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Abstract Electrodeposition polymers can be precipitated on
electrode surfaces upon electrochemical-induced modulations
of the pH value in the diffusion zone in front of the electrode.
The formed polymer films can be used as immobilization
matrices in amperometric biosensors. In order to rationally
control the thus obtained biosensor properties, it is indispens-
able to develop strategies for the reproducible synthesis of
electrodeposition polymers as well as methods for the non-
manual and reproducible sensor fabrication. Based on
instrumental developments such as a specifically designed
parallel synthesizer with improved stirring and temperature
control, an automatic pipetting robot for the preparation of the
monomer mixtures and controlled removal of polymerization
inhibitors, the reproducible synthesis of libraries of electrode-
position polymers was achieved. Moreover, the polymeriza-
tion process could be monitored using in-line thermocouples,
and it could be shown that the chosen strategies led to
reproducible polymerization reactions. By adaptation of an
electrochemical robotic system integrating a Au microtiter
plate and automatic electrode cleaning by means of a
polishing wheel reproducible biosensor fabrication using
glucose oxidase as a model enzyme could be demonstrated.
These results open the route for the rational development of
biosensors and control of the sensor properties by choosing
specifically designed electrodeposition polymers.
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Introduction

Amperometric enzyme electrodes and especially glucose
oxidase-based biosensors had been described extensively
during the almost 50 past years, and there are far more than
5,000 publications related to these types of biosensors.
However, in most cases, the immobilization procedure used
for the fabrication of the biosensors was manual and was
not exclusively addressing the electrode surface. Most
simply, immobilization was performed manually by drop
or dip coating of liquid enzyme preparations containing
suitable crosslinkers [1] or precursors for the formation of
sol—gel matrices [2, 3]. However, non-manual procedures
were assumed to offer better reproducibility and better
control of the immobilization process, which is crucial
particularly when aiming at miniaturized devices and
selectively immobilizing the recognition elements on single
electrodes out of a microelectrode array. A number of non-
manual immobilization protocols have been described,
which include screen-printing techniques [4] together with
photo-induced crosslinking [5], spin-coating procedures
followed by photolithographic structuring and lift-off [6],
and dispensing polymer/enzyme mixtures using ink-jet
printers or piezo-actuated microdispensers [7]. In addition,
electrochemical techniques were intensively applied to
address the surface of an electrode as immobilization site.
Electrochemically induced formation of biomolecule-
containing polymer films by means of electrophoretic
accumulation [8, 9] and deposition of conducting polymers
[10-13] such as polypyrrole, polyaniline, and polythio-
phene were successfully used. Additionally, conducting
polymers were modified with suitable redox relays in order
to improve the electron-transfer characteristics between the
polymer-integrated biological recognition element and the
electrode surface [14, 15]. However, as a major drawback,
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it became clear that conducting polymers are deposited via
intermediate, highly reactive radical cations implying a
strict exclusion of molecular oxygen, and hence resulting in
a rather complicated sensor production process.

Recently, we introduced electrodeposition polymers as
an alternative electrochemical approach for the non-
manual immobilization of active biosensor elements on
electrodes surfaces. The use of electrodeposition poly-
mers avoids the formation of highly reactive intermediate
species, and immobilization of biorecognition elements is
based on polymer entrapment during electrochemically
induced modulation of the polymer solubility [16, 17].
Electrodeposition polymers are suspensions of polyelec-
trolyte particles in aqueous medium stabilized electrostat-
ically by the charge on the polymer particles. During an
electrochemically induced pH-value modulation in the
diffusion zone in front of the electrode surface—invoked
either by water oxidation or water reduction—the charges
at the polymer backbone are neutralized leading to
flocculation and enlargement of the particles followed by
precipitation on the electrode surface [18, 19]. During the
formation of the polymer film caused by pH-induced
precipitation of the electrodeposition polymer, any high-
molecular weight biorecognition element, which is present
in the electrolyte in front of the electrode surface, is
simultaneously entrapped and co-deposited within the
copolymer film [16, 17, 20]. The resulting polymer film
is swelling in aqueous solution under formation of a
hydrogel, thus allowing fast diffusional mass transport of
the substrate to the site of the immobilized biological
element. Moreover, hydrogels are known to stabilize
integrated proteins, thus leading to an improved operation
stability of the biosensor.

Since we have introduced electrodeposition polymers as
immobilization matrix in amperometric biosensors [16],
several groups have used predominantly commercial elec-
trodeposition polymers for the fabrication of bioanalytical
devices [21-23]. However, commercial electrodeposition
polymers are usually optimized for other applications such
as corrosion protection, and the additives may not be
beneficial for the entrapped biological recognition elements.
Moreover, they do not offer suitable functional groups
for the integration of additional components, which may
be essential for the proper function of a sensor such as
redox relays for the design of reagentless biosensors.
Thus, the development of libraries of specifically
synthesized electrodeposition polymers is important for
understanding of the properties of immobilization matri-
ces and their impact on the sensor properties. Previously,
we have described initial steps for the synthesis of
libraries of electrodeposition polymers using bulk or
emulsion polymerization initiated by radical starters [24].
Initial ideas of how the specific monomer properties are
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influencing the polymer characteristics and their impact on
the biosensor responses were derived.

To further evaluate the future possibilities of electrode-
position polymers for biosensor design and fabrication, it is
indispensable to improve the understanding of the polymer
formation process and to improve the reproducibility of the
polymer synthesis and the sensor fabrication. Based on
these prerequisites, an in-depth understanding of the
complex interplay of the parameters, which determine the
biosensor properties, has to be achieved. Therefore, in this
communication, strategies for the improved and reproduc-
ible synthesis of electrodeposition polymers as well as
automated and hence reproducible biosensor fabrication
processes are demonstrated.

Results and discussion

For the optimization of electrodeposition paints with
respect to their properties as immobilization matrix for
amperometric biosensors, two main prerequisites have to
be kept in mind. On the one hand, it is indispensable to
control the polymer synthesis process to an as large as
possible extent to assure high reproducibility of the
polymer properties, which are in a complex way
determining the properties of the derived biosensors. On
the other hand, the sensor fabrication process itself has to be
highly reproducible to allow for a comparison and hence
optimization of different electrodeposition polymers. In
principle, two options are seen, namely the utilization of
commercial electrodeposition paints, which are produced at
industrial scale with high reproducibility or the careful
evaluation of synthetic routes for the design of specifically
adapted electrodeposition polymers.

As a matter of fact, the synthesis of electrodeposition
polymers for optimizing their properties in accordance with
the specific functions of derived amperometric biosensors is
the only possible option if specific molecular architectures
on electrode surfaces are envisaged. The synthesis of
electrodeposition polymers provides the basis for the design
of immobilization matrices with adapted properties with
respect of influencing parameters such as hydrophilicity/
hydrophobicity ratio, diffusional mass transport of substrate
and product of the enzymatic reaction within the polymer
film, local pH value, potential stabilization of polymer-
entrapped biological recognition elements, and even more
important, the functionalization of the polymer backbone
with specific functional groups for later crosslinking or
binding of, e.g., redox mediators.

In our initial attempts to investigate libraries of electro-
deposition paints [20, 24], we assumed that a radical
emulsion polymerization at controlled temperature initiated
by a radical starter will lead to a statistical distribution of all
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monomers within the polymer backbone. These investiga-
tions unequivocally proved the large variations of the
polymer properties and their impact on the biosensor
properties. For the synthesis of an electrodeposition
polymer, a balance between pH-dependent side chains and
hydrophobic side chains has to be found, which is
predefining the solubility of the polymer in aqueous
solution. If the polymer backbone is too hydrophilic, pH
modulation will not lead to a precipitation of the polymer.
In contrast, if the polymer backbone is too hydrophobic and
the number of pH sensitive side chains is small, the
polymer cannot be dissolved in water at all. In order to
investigate the reproducibility of the synthesis procedure, an
emulsion polymerization was repeated four times with exactly
the same monomer composition used as a starting set taken
from our previous knowledge about the influence of the
polymer side chains on the final polymer properties (4.5%
butyl acrylate, 36.7% dimethylaminoethyl methacrylate, 4.5%
methyl methacrylate, 22.3% cyclohexyl methacrylate, and
32.5% 1-imidazolyl-hex-5-en-3-oxy-2-ol) while controlling
as far as possible the parameters during the radical-initiated
emulsion polymerization. The obtained polymers were then
used for the fabrication of glucose biosensors by
entrapping glucose oxidase during an electrochemical-
induced pH modulation causing precipitation of the
polymers. Glucose calibration graphs were obtained by
means of chronoamperometry and oxidation of enzymat-
ically formed H,O, at the underlying platinized graphite
electrode surface (Fig. 1).

As can be clearly seen, the variation in the sensor
response obtained from the four polymer preparations is
large, suggesting either a significant irreproducibility of the
polymer formation process or of the biosensor fabrication
by means of electrochemically induced pH modulation.

In order to evaluate the source of irreproducibility, the
obtained polymers were investigated by means of "H NMR
spectroscopy (Fig. 2), which was only possible after the
introduction of an imidazolyl- or pyridyl-functionalized
monomer in the polymerization mixture. After an initial

Fig. 1 Chronoamperometric
calibration (a) of four glucose 151 A
sensors fabricated using the
same polymer and (b) of four
biosensors using four polymers,
which had been synthesized
according to the same synthesis
protocol using the same initial
mixture of the monomers and
conditions for the emulsion po-
lymerization

L, uA

NMR spectrum, in which the characteristic signals of the
imidazole ring are clearly seen at 7.5-8.0 ppm, was
recorded from the reaction mixture, the electrodeposition
polymer was precipitated by increasing the pH value. A
second NMR spectrum from the precipitated fraction did
not show any signals of the imidazole substituent.

During the radical-initiated polymerization, the
imidazolyle-functionalized monomer is obviously not
included into the polymer backbone. There is an
extensive literature on theoretical, experimental, and
applied aspects of copolymerization reactions, including
early work on kinetic models [25, 26]. From these
investigations, it is obvious that the overall composition
of the resulting copolymer depends on the reactivity
ratios, initial monomers mixture composition, and overall
yield of the polymerization reaction. The composition of
the monomer mixture changes during the course of the
polymerization if one of the monomers is preferentially
incorporated into the copolymer backbone.

Taking this into account, it was attempted to balance the
drift in the copolymer composition by adjusting the initial
ratios of the monomers in the reaction mixture. However,
this was not successful since the increase of the relative
amount of less active monomers directly affected the
overall polymerization yield and hence again the polymer
composition. The reactivity ratio of the monomers depends
on both the nature of the monomers itself and the reaction
conditions for the radical-initiated emulsion polymerization.
Thus, the obvious possibility to minimize the drift in the
polymer composition is either seen in optimizing the
polymerization conditions or by selecting monomers with
similar reactivity. By changing the reactions conditions
during the polymerization reaction, the overall conversion
yield can be varied, which will influence the relative
composition of the monomers in the polymer backbone.
However, a study of the polymerization process suggests a
weak dependence of the reaction temperature and the
duration of the heating on the resulting polymer composi-
tion. These findings are in accordance with previous reports
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Fig. 2 '"H NMR spectra in dy-
MeOH of the solid content of
the EDP Cp7 before (a) and
after (b) precipitation

85 80 75

70 65 60 55 50f 45 40 35

LA

30 25 20 15 1.0 05

85 80 175

and are due to the fact that the effect of temperature on the
reactivity ratio of the monomers is insignificant since
activation energies for radical propagation are relatively
small [27].

To further evaluate the shift in the monomer compo-
sition, the effect of different polymerization techniques
was evaluated. Emulsion polymerization for the prepara-
tion of cathodic electrodeposition polymers was carried
out in the absence of any detergent, and the formed
polymer suspension was stabilized by electrostatic repul-
sion between the protonated dimethylamino groups at the
surface of the formed particles [19]. For comparison,
polymerization reactions were carried out in emulsion,
bulk, or solution using methanol as solvent without
addition of any acid. By this, the polarity of the initial
monomer mixture was varied. Table 1 shows the influence
of the polymerization conditions on the relative amount of
monomers within the formed polymers as calculated from
the 'H NMR spectra.

Table 1 Influence of the polymerization technique on the average
composition and on overall conversion yield of the copolymers

Mol.% Monomers Emulsion Emulsion  Solution Bulk
mixture 1 2

DMAEMA 333 56.8 26.2 41.0 33.1

BA 333 18.3 36.5 22.7 31.8

St 333 249 37.3 36.2 354

Conversion 0 69 70 46 76

“Emulsion 1” was carried out with neutralization of the basic
monomers for electrostatic stabilization; “Emulsion 2”, “Solution”,
and “Bulk” were carried out without any addition of acid
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Obviously, in the case of the emulsion polymerization,
the drift in monomer composition is maximal with respect
to the monomer composition reflecting the fact that the
monomer reactivity is affected especially at non-
homogeneous conditions [28, 29]. This is most probably
caused by the difference of the relative solubility of the
different monomers in the formed particles and the
dispersing medium or by the hindered diffusion of one or
several monomers into the particles.

In the polymer formed by the emulsion polymerization
after neutralization of the basic monomers (emulsion 1),
dimethylaminoethyl methacrylate is predominantly
enriched in the resulting copolymer. It is known that the
monomer reactivity ratio for an acidic or basic monomer is
dependent on the pH value [30, 31], which is confirmed by
the high reactivity of protonated dimethylaminoethyl
methacrylate, which could be polymerized at moderate
temperatures (ca. 90 °C) in the absence of a radical initiator.

The observed polymer composition obtained in the
solution polymerization confirms the importance of polarity
effects of the medium. It becomes evident that copolymer-
ization reactions involving combinations of polar and non-
polar monomers are different depending on the polarity of
the reaction medium [32]. On the other hand, the presence
of a solvent or a dispersion medium leads to a compara-
tively low conversion yield during the polymerization
reaction, which may be explained by a chain transfer to
solvent.

As already pointed out above, the composition ratio in
the resulting copolymers may be improved by using
monomers of similar reactivity. It was shown previously
that statistical copolymerization of the active acrylates with
allyl [33] or olefin-based [34-36] monomers is difficult
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most probably due to the different mechanisms through
which the monomers undergo polymerization. Acrylates are
readily polymerized through a free-radical mechanism,
whereas allyl- and olefin-based monomers either undergo
a slow free-radical polymerization or need quite harsh
conditions. Moreover, polymerization of some acrylates can
be affected by the presence of monomers such as allyl
ethers [37].

Taking this into consideration, there are several possi-
bilities for achieving a significant incorporation of a
functionalized monomer within a copolymer backbone.
One possibility is seen in the integration of an active acrylic
precursor monomer such as acryloyl chloride, which may
be later modified with the envisaged functionality.

In a first attempt, acryloyl chloride was copolymerized
with butyl acrylate and dimethylaminoethyl methacrylate.
The activated carboxy function was reacted with sodium
imidazolate, and the obtained polymer was purified by
precipitation with NaOH. The 'H NMR data clearly
confirmed the presence of imidazolyl groups in the
obtained copolymer. However, a disadvantage is seen in
possible side reactions of the highly activated carboxyl
group with functional groups such as hydroxyl functions,
which may be present at the monomers forming the
electrodeposition polymer.

Fig. 3 >C NMR (a) and 'H
NMR (b) spectra in d;-MeOH
of the copolymer of InPMA
with DMAEMA

b
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Alternatively, already functionalized (meth)acrylate
monomers, which are in general not commercially avail-
able, were synthesized by reaction of the corresponding
alcohols with methacryloyl chloride in the presence of a
base as proposed previously [38, 39]. These reactions
proceed with high yields (up to 90%), and the obtained
products have to be stored in the presence of a polymer-
ization inhibitor. The obtained functionalized monomers
can be easily copolymerized with similar active (meth)
acrylates. Figure 3 shows the '*C NMR and 'H NMR
spectra of one of the obtained copolymers.

The monomers are quite similar, and therefore, many
signals are overlapping in the corresponding NMR spectra.
The signals from the imidazolyl group (120-140 ppm in
3C or 8.0-7.5 ppm in 'H) and from N-methyl group (42—
50 and 3.2-2.5 ppm, correspondingly) are well separated
from the other resonances, which confirm the presence of
both monomers in the copolymer. Signals from methyl (17—
21 ppm) and methylene (60—65 ppm) are very sensitive to
compositional and stereochemical changes and can be used
for evaluation of the microstructure of the copolymers.

In order to be able to modify at a later stage the obtained
electrodeposition polymers, e.g., by coordinative binding of
metal complexes, an extended library of acrylic-based
monomers was established (Fig. 4). Due to the fact that
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Fig. 4 Functionalized monomers with activated double bonds used
for synthesis of electrodeposition paints

all these monomers are methacrylate derivatives, it can be
assumed that the reactivity of these monomers is similar
leading to their statistical integration into the polymer
backbone during polymerization.

The reproducibility of the polymerization process and
hence the reproducibility of the properties of the formed
electrodeposition polymers depend on the one hand on the
control of the polymerization process and on the other hand on
variations of the experimental conditions. Especially, the
possible variations of the experimental conditions can be
addressed by designing adequate equipment. For this, the
parallel polymerization setup, which had been used previously
by us [20], was improved. First, the magnetic stirrer, which
was only able to sufficiently stir the polymerization mixtures
until a viscosity of about 1,000—1,500 cP, had to be replaced
to accommodate all possible ranges of viscosity of the
polymerizing mixture even to a viscosity range of 10*cP.
Simultaneously, reproducibility of the heating of the reaction
tubes had to be improved. Heating was previously achieved
by a conventional hot plate equipped with a contact
thermometer causing variations of up to 7 °C in different
reactor tubes and temporary fluctuations in one reactor of
about 8 °C. To overcome these experimental limitations, a
parallel synthesizer was specifically developed, which
enables stirring at high viscosity and a significantly
improved temperature control together with an individual
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temperature measurement in each reaction tube by means of
thermoelements. The setup is shown in Fig. 5.

The setup allows up to eight parallel polymerization
reactions to be performed in 10-ml glass tubes equipped
with reflux condenser, high-viscosity stirrer with integrated
thermocouple for in-line temperature control. Heating is
achieved with a high-precision heating plate in combination
with a contact thermometer that allows to control the
temperature of the heating bath with an accuracy of 0.2 °C.
By means of a digital overhead stirrer with integrated
viscosity control, a constant stirring speed with an accuracy
of 10 rpm is achieved. The stirring speed can be monitored
and controlled by means of a computer interface.

Temperature monitoring is achieved by means of a group
of thermocouples connected to a data logger, which allows
to record temperature variations within each individual
reaction tube with an accuracy of 0.5 °C. By this, on-line
monitoring of the polymerization rate becomes possible.
Typical temperature profiles recorded during copolymeri-
zation reactions of different monomer compositions are
shown in Fig. 6.

The temperature profiles can be used as a sensitive tool
to monitor the course of the polymerization reactions. For
comparison of different polymerization reactions on the one
hand, the delay in polymerization which is dependent on
the nature of the monomers, the presence of inhibiting
compounds as well as the nature and amount of the radical
initiator can be used. On the other hand, the maximal
temperature during polymerization is mainly dependent on
the composition of the monomer mixture. Hence, the
recorded temperature profiles increase significantly the
comparability of polymerization reactions and allow to
investigate and optimize the influence of the purity of the

Fig. 5 Parallel polymerization reactor with improved stirring and
temperature control. / Heating module, 2 reaction tube, 3 reflux
condenser, 4 combined stirring module with rotational-speed sensor, 5
temperature monitoring module with individual thermocouples, 6
individual stirrer bar with integrated 7 thermocouple
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Fig. 6 Temperature profiles recorded during copolymerization reac-
tions of different monomer compositions. a Variation of the amount of
radical initiator (10% allyl glycigyl ether; 90% butyl acrylate). Dashed
line 1.4%, solid line 1%, thick solid line 0.67%, thick dashed line
0.4% of azobisisobutyronitrile. b Variation of the monomer compo-

individual monomers and the monomer composition on the
reproducibility of the polymerization reaction.

To demonstrate this, a series of experiments was
performed in which the monomer mixture consisting of
9 ml of allyl glycigyl ether (10%) and butyl acrylate (90%)
was passed through a column with different loading of an
inhibitor remover. The reaction mixtures were immediately
polymerized, and the temperature profile during polymer-
ization was recorded (Fig. 7). The delay of polymerization
is obviously highly dependent on the removal of the radical
inhibitor with an exponential decrease, which is leveling off
at a column length of about 20 cm (Fig. 7a). Moreover,
different amounts of the same monomer mixture (11 to
20 ml) were passed through a 20-cm inhibitor remover
column. The temperature profiles during subsequent copo-
lymerization were found to be almost identical (Fig. 7b),
which suggest that a column length of 20 cm is sufficient to
remove the radical inhibitor.

To further improve the reproducibility of the copoly-
merization reaction, the effect of the duration of argon
bubbling for removing of molecular oxygen on the delay of
polymerization was investigated. The variation of the delay

Fig. 7 Dependence of the delay

Time, hh:mm

sition (initiator 1% azobisisobutyronitrile). Dashed line 5% allyl
glycigyl ether and 95% butyl acrylate, solid line 10% allyl glycigyl
ether and 90% butyl acrylate, thick dashed line 15% allyl glycigyl
ether and 85% butyl acrylate, thick solid line 20% allyl glycigyl ether
and 80% butyl acrylate

of polymerization was highly dependent on small fluctua-
tions of the bubbling rate, which are caused by variations in
the argon pressure in combination with the initial viscosity
of the monomer mixture. Removal of oxygen by argon
bubbling was hence considered to be rather a source for
irreproducibility and was therefore not performed in the
following experiments.

Another source of irreproducibility was seen in potential
handling errors caused by manual preparation of the
monomer mixtures. To exclude this, an automated liquid
handling workstation (Tecan RSP 9000 equipped with
XLP6000 pump) was adapted by means of an in-house
programmed software module, which allows automated
preparation of the monomer mixtures in a highly reproduc-
ible way. Up to eight reaction tubes can be filled with
preprogrammed amounts of up to 20 different monomers.
Operational parameters of the liquid handling workstation
and the used syringe pump such as pump speed during
aspiration and dispensing were optimized to increase
accuracy and precision for the liquid transfer. Copolymer-
ization was performed with the automatically prepared
monomer mixtures, and the temperature profiles during

Temperature, °C

of the polymerization derived 500 A

from in situ recorded tempera-
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copolymerization were compared with monomer mixtures,
which were prepared by manual pipetting. The reproduc-
ibility of the copolymerization as derived from the
temperature profiles during the reaction obtained with
monomer mixtures prepared by manual versus robotic
pipetting is compared in Table 2.

The overall heat during the copolymerization reactions
derived from the integral of the temperature—time curve is
independent from the pipetting process. However, varia-
tions in the maximum temperature during copolymerization
are highly dependent on the accuracy of the preparation of
the monomer mixture. Manual preparation exhibits a
slightly better accuracy than robotic preparation using the
1,000-pul syringe. On the other hand, despite the improved
reproducibility in the case of automatic pipetting using the
100-pul syringe, the pipetting time is very long. The time
needed for the preparation of eight monomer mixtures with
a volume of 3 ml using robotic pipetting with the 100-ul
syringe is about 3 h as compared to about 20 to 25 min for
both the manual as well as the robotic pipetting using the
1,000-pl syringe. However, this may be easily overcome by
integration of a second syringe pump into the robotic
pipetting system, allowing to choose the optimal syringe
size depending on the overall pipetting volume and the
necessary accuracy.

Using the automatic pipetting system, removal of the
polymerization inhibitor and the described parallel synthe-
sizer with improved stirring and temperature control is the
basis for a reproducible synthesis of electrodeposition
polymer libraries. In addition, the preparation of related
biosensors has to be performed in a highly reproducible
way to allow to compare the impact of the different
electrodeposition polymers from a library on the biosensor
properties. This is a prerequisite for the envisaged rational
design of optimal electrodeposition polymers with specif-
ically adapted properties.

A previously developed electrochemical robotic system
[40] was further adapted for automatic biosensor fabrica-
tion, avoiding any manual preparation steps. The electro-

Table 2 Comparison of the reproducibility of the copolymerization
reaction in dependence from manual and robotic modes for prepara-
tion of monomer mixtures

Temperature profiles Operation
time, min
Tinaxs Area,
SD in % SD in %
Manual 7.7 6.8 25
Robotic 1,000 pl 9.6 6.2 21
Robotic 100 pl 1.9 6.3 187

The syringe volume of the syringe pump for automatic pipetting can
be adjusted to either 100 or 1,000 pl total volume
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chemical robotic consists of a step-motor driven x,y-table as
basis for a 96-well microtiter plate (Fig. 8).

Using a glass plate on top of a Teflon lid, the
humidity and hence the solvent evaporation as well as
the atmosphere (e.g., inert gas) can be controlled. An
electrode bundle consisting of a Pt working electrode, a Pt
counter electrode, a miniaturized Ag/AgCl reference elec-
trode, and if needed a capillary for the addition of solutions are
moved through a hole in the glass plate into a well of the
microtiter plate or alternatively into the glass vials positioned
outside of the microtiter plate. After positioning of the
electrodes, a variety of electroanalytical techniques such as
cyclic voltammetry, chronoamperometry, and differential
pulse voltammetry can be performed. In addition, the
electrode bundle can be moved in z-direction for stirring,
compounds can be added at predefined times using a step-
motor driven syringe pump, and the working electrode can
be dipped into a solution for electrode modification by dip
coating. The in-house-developed software is highly modular
using an easy-to-use script language predefining complex
electroanalytical sequences.

To improve the reproducibility of automatic biosensor
fabrication and testing using the electrochemical robotic
system, some additional features had to be implemented,
and electroanalytical sequences had to be evaluated and
optimized. In a conventional biosensor calibration proce-
dure using chronoamperometry, aliquots of the analyte are
added to the electrolyte solution, and the current response
of the sensor is recorded over time. For this, it is essential
that the analyte is immediately homogeneously mixed in
the electrolyte solution, which can be usually achieved by
stirring. Initially it was assumed that due to the small
electrolyte volume in the well of the microtiter plate,
stirring can be avoided, and homogeneous distribution of
the analyte is achieved fast. In Fig. 9, two biosensor
calibration methods are compared. Figure 9a shows a
chronoamperometric measurement in which glucose stock
solution was repeatedly added into a well of the micro-
titerplate in which the biosensor was previously placed. A
nearly continuous increase of the current has been recorded
if the glucose solution was dispensed into the well using the
syringe pump of the robotic system while the microtiter
plate shaker was switched on (black line in Fig. 9a).
Despite its difficult handling, the use of small magnetic
stirring bars in the microtiter plate wells led to a significant
improvement (gray line in Fig. 9a). Moving the electrode
bundle into one of the vials at the external positions, which
was filled with a glucose solution of known concentration
(Fig. 9b), led to reliable chronoamperometric measure-
ments. By using a digital I/O card, it was possible to switch
on the potentiostat only after the electrode bundle was
placed into the electrolyte, thus avoiding unwanted poten-
tial overswinging. As a matter of fact, after dipping the
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Fig. 8 Photograph of the electro-
chemical robotic system showing
a 96-well gold microtiter plate in a
chamber for controlling the
atmosphere. For this, the chamber
is covered by a glass plate and
may be flushed with a humidified
inert gas. The microtiter plate is
placed on top of a shaking unit,
and the whole chamber can be
moved using a step-motor con-
trolled x,y-positioning unit. The
electrode holder is moved in the
z-direction, and the electrodes are
lowered into the wells through a
hole in the glass plate. The
electrodes can be additionally
moved into the glass vials at the
external positions for cleaning or
calibration. In addition, the
working electrode can be auto-
matically repolished on the
polishing wheel

electrode bundle into the glucose-containing electrolyte
solution, a decay of the onset current was seen, which
leveled off after a waiting time of about 60 s. Thus, current
values at times higher than 60 s were used for construction
of the calibration curves.

Another significant improvement of the reproducibility
of the automatic biosensor fabrication and its evaluation
is connected with the separation of pulse deposition of
the electrodeposition polymer under simultaneous entrap-
ment of the enzyme and sensor evaluation. Earlier, the
same reference and counter electrodes were used during
sensor fabrication and sensor evaluation. As a matter of
fact, the counter and reference electrode were contami-
nated with adsorbed electrodeposition polymer, causing
an unpredictable and not reproducible amount of enzyme
activity being adsorbed on all surfaces, which were in
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Fig. 9 Chronoamperometric biosensor calibration using the robotic
system (platinized graphite electrode d=0.5 mm). a Gray line
permanent stirring with magnetic stirring bars, black line mixing with
the microtiter plate shaker. b Dipping of the biosensor into vials at

Gold microtiterplateforelectrodeposition

Polishing plate

contact with the polymer/enzyme solution. To overcome
this problem, it had to be assured that the counter and
reference electrode, which were used during the sensor
evaluation, did not dip into the electrodeposition solu-
tion. For this, both the counter and the reference
electrode of the electrode bundle were retracted (see
Fig. 8) and thus exclusively used during sensor evalua-
tion. Due to the precise control of the z-position of the
electrode bundle with a nominal resolution of about 1 pum,
any contact of the counter and reference electrode with the
enzyme/polymer solution could be avoided. For the
electrochemically induced precipitation of the electrode-
position polymer, a Au microtiter plate (see Fig. 8) was
designed, which was connected as counter electrode
during sensor fabrication. This leads to a defined relative
position of the sensor electrode and the large counter

400

B
300 1
231 mM
167 mM
< 90 mM
= 200+ 48 mM
-
24 mM
100 12mM
0 0omM
0 20 40 60 80 100
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external positions outside of the coordinates of the microtiter plate,
which contained known concentrations of glucose solutions. The
biosensor was connected to the potentiostat using a relay switch after
the electrode bundle was placed in the electrolyte solution

@ Springer



1702

D.A. Guschin et al.

electrode, thus assuring a reproducible establishment of
the pH modulation during sensor preparation.

Besides characterization of the bare electrode surface
prior to the polymer deposition, sensor formation and
automatic recording of calibration plots, one major problem
is the reliable cleaning of the electrode surface and the
quantitative removal of the deposited polymer film. In
earlier work [40], it was shown that electrochemical
cleaning of the electrodes in 5 M HCI at a constant
potential of 3 V versus Ag/AgCl/3 M KCI was possible,
assuming that the cleaning is caused by the formed Cl,.
However, less attention was paid to the conditioning of the
electrode surface by this aggressive cleaning protocol.
Using the electrochemical robotic system, it is straightfor-
ward to use cyclic voltammetry in the presence of a well-
known free-diffusing redox mediator such as 5 mM [Ru
(NH3)s]**""** to monitor the quality of the electrode surface
after cleaning.

In Fig. 10, a series of cyclic voltammograms is
depicted, showing the voltammograms of the bare
electrode surface before the electrochemically induced
polymer precipitation, of the polymer-modified electrode,
and of the electrode after cleaning by electrochemical
formation of Cl,. The current decrease in the case of the
polymer-modified electrode clearly proves the successful
modification of the electrode with the electrodeposition
polymer, causing the observed hindered diffusional access
of the [Ru(NH;)s]*"*" to the electrode surface. In Fig. 10a,
it becomes obvious that—despite the successful removal of
the polymer film by the oxidative treatment with the in situ
formed Cl,—the cleaning procedure leads to a significant
increase in the active electrode surface as compared with the
initial bare electrode. In order to avoid the harsh conditions

during Cl, formation, a polishing wheel was integrated
within the electrochemical robotic system (see Fig. 8). The
rotation of the polishing wheel can be switched on and off
during the course of the analytical sequence, and the
precision of the z-positioning enables the secure approach
of the electrode to the surface of the polishing cloth.
Cleaning by polishing re-established the initial electrode
surface (Fig. 10b) and hence contributed significantly to a
reproducible automated sensor fabrication and testing.
Finally, 16 different electrodeposition polymers were
synthesized by emulsion polymerization at a temperature of
100 °C using azobisisobutyronitrile (AIBN) as radical initiator
(Table 3). The obtained copolymers were neutralized with
the corresponding amount of 10 M HCI, dissolved in about
20 ml methanol, which was then slowly replaced by water at
80 °C. Stable polymer suspensions with a solid content of
about 20% were obtained. Aliquots of the emulsions of the
electrodeposition polymers were weighed and precipitated
with 10 M KOH. After washing with water, the precipitated
polymers were dried at 120 °C for 30 min, reweighed, and
then redissolved in methanol-ds. The copolymer composi-
tions were derived by regression analysis of the
corresponding 'H NMR spectra (Table 4). For this, the 'H
NMR spectra were divided into six regions corresponding to
protons of different functionality. The composition of the
copolymer was derived by the combination of the integrals
of the peaks in the theoretically expected NMR spectra of a
polymer. Biosensor fabrication and evaluation was per-
formed automatically in the electrochemical robotic system.
For this, the electrode was cleaned by polishing on the
integrated polishing wheel, characterized by cyclic voltam-
metry in 5 mM [Ru(NH;)]* ", and positioned in a well of
the Au microtiter plate containing a mixture of an electro-

6004
A 300-
300 1501
0 — od
< _ <
= -300- —— = 1504
= -
-600- -3004
-9004 -450
y y y y -600+— y y y y y y
-450  -300  -150 0 150 -400 -300 -200 -100 0 100 200
E, mV E, mV

Fig. 10 Cyclic voltammograms from a three-electrode bundle as used
for sensor preparation in the electrochemical robotic system (working
electrode, 250 um Pt disk; counter electrode, Pt; reference electrode,
Ag/AgCl 3 M KCl) obtained in 5 mM [Ru(NH3)s]Cl; in the presence
of 100 mM KCl as supporting electrolyte (sweep rate 50 mV/s). The
cyclic voltammograms were recorded before the electrochemical-
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induced precipitation of an electrodeposition polymer (black line), of
the polymer-modified electrode (gray line), and after the cleaning
process (light-gray line). a Cleaning was performed electrochemically
in 5 M HCI by applying a constant potential of 3 V versus Ag/AgCl/
3 M KCI for 6 min. b Cleaning was performed mechanically on the
polishing wheel integrated within the robotic system
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Table 3 Monomer composition of the members of the cathodic
electrodeposition polymer library

Monomers Styrene Butyl
mixture (%) acrylate (%) methacrylate (%)

Dimethylaminoethyl 2-Hydroxyethyl
methacrylate (%)

P1 7.19  50.98 34.64 7.19
P2 45.50 5.21 1.90 47.39
P3 13.57 28.53 27.15 30.75
P4 23.05 14.70 33.72 28.53
P5 18.04  11.37 28.63 41.96
P6 23.64 38.34 30.03 7.99
P7 20.21  38.34 1.55 39.90
P8 18.36 4297 36.33 2.34
P9 1595 48.64 30.74 4.67
P10 26.81 3532 29.79 8.09
P11 40.13  16.83 12.30 30.74
P12 17.73  39.13 10.03 33.11
P13 - 15.57 77.87 6.56
P14 447 36.87 29.05 29.61
P15 3094 20.14 35.25 13.67
P16 9.40 48.72 41.88 -

The relative composition of styrene, butyl acrylate, dimethylami-
noethyl methacrylate, and 2-hydroxyethyl methacrylate was varied in
the reaction volume by means of automatic pipetting

deposition polymer with glucose oxidase. The insertion
depth of the working electrode was adjusted to make sure
that the reference and counter electrode of the electrode
bundle were not contaminated with the polymer/enzyme

Table 4 Polymer composition of the members of the cathodic electro-
deposition polymer library derived from the corresponding NMR spectra

Polymer Styrene Butyl
(%) acrylate methacrylate (%)

Dimethylaminoethyl 2-Hydroxyethyl
methacrylate (%)

(%)

P1 8 46 40 6
P2 43 0 5 52
P3 14 23 24 39
P4 23 3 35 39
P5 19 6 27 48
P6 26 33 33 8
P7 21 33 6 40
P8 25 28 38 9
P9 19 51 30

P10 30 30 32 8
P11 42 6 16 36
P12 16 42 12 30
P13 0 25 65 10
P14 4 31 32 34
P15 32 26 32 10
P16 10 46 44 0

mixture. After electrochemical-induced polymer precipitation
and entrapment of the enzyme within the precipitating
polymer film, the as-prepared sensor was rinsed in phosphate
buffer pH 6.3 and subsequently sequentially positioned in
the glass vials placed at the external positions of the robotic
system. The glass vials were filled with increasing concen-
trations of glucose in buffer of pH 6.3.

After inserting the electrode bundle into the glucose
solution, the sensor electrode was connected to the working
electrode connector at the potentiostat by means of a relay
switch. By this, the working potential of +600 mV was
applied to the sensor electrode, leading to the oxidation of
enzymatically produced H,O, and hence to a glucose-
proportional current. The current was recorded for a
predefined time (e.g., 120 s) before the electrode bundle
was moved to the next higher glucose concentration. The
current values after 60 s were used for the construction of
the calibration graphs from which the apparent maximal
current and the apparent Michaelis constant were derived
(Fig. 11).

In general, all sensors show a comparatively small
variation in Ky"*", which is mainly governed by the
polymer film thickness as well as the diffusion and
partitioning of the substrate glucose within the polymer/
enzyme network. The I,,,*P shows significant variations
of a factor of up to 10. Obviously, sensors based on
polymer P7 are best with respect to signal height, while P12
seems to be superior in terms of increased linear range with
still sufficient sensitivity.

The preparation of libraries of electrodeposition
polymers using a controlled and reproducible synthesis
procedure together with an automatic sensor fabrication
protocol employing an electrochemical robotic system is
a prerequisite for finally elucidating the specific impact
of the polymer composition, film thickness, enzyme-to-
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Fig. 11 Ky\**? and I,,,,,*? values of amperometric glucose biosensors
obtained from 16 different cathodic electrodeposition paints (250 pm
Pt electrode: potential pulse profile for electrodeposition, —1.2 V/0.2 s
and 0 V/5 s; 100 mM phosphate buffer pH 6.3)
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polymer ratio, etc., on the biosensor response. This
evaluation is only possible if the detected variations in
sensor response are not masked by irreproducibility in
any of the steps from synthesis to biosensor fabrication.

Conclusion

The reproducible synthesis of libraries of electrodeposition
polymers in small volumes and in a parallel process
involving the combinatorial mixing of a large number of
monomers was addressed by analysis of the reaction
products and by improving instrumentation and in-line
control of the temperature during polymerization. By
removing polymerization inhibitors, accurate pipetting of
the monomer mixtures using a specifically adapted pipet-
ting robot and recording of the temperature in each reaction
tube during polymerization the polymer synthesis can be
controlled to achieve a sufficient degree in reproducibility.
Simple bulk polymerization was found to be difficult to
control due to the highly exothermic polymerization
reaction and changes in viscosity which make temperature
control in small volumes difficult. Polymerization in
solution or emulsion overcomes many of the disadvantages
of bulk polymerization such as thermal and viscosity
problems. On the other hand, the presence of a solvent or
a dispersing medium causes new challenges like chain
transfer to the solvent and a shift from the composition of
the monomer mixture and resulting copolymer.

In addition, the properties of an electrochemical robotic
system were extended to improve the reproducibility of
automatic sensor fabrication and evaluation. Integration of a
Au microtiter plate used as counter electrode, a polishing
wheel for electrode cleaning, and avoiding the contamina-
tion of the counter and reference electrode by the polymer/
enzyme mixture were shown to allow a reproducible sensor
fabrication and the comparison of the impact of the polymer
composition on the properties of the derived biosensors.

Experimental part

Materials

Allyl glycigyl ether (97%), AIBN (99%), n-butyl acrylate
(BA, 98%), 2-hydroxyethyl methacrylate (99%), fert- butyl-
hydroperoxide, triethylamine (99%), and styrene
(St, 99%) were purchased from Fluka (Buchs, CH). 2-
Pyridinecarboxyaldehyde (99%) and glyoxal (40% solution
in water) were obtained from Acros (Geel, Belgium).
Methyl-4-imidazolecarboxylate (98%), 4-pyridinpropanol
(96%), 1-(2-hydroxyethyl)imidazole (95%), and sodium
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hydride (95%) were obtained from Aldrich (Taufkirchen,
Germany). Methacryloyl chloride (96%) and glucose
oxidase (EC 1.1.3.4, type XS, 100,000-250,000 units/g
of solid, from Aspergillus niger) were obtained from
Sigma-Aldrich Chemie (Steinheim, Germany). Benzene,
isopropanol, glucose, ethanol (abs), methanol, chloroform,
ammonium hydroxide (25%), sodium carbonate, sodium
hydrogen phosphate, potassium hydroxide, and hydro-
chloric acid (37%) were purchased from J.T. Baker
(Deventer, Netherlands). Potassium dihydrogenphosphate
was purchased from VWR International (Darmstadt,
Germany). 2-Chloroethanol (99%) and sodium sulfate
were obtained from Riedel-de-Haen (Seelze, Germany).
2-(Dimethylamino)ethylmethacrylate (DMAEMA, 98%)
was purchased from Merck (Darmstadt, Germany). (2-
Chloroethoxy)ethanol and 2- (2-chloroethoxy)-ethoxy eth-
anol were obtained from ABCR (Karlsruhe, Germany). N,
N-Dimethyl-2,2-bis- imidazole and (2-pyridyl)imidazole
were synthesized according to literature [41, 42].

Instrumentation and equipment

For preparation of monomer mixtures, either a specifically
adapted automated liquid handling workstation Tecan RSP
9000 equipped with a XLP6000 pump in robotic mode
(Tecan Deutschland, Crailsheim, Germany) or a set of
Eppendorf dispensers (variable volume 10-100 pl; 100—
1,000 pl; Eppendorf, Hamburg, Germany) was used. The
workstation and pump were controlled by in-house-written
software (VBA in Microsoft Excel).

Parallel polymerization was carried out in a newly designed
polymerization block equipped with a RCT basic IKAMAG
safety control heating plate connected to an IKA ETS-D6
contact thermometer (IKA, Staufen, Germany). A digital
overhead stirrer (IKA EUROSTAR power control-visc., IKA,
Staufen, Germany) with integrated rotation-speed control was
connected to up to eight stirring bars with integrated
thermocouples (type “T”, Conatex, Sankt Wendel, Germany)
connected to a Plug-In USB-5201 datalogger (PLUG-IN
Electronic, Eichenau, Germany) for continuous readout of the
temperature from all reaction tubes.

"H NMR and "*C NMR spectra were recorded with a
Bruker DRX 400 spectrometer in methanol-d, (Deutero,
Kastellaun, Germany); chemical shifts in ppm (8) were
referenced to the residual solvent signal. NMR data were
evaluated using the MestRec Lite v 4.59 software (MestRec,
Santiago de Compostela, Spain).

Graphite rods (type RWO001, 3.05 or 0.5 mm diameter)
from Ringsdorff Werke (Bonn, Germany), sealed in glass
tubes by means of epoxy glue and used as working
electrodes, were polished with emery paper of decreasing
size and rinsed with 20 mM phosphate buffer pH 6.3. Pt
electrodes (d=250 pum) were fabricated in house. Manual
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amperometric measurements at constant potential were
performed with an Autolab system (Eco Chemie, Utrecht,
The Netherlands). An in-house built electrochemical
robotic system was used for automatic fabrication and
evaluation of glucose biosensors.

Synthesis of acrylate-based monomers

The functionalized alcohol was dissolved in CHCI; or
CH,Cl,, and the corresponding amount of triethylamine
was slowly added. The mixture was cooled to 0 °C.
Methacryloyl/acryloyl chloride (5% excess) in CHCl; was
added dropwise under continuous stirring at 2-3 °C. The
reaction mixture was kept at this temperature for 1 h and then
stirred for another 10 h at RT. The reaction mixture was
washed with saturated Na,COj5 solution and three times with
water and dried over Na,SOy, and the solvent was evaporated
under vacuum. The molecular structures of the obtained
monomers were confirmed by means of GC-MS and NMR.

Polymer synthesis

Before polymerization, the monomers were passed through
an inhibitor remover column (Sigma-Aldrich Chemie,
Steinheim, Germany).

Emulsion polymerization with electrostatic stabilization
(1) was carried out as described previously [17, 20, 24]. As
radical initiator fert-butyl-hydroperoxide was added to the
mixture of the monomers, which was neutralized with the
corresponding amount of 3 M HCI. The copolymerization
was initiated by heating the mixture in a specifically
designed reaction tube with a reflux condenser to a
temperature of 90 °C for 5 h. The obtained copolymer
was dissolved in a minimal amount of methanol.

Emulsion polymerization (2) was performed by the
addition of the radical initiator (10% AIBN in benzene) to
the emulsion of the monomers in 2 ml water. The
copolymerization was initiated by heating the mixture in a
specifically designed reaction tube with a reflux condenser
to a temperature of 70 °C. The obtained copolymer was
neutralized with the corresponding amount of 10 M HCI
and diluted with 3 ml methanol.

Bulk polymerization was done by the addition of the
radical initiator (10% AIBN in benzene) to the mixture
of the monomers. The copolymerization was initiated by
heating the mixture in a specifically designed reaction
tube with a reflux condenser to a temperature of 70 °C
for 5 h. The obtained copolymer was neutralized with a
corresponding amount of 10 M HCI and dissolved in
5 ml methanol.

Solution polymerization was done similar to the emul-
sion polymerization, however, water was replaced by
methanol for readily dissolving the monomers.

The radical initiator (10% AIBN in benzene) was added
to the solution of the monomers in 2 ml methanol. Then
copolymerization was initiated by heating the mixture in a
specifically designed reaction tube with a reflux condenser
to a temperature of 70 °C for 5 h. The obtained copolymer
was neutralized with the corresponding amount of 10 M
HCI and diluted with 3 ml methanol.

Polymer characterization

The overall conversion of the reaction was determined by
gravimetry. Samples of the electrodeposition polymers were
weighed, dried at 120 °C for 30 min, reweighed, and then
dissolved in methanol-d,. The copolymer composition was
derived by regression analysis from the '"H NMR spectra.

Fabrication and characterization of amperometric biosensors

Manual sensor fabrication was done following a scheme
previously described [16]. Pt-disk working electrodes were
cleaned by polishing on a polishing cloth with alumina
polishing paste (3, 1, and 0.3 um) from Leco (Kirchheim,
Germany). All electrochemical experiments were carried
out at room temperature, and all potentials are referred
versus a Ag/AgCl/3 M KCI reference electrode. The
sequence for the automated biosensor screening protocol
consists of the following steps: (1) electrode characteriza-
tion by cyclic voltammetry in a solution of 5 mM [Ru
(NH;)]*"*", (2) washing in water, (3) precipitation of the
polymer/enzyme film by means of a potentiostatic pulse
profile (-1.2 V/0.2 s and 0 V/5 s, 20 pulses) in a gold
microtiter plate, (4) washing of the modified electrode in
20 mM phosphate buffer (pH 6.3) and drying in air for
5 min, (5) swelling of the polymer film in 100 mM
phosphate buffer (pH 6.3), (6) calibration of the biosensors
by dipping of the glucose biosensor into the glucose
solutions of known concentrations at an applied potential
of 600 mV, (7) washing in water, and (8) polishing of the
electrode on the polishing plate.
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