fig. 2. Analytic signal of the sensor during one measurement cycle. Description of the
graph is given in the text.
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Fig. 3. Effect of C-LM (1) and Ac-C-LM (2) concentrations on analytic signal of the sensor.

bifunctional reagent GA) ensures a more durable covalent attachment
of LPS to the sensor electrode surface. Two ways of action of the cross-
linking agent were also tested: incubation of the sensor with a drop of
the LPS solution in GA vapor and sequential application of aqueous GA
and LPS solutions on the APTES-activated electrode.

It is assumed that in the former case the bifunctional reagent inter-
acts with LPS located on the surface of the liquid phase. This step should
contribute to preserving the native conformation of the LPS. In the
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Fig. 4. Kinetic curves for binding of immobilized LPS to Ch-LM (a) and Ac-Ch-LM (b),
concentration is 7.5 pg/ml.
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Fig. 5. Dependence of the rate of sensor oscillation frequency on its frequency during binging of LPS to Ch-LM (a) and Ac-Ch-LM (b, 1—the fast and 2—the slow phases).

second way of immobilization, a large number of the LPS molecules in-
teract with the APTES via GA methylene groups, thus increasing the sta-
bility of the receptor layer [11].

The LPS sensors obtained were used as detectors in FIA to study the
interaction of LPS with Ch-LM and its N-acylated derivatives. A graph
showing the changes in sensor response during one measurement
cycle is given in Fig. 2.

The cycle comprises the following steps: 1—passing the phosphate
buffer through the cell to stabilize the LPS sensor signal; 2—introducing
a chitosan sample to the flow; 3—passing the buffer solution to remove
unbound chitosan; 4—feeding the regenerating solution for dissociation
of the LPS-chitosan complex that is formed on the surface of the sensor
electrodes; and 5—passing the phosphate buffer to restore the original
sensor frequency. The difference in oscillation frequencies of the quartz
crystal resonator (Af) between stages 1 and 3 (Fig. 2) was recorded as
an analytic signal, and this part of the curve was used to calculate the
kinetic parameters of binding.

Stability of the sensor after introduction of chitosan was determined
based on the difference between the initial oscillation frequency of the
resonator and its frequency after washing with all buffers including
the regeneration phase. It was demonstrated that immobilized LPS
does not give a stable receptor layer due to formation of ionic bonds.
The increase in sensor frequency to 30-60 Hz after each rinsing step
indicates that chitosan-bound LPS is removed. The sensor designed
using covalent immobilization of LPS retains its oscillation frequency
during measurements. However, the sensitivities of the two sensors
differ significantly. The frequency of the sensor with LPS immobilized
in GA vapors was insignificant (Af = 22 Hz) after interaction with
chitosan. It constituted 15% of the analytic signal of the second sensor
(Af = 150 Hz) with LPS immobilized on the activated APTES coating.
Therefore, the second sensor was used in the following work.

3.3. Choice of regeneration methods

An important feature of the flow injection analysis is that the
receptor layer can be regenerated due to the dissociation of the
ligand-receptor complex, while maintaining the initial receptor layer.
The following regeneration solutions were used for this purpose:
1.5 M potassium thiocyanate, distilled water, 0.1 M acetate buffer
(pH 3), and 0.1 M Tris-HCI buffer (pH 9). The first three solutions did
not restore the initial frequency of the sensor. The regeneration with
alkali solution allows one to achieve the initial oscillation frequency
and does not reduce sensor sensitivity. Therefore, Tris—HCI buffer
(pH 9) was used for further regeneration of the biolayer providing

about 15 measurement cycles per sensor. lonization of the chitosan
amino groups is apparently suppressed under alkaline conditions and
ionic bonds with LPS are ruptured, leading to the dissociation of the
LPS-chitosan complex.

3.4. Interaction between chitosan and surface-immobilized LPS

The effect of concentration (2.5-12 pg/ml) of low molecular chitosan
and its N-acylated derivative on binding with LPS was investigated.

Fig. 3 demonstrates that the binding activity of acylated chitosan
(Fig. 3, curve 2) is higher than that of chitosan. The amount of bound
chitosan decreases with its concentration increasing above 10 pg/ml
(Fig. 3), which apparently results from self-association of surface-
bound chitosan molecules and the changes in the visco-elasticity
properties of the bio-receptor layer [18,19].

The experimentally observed deviation from the linear dependence
of QCM resonant frequency on mass deposition (Fig. 3) hinders the
determination of the saturation concentration of the binding reaction
between LPS and acyl-chitosan and the use of Scatchard plots to calcu-
late the equilibrium binding constant [19]. Therefore, the affinity
constants (K,¢) were calculated as the ratios between the rate constants
of the association and dissociation reactions. As seen from Fig. 4, the
kinetic curves for the interaction between Ch-LM and Ac-Ch-LM (ligand
concentration 7.5 ug/ml) and LPS are different. The kinetic curve of
Ac-Ch-LM consists of two independent fast and slow phases, which
may be due to the fact that the ligand binds to the sites on the LPS
molecule with different affinities.

Alarge body of the previously obtained data support this assump-
tion. It was shown that polymyxin B recognizes LPS in a biphasic
manner [20]. As mentioned earlier [4], the amphiphilic acylated
polyamines with distantly located hydrophobic and hydrophilic
regions inside the same molecule, which are structurally similar to
Ac-Ch-LM, interact with the core and lipid A fragments of LPSs.
These interactions play a crucial role in neutralization of the toxic ac-
tivity of LPS. Molecular modeling of the structure of the LPS-chitosan
complexes has demonstrated that both the core and lipid A moieties
of LPS were involved in interaction with acyl chitosan [17].

The rate constants of the association (k,) and dissociation (kq)
reactions of the LPS binding to Ch-LM (Fig. 5a) and Ac-Ch-LM (Fig. 5b)
were determined using plots of AfAdt vs. f, which subsequently
provided the kinetic constants from Eq. (2) to calculate Ky¢ values
(Table 1).

Table 1 demonstrates that Ac-Ch-LM binds to two types of sites on
the LPS molecules that differ in their affinities. The order of magnitudes
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Table. 1
Kinetic parameters of interaction of LPS with low molecular weight chitosan and its
N-acylated derivatives.

Sample Rate constants of the Rate constants of Affinity
direct reaction reversed reaction constants
(association) (dissociation) Kir=ka/Kkq
(ko) - 10*M~1s71 (kq) - 1072571 (Ky) - 10° M1
Ch-LM 1.72 0.055 2.13
Ac-Ch-LM 1.56 0.044 3.54
3.16 0.075 421

of the binding constants (10° - M~ !, Table 1) coincides with that of the
values obtained earlier using the solution-based methods [15,16]. The
affinity constants of Ac-Ch-LM and Ch-LM binding to LPS differ
1.5-fold on average. We have previously shown using the direct binding
methods and computer modeling techniques that the introduction of a
fatty acid residue to a chitosan molecule gives rise to additional binding
sites [17]. The study of the binding activity of LPS to acylated chitosan
compared to that of the unsubstituted chitosan supports the recent
results showing that the introduction of an acyl substituent increases
chitosan affinity for binding to LPS [17].

Thus, this study is one of the first examples of determining the
separate kinetic parameters of LPS binding to polycation on the surface
of the quartz crystal biosensor. The elaborated technique of using flow
injection analysis to determine the LPS-binding activity using a piezo
sensor can be used to study and characterize the LPS-binding and
antimicrobial compounds.
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