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The biopolymer matrix synthesized from acrylated epoxidized soybean oil (AESO) and vanillin
dimethacrylate (VDM) was examined using the positron annihilation lifetime spectroscopy (PALS)
and the amperometry. The matrix version with DMPA (2,2-dimethoxy-2-phenylacetophenone) admix-
ture was also tested in order to check the influence of the admixture on the matrix properties. Samples
are intended for the detection of trace pollution with xenobiotics in water. They are carcinogenic sub-
stances and have a very negative effect on the human body. The first part of the study examined the
nanostructure, and the second tested the matrix for its detection capabilities. The research is aimed
at finding the correlation between the nanostructure and the detection properties of the biosensor’s
biopolymer film.
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1. Introduction

The development of biotechnology and mate-
rials engineering made it possible to synthesize
biodegradable and environmentally friendly mate-
rials, helping to reduce pollution. One of the types
of such materials are biopolymer matrices designed
to detect water pollution by xenobiotics, which are
a threat to human health, and they are also carcino-
genic [1]. The polymer matrix was synthesized on
the basis of soybean oil. The positron annihilation
lifetime spectroscopy (PALS) was used to determine

the size of nanovolumes present in a sample, deter-
mine the phase transition temperatures and investi-
gate the sorption/desorption properties of matrices.
The PALS is a technique that enables non-invasive
testing of samples and provides information about
their nanostructure, which is a key issue in deter-
mining material properties on the macro scale. The
technique is based on the use of the phenomenon of
electron (e−) and positron (e+) annihilation.

It is also possible to create an unstable bounded
state of an electron and a positron — positronium
(Ps), a hydrogen-like atom. In polymers, there is
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a high probability of forming a triplet positronium
state — ortho-positronium (o-Ps) [2–4]. The o-Ps
lifetime in a medium depends on the size of free vol-
umes (FVs), while the o-Ps intensity correlates with
the amount of nanovolumes in the material. We can
use the ortho-positron lifetime (τ3) determined ex-
perimentally to determine the dimensions of the
nanovolume using the Tao-Eldrup model [5, 6]:

λpo =
1

τ3
= 2

[
1 − R

R+ ∆
+

1

2π
sin

(
2πR

R+ ∆

)]
,

(1)
where R is the radius of the nanovolume in the
biopolymer and ∆ = 0.166 nm is the empirical
constant. The stability of the sample at selected
temperatures, the influence of humidity as well
as temperature-induced changes of the structure
were tested.

The second part of the research was to determine
the detection abilities with the use of chronoamper-
ometric analysis, which allows tracking the course
of a redox chemical reaction in a solution using cur-
rent measurements. It is a technique that mea-
sures the intensity of the current between a work-
ing electrode and an auxiliary electrode in the
tested solution. The reference electrode does not
polarize when taking measurements. Changes in
the current intensity were analyzed depending on
the concentration of ABTS in the solution, which
was used as a depolarizer (electroactive substance).
The obtained chronoamperograms make it possi-
ble to track changes of the concentration of the
enzyme’s substrate at the time in the measuring
solution [7–10].

2. Experimental

Samples of the biopolymer matrix synthe-
sized from acrylated epoxidized soybean oil
(AESO) and vanillin dimethacrylate (VDM) were
prepared with photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA) and without DMPA,
as described earlier [11]. To examine the nanostruc-
ture of the sample, the PALS technique was used.
The spectrometer was equipped with two Hama-
matsu scintillators with detection crystals made
of BaF2. The scintillators were positioned at 90◦ to
each other. The resolution of the measuring system
is 240 ps. The sample with the source of positrons
was placed in the measuring chamber together with
a sample pellets in a “sandwich” arrangement. The
22Na source with an activity of 0.6 MBq was en-
closed in Kapton® film with a thickness of 7 µm.

The measurements consisted of several stages.
The first was to check the stability of the sample
at 18◦C, and then the temperature was decreased
to −150◦C, where the stability was also tested. The
next stage were measurements with increasing the
temperature from −150◦C to 40◦C in steps of 10◦C.
The measurement for each temperature took 3 h.
The aim was to check the influence of temperature

on the sample nanostructure and to determine the
temperature of the phase transition visible in the
change of PALS parameters. Then, analogous mea-
surements with decreasing temperature were per-
formed. The next phase of measurements was to
determine the sorption/desorption properties of the
sample. In the beginning, steam measurements
were made, then liquid water was poured into the
chamber, and finally the water was removed from
the chamber and the sample was tested under vac-
uum. The spectra obtained were analyzed using the
LT 9.2 program [12]. In this way, information was
obtained about the o-Ps lifetime τ3 and intensity I3.

In order to investigate the operational character-
istics of the bioelectrodes based on AESO/VDM as
the enzyme’s immobilization matrix, a chronoam-
perometric analysis was performed. The biosen-
sor configuration included a Pt counter electrode,
an Ag/AgCl/KCl reference electrode, and graphite
rods type RW001, 3.05 mm from Ringsdorff Werke
as working electrodes. Before usage, the electrodes
were polished with P2000 emery paper Smirdex®.
The amperometric analysis was carried out using
a potentiostat CHI 1200A from IJ Cambria Sci-
entific in an electrochemical cell at 23◦C under
continuous stirring.

The bioelectrodes construction was as follows:
dropping of 5 µL of laccase solution (2 or 10 mg/mL
with an activity 13 U/mg) on the working elec-
trode surface and drying for 5 min at 15◦C; cov-
ering the dried enzyme by a thin glue-like layer of
AESO/VDM without its additional treatment. To
compare the impact of the matrix layer thickness
on the efficiency of diffusion in biorecognition layer
addition treatment (dissolving) of the AESO/VDM
in acetone was done. The 3 × 3 × 3 mm3 piece of
AESO/VDM matrix was dissolved in 0.3 mL of ace-
tone. Next, 3 µL of the formed polymer-acetone so-
lution was dropped on the enzyme-layer and an ul-
tra thin stable polymer film was formed immedi-
ately. The formed bioelectrodes were washed by
50 mM acetic buffer, pH 4.5 and stored at 8◦C
till usage.

3. Results

The stability of the samples was tested at room
temperature and at −150◦C. In both tempera-
tures, the PALS parameter remained stable for min-
imum 20 h (see Table I). The instability caused
by the electron trapping effect [13], which is very

TABLE I

The o-Ps lifetime (τ3) and intensity (I3) at selected
temperatures in two investigated samples.

PALS parameter τ3 [ns] I3 [%] τ3 [ns] I3 [%]
T 18◦C −150◦C

AESO/VDM 2.58 26.4 1.42 24.5
AESO/VDM/DMPA 2.32 26.1 1.42 23.6
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Fig. 1. The o-Ps lifetime (τ3) and intensity (I3)
as a function of temperature (empty triangles —
decreasing temperature, full triangles — increasing
temperature) for: (a) AESO/VDM/DMPA and (b)
AESO/VDM samples separately.

common among polymers, was not observed here at
low temperature. The high stability of the nano-
structure of the samples is desirable due to the po-
tential applications of polymers in the production
of biosensors.

The AESO/VDM and AESO/VDM/DMPA sam-
ples were tested in a wide temperature range from
−150◦C (133 K) to 40◦C (313 K) (see Fig. 1).
In places marked as Tg, phase transitions oc-
curring in the samples are observed. In the
AESO/VDM/DMPA sample, this phenomenon oc-
curs at a slightly higher temperature than in the
AESO/VDM sample. Phase transition tempera-
tures are 225.2 K (increasing temperature) and
220.6 K (decreasing temperature) in the case of the
AESO/VDM sample. The AESO/VDM/DMPA
phase transition temperatures are 218.3 K (in-
creasing temperature) and 224.5 K (decreasing
temperature).

After the phase transition in the AESO/VDM
sample, a greater increase in the o-Ps lifetime
is visible and it reaches higher values than in
AESO/VDM/DMPA. In the same sample, higher

Fig. 2. (a) The radii of free volumes present
in the AESO/VDM (full triangles) and
AESO/VDM/DMPA (empty triangles) as a func-
tion of temperature. (b) The o-Ps intensities
under given humidity conditions as a function of
time in AESO/VDM (empty dots — vapor H2O,
full points — liquid H2O, stars — vacuum) and
AESO/VDM/DMPA (empty triangles — vapor
H2O, full triangles — liquid H2O, crosses —
vacuum). The dotted, hatched, and cross marked
areas in both figures correlate separately with the
different humidity condition of samples, the vapor
H2O, liquid H2O and vacuum, respectively.

values of o-Ps intensities can be observed than in
the case of the sample with the DMPA admix-
ture. However, at the moment of a phase tran-
sition, these values peak and then begin to de-
crease. This phenomenon is not observed in the
AESO/VDM/DMPA sample, where the o-Ps inten-
sity increases with temperature [14].

On the basis of tests of the samples in a wide
range of temperatures, the radii of free volumes in
the samples were calculated using the Tao-Eldrup
model [5, 6] (Fig. 2a). As the temperature rises,
one can observe the increase of the free volume
radii in both samples. Below the temperature of
263 K, the radii of free volumes in both samples
have similar values, while above this temperature

434



The 100 years anniversary of the Polish Physical Society — the APPA Originators

in the AESO/VDM sample the radii are bigger
than in the case of the AESO/VDM/DMPA sample
for the same temperatures. This result suggests
that the samples do not differ significantly in their
structure below the Tg, but above this limit tem-
perature, greater free volumes clearly occur in the
AESO/VDM sample.

The samples were also tested in the presence of
water. In order to test the sorption/desorption
properties of the samples, measurements were first
performed in the presence of vapor H2O, then liquid
H2O was poured, and finally the water was removed
from the chamber and the desorption properties of
the samples were tested under vacuum conditions.
All measurements were performed at the same tem-
perature, which was 291 K. The AESO/VDM sam-
ple shows very good sorption properties (Fig. 2b),
which is visible in the changes of the o-Ps intensity
in the sample in the presence of water. After remov-
ing the water from the chamber, the sample does
not return to its original state, which is probably
due to the permanent bond of water molecules with
biopolymer molecules in the sample structure [14].
The AESO/VDM/DMPA sample does not show
any sorption properties, which can be seen from
slight changes in the o-Ps intensity during tests un-
der given humidity conditions [13]. Under the given
humidity conditions, the average o-Ps lifetime re-
mains relatively stable, but a change in the humid-
ity conditions causes changes in the o-Ps lifetime of
a continuous nature (in the case of switching from
water vapor to liquid H2O) or stepwise (removing
water from the chamber).

Based on the o-Ps lifetime, the radii (R) of the
free volumes were determined, and the range of their
variability in relation to the selected humidity is
shown in Fig. 2a. The radii of free volumes in the
AESO/VDM sample are higher before adding liq-
uid water (the dotted and dashed area in Fig. 2a,
respectively), and do not return to their original
value (before the sample was exposed to humidity)
after the removal of the water molecules from the
chamber (the area with crosses). The situation is
different in the AESO/VDM/DMPA sample. The
radii of the free volumes are smaller and the pres-
ence of water molecules affects the radii of free vol-
umes only when liquid water is present in the sam-
ple chamber (the dashed area). Under the condi-
tions of H2O vapors and in vacuum, the radius of
the free volume is very similar. This means that wa-
ter is not bound in the sample AESO/VDM/DMPA
and can easily be removed from the sample. There-
fore, it can be concluded that the addition of DMPA
to the sample has a negative effect on its sorption
properties.

The AESO/VDM sample, characterized with
larger free volumes and showing better sorption
properties, was selected for its testing as an ef-
fective matrix for laccase immobilization on the
electrode surface. For chronoamperometric analy-
sis of AESO/VDM-based bioelectrodes, the working

Fig. 3. The current intensity changes ∆I as
a function of ABTS concentration for the
AESO/VDM-based bioelectrodes. Symbols: empty
dots — untreated matrix with laccase concentra-
tion of 10 mg/mL; squares — treated by acetone
matrix and 10 mg/mL enzyme; triangles — treated
by acetone matrix and 2 mg/mL enzyme.

TABLE II

Parameters of exponential curve (2) fitted to experi-
mental curve (Fig. 3).

∆I0 ∆Imax
ABTS

k
k

untreated:
10 mg/ml of enzyme

−1.156 1.032 10.5 0.095

treated by acetone:
10 mg/ml of enzyme

−1.193 0.720 31.7 0.032

treated by acetone:
2 mg/ml of enzyme

−1.337 1.369 6.1 0.163

potential of −0.1 V vs. Ag/AgCl was used. This
working potential was chosen as the optimal one on
the basis of our previous experiments [7]. The cal-
ibration curves (intensity changes ∆I as a function
of an increasing concentration of ABTS — the lac-
case typical substrate) corresponding to chronoam-
perograms are represented in Fig. 3.

Fitted curves (Fig. 3) with exponential equation
allow describing the trend in the change in current:

∆I = ∆I0 + ∆Imax

(
1 + e−ABTS/k

)
, (2)

where ∆I0 is the value down to which ∆I strives,
∆Imax is the maximum decrease in current differ-
ences observed as a result of the ABTS concentra-
tion increasing, and k is a characteristic for the in-
vestigated sample constant.

At the first stage of the researches, the bio-
electrodes based on untreated AESO/VDM were
tested, and then the sample matrix treated by ace-
tone was used to investigate the impact of the ma-
trix layer thickness on the efficiency of diffusion in
a biorecognition layer resulting in improving its op-
erational properties [9, 10]. The parameters of a fit-
ted equation are given in Table II.
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Fig. 4. The electron transfer scheme of the devel-
oped laccase-based biosensor.

Samples treated by acetone show different sensi-
tivity (current response) depending on the matrix’s
diffusion capability and the enzyme concentration.
A sample with a high enzyme concentration showed
large step changes in current at low ABTS concen-
trations, but slight changes even with large changes
in ABTS concentration. On the other hand, the
sample with the enzyme concentration of 2 mg/mL
in the full tested ABTS concentration range reacted
with a clearly measurable step change in the cur-
rent. In the sample untreated by acetone and with
the enzyme concentration of 10 mg/mL, the abso-
lute change in the current is the smallest (down
to −3 µA), and the variation in DI is similar to the
sample with a low enzyme concentration. This in-
dicates the dependence of the sensor’s sensitivity on
the matrix thickness resulting in a difference in the
diffusion speed. When considering the samples ac-
cording to the criterion of the clearest response, the
best parameters are shown by the sample treated
by acetone, 10 mg/mL, for which the constant k is
the smallest.

Another point of analysis of the parameters of
bioelectrodes based on a different initial concentra-
tion of laccase (from 2 to 10 mg/mL) is that it is
an easier way to get an idea about the principle of
biosensor detection: whether it is a biosensor of the
“third generation” (direct electron transfer from the
electrode surface through laccase to the product) or
a mediatorless “first-generation” (based on electron
transfer onto an electroactive product of the laccase
reaction) biosensor type.

It is a known fact that a direct electron trans-
fer is possible only through the enzyme’s mono-
layer that is directly connected with the electrode
surface, all the other enzyme amount does not
have any impact on the sensor’s output generation.
On the other hand, in the case of the “first-
generation” type biosensor, the electroactive prod-
ucts of enzymatic molecules which are remote from
the electrode surface will be affected onto the
biosensor’s output and the efficiency of this pro-
cess depends mostly on the matrix diffusion abil-
ity. As we can see in Fig. 3, a fivefold decrease
of initial enzyme concentration simultaneously sig-
nificantly decreases the sensor output. This clearly
demonstrates that the constructed biosensor relates

to the “first-generation” type and the electron trans-
fer scheme between the compounds of the sensor’s
system is presented in Fig. 4.

Summarizing, it should be noted that the am-
perometric detection of the developed laccase-based
biosensor is based on a reduction of the enzymati-
cally oxidized electroactive product (cation-radicals
ABTS+•) (Fig. 4). The obtained results confirm
our previous investigation of the laccase-dependent
electron transfer in the biorecognition layer of am-
perometric biosensors [15].

4. Conclusion

The nanostructure study using the PALS method
enabled to check the biopolymer matrix stability,
observe phase transition temperatures and analyze
sorption/desorption properties of the samples. Hav-
ing obtained data, it was possible to determine the
radii of free volumes and to examine the effect of
the admixture of DMPA substance on the sample.
The nanostructure studies make it possible to check
the properties of the sample on the macro scale,
and — at the same time — to verify which sample
should be tested with the amperometric technique
due to its good sorption properties. This sample
turned out to be the AESO/VDM matrix.

The use of chronoamperometry made it possible
to analyze the detection capabilities of this sample.
First, the sample untreated by acetone was tested
and the obtained currents were the highest, indi-
cating the poorest detection ability. The acetone-
treated samples were characterized by a significant
decrease in currents. Thus, it is possible to in-
crease the sensitivity of the bioelectrodes by treat-
ing the matrix by acetone resulting in decreasing
of a biopolymer film thicknesses and higher diffu-
sion. The detection capabilities of the biopolymer
also depend on the enzyme concentration in the ma-
trix. The higher the concentration of the enzyme in
the matrix, the greater the detection abilities of the
biopolymer film. The combination of different en-
zyme concentration in the biopolymer matrix allows
to establish that the constructed bioelectrodes be-
long to the first-generation of amperometric biosen-
sors, where easy diffusion of the electroactive sub-
strate has the main impact on the operational pa-
rameter of the biosensor.
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