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Abstract

The integration of flexible anchoring groups bearing imidazolyl or pyridyl substituents into the structure of electrodeposition paints (EDP) is
the basis for the parallel synthesis of a library containing 107 members of different cathodic and anodic EDPs with a high variation in polymer
properties. The obtained EDPs were used as immobilization matrix for biosensor fabrication using glucose oxidase as a model enzyme.
Amperometric glucose sensors based on the different EDPs showed a wide variation in their sensor characteristics with respect to the apparent
Michaelis—Menten constant (K3;") representing the linear measuring range and the maximum current (/obh). Based on these results first
assumptions concerning the impact of different side chains in the EDP on the expected biosensor properties could be obtained allowing for an

improved rational optimization of EDPs used as immobilization matrix in amperometric biosensors.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The modification of immobilization material for preparation
of amperometric biosensors constitutes an important step in the
development of an optimal biosensor architecture for a specific
application. The immobilization matrix predominantly defines
the properties of amperometric biosensors since they secure the
tight fixation of the biological recognition element at the elec-
trode surface concomitantly guaranteeing the accessibility of
the immobilized enzyme for its substrate and fast electron
transfer between the immobilized enzyme and the electrode
surface either via defined electron-transfer pathways using in-
tegrated redox relays or by means of free-diffusing redox
mediators. An optimal immobilization material for ampero-
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metric biosensors should also possess additional features such as
appropriate thermal and mechanical stability, protein-friendly
environment, eventually suitable binding sites for the coordina-
tive or covalent binding of redox mediators, biocompatibility,
high permeability for fast substrate and product diffusion,
internal cross-linking capacities as well as the ability to be
locally deposited on predefined support surfaces in a control-
lable and reproducible fabrication process. In order to achieve
these requirements, a variety of materials and techniques have
been intensively investigated ranging from manual (drop- or
dip-coating [1-3]) to non-manual immobilization processes
(screen-printing [4], spin-coating followed by photolithograph-
ic structuring and lift-off [5], piezo-actuated micro-dispensing
[6]). The main focus was on the investigation of the co-depo-
sition of enzymes with polymeric materials on different elec-
trode materials. For example, glucose oxidase was immobilized
within a hydrophilic latex film containing hydroxyl or glucon-
amide groups [7] or the integration of long alkoxide spacers
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into clay, silicate or glass was used for developing of flexible
and controllable porous inorganic—organic matrices for biosen-
sor applications [3,8,9]. It was shown that the integration of
carboxylic acid units into hydrophobic poly-pyrrole films led to
a significant increase in the related glucose sensor sensitivity
[10] and that quarternization of pyridine units in redox hydro-
gels based on Os-complex modified poly(vinylpyridine) with
hydrophilic groups such as 2-bromethanol or 3-brompropionic
acid strongly improved the sensor characteristics [11,12].

Although many efforts were undertaken to gain in-depth
knowledge of the complex parameter space influencing biosensor
properties, still a rational design of immobilization matrices together
with possibilities of chemical functionalization and addressability of
the immobilization site is not possible. Thus, biosensor optimization
is mainly done based on non-quantified expert knowledge in a trial
and error variation of main influencing parameters.

Recently, we have introduced the application of anodic and
cathodic electrodeposition paints (EDP) as immobilization mat-
rices for amperometric biosensors [13—19]. EDPs can be preci-
pitated exclusively on the electrode surface by changing the
polymer charge imposing an electrochemically induced pH-value
modulation in the diffusion zone in front of the electrode surface.
During the formation of the polymer layer, enzymes present in the
deposition solution are simultaneously entrapped within the
ramified polymer network. The formed EDP layers show hydrogel
properties due to their swelling in aqueous solution thus allowing
for fast diffusional mass transport of the substrate to the site of the
immobilized enzyme. Often polymer hydrogels are additionally
stabilizing the three-dimensional structure of proteins enabling an
improved sensor stability. Functionalization of EDPs has been
thoroughly investigated for corrosion applications. Integration of
carboxylic groups, tertiary amine groups or hydroxyl groups at the
EDP backbone led to better adhesion and cohesion of EDP films
on metal surfaces [20,21]. Hence, it is anticipated that the
functionalization of EDPs will result in improved properties of the
polymer layers also for biosensor applications.

In this communication, a synthesis strategy for the parallel
formation of functionalized EDPs is presented. A number of
functionalized monomers containing imidazolyl or pyridyl
residues in the side chains were synthesized and subsequently
copolymerized with a variety of comonomers following a
combinatorial approach under formation of an EDP library
containing 107 anodic and cathodic EDPs. The obtained po-
lymers were evaluated with respect to their applicability
in amperometric glucose oxidase-based biosensors and attempts
to deduce a basic understanding of the influence of the polymer
composition on the biosensor characteristics were performed.

2. Experimental section
2.1. Chemicals and materials

Di-tert.-butyl-hydroperoxide (DTBP), styrene (St), anhydrous
acrylic acid (AA), n-butylacrylate (BA), methyl methacrylate
(MMA), cyclohexyl methacrylate (CHMA), 2-ethylhexylmetha-
crylate (EHA), 4-pycolinamine (PA) were purchased from
Fluka Chemie (Buchs, CH). Methyl acrylate (MA) and ethyl

acrylate (EA) were obtained from Acros (Geel, B). 2-(dimethyl-
amino )ethylmethacrylate (DMAEMA, 98%) was purchased from
Sigma (Deisenhofen, D). 1,2-epoxy-5-hexene (EPH, 97%), N-
vinylimidazole (VI), allyl glycidyl ether (AGE), 1-(3-aminopro-
pyl)-imidazole (API, 98%) were obtained from Sigma Aldrich
Chemie (Steinheim, D). 1,2-epoxy-9-decene (EPD, 96%) was
obtained from Lancaster Synthesis (Eastgate, UK). D-(+)-glucose,
isopropanol, KCI, NaOH, KOH, NaCl, HPLC grade water,
imidazole, Na,HPO,, KH,PO,, K,HPO,, HCI (36-38%) were
purchased from J.T. Baker (Deventer, NL). Glucose oxidase
(GOx, EC 1.1.3.4, type XS, 100000-250000 units/g of solid,
from Aspergillus niger) was obtained from Sigma (Deisenhofen,
D). All chemicals were used as received.

2.2. Electrodes and electrochemical equipment

Constant potential amperometry was carried out in a con-
ventional three-electrode electrochemical cell connected to a PED
300 bipotentiostat (Biometra, Gottingen, D) or a model 1030
electrochemical analyzer (CH Instruments, Austin, Tx, USA)
using a Ag/AgCl/3 M KCI reference electrode and a Pt wire
counter electrode. 1 mm diameter Pt disk electrodes sealed in
glass were used as working electrodes. All potentials are referred
to the Ag/AgCl/3 M KCl reference electrode.

2.3. Gas chromatography—mass spectrometry

A HP5890 (Hewlett-Packard, Boblingen, D) gas chromato-
graph connected to a mass spectrometer (HP5970 series mass
selective detector) was used to characterize the synthesized
functionalized monomers. The gaschromatographic separation
was done using a DBxLB-mittelpolar 8—12% diphenylpolysilox-
ane capillary column (30 m in length x 0.25 mm internal diameter
with 0.25 pm film thickness) using a temperature program starting
at 60 °C for 2 min, then increasing the temperature to 300 °C at a
rate of 15 °C min~ ', and holding at 300 °C for 3 min. Helium was
used as carrier gas at a flow rate of 1 ml min~ ' and a split ratio of
1/90. The injector and detector temperature was 250 °C.

2.4. Synthesis of imidazole-modified monomers

2.4.1. Synthesis of I-imidazole-1-yl-hex-5-en-2-0l (EPH-Im)
and 1-imidazole-1-yl-hex-5-en-3-oxy-2-ol (AGE-Im)

247 mmol of allyl glycidyl ether (AGE) or 99 mmol 1,2-
epoxy-5-hexene (EPH) was added dropwise to 240 mmol of

Fig. 1. Schematic representation of the synthetic strategy for integrating
functional side chains within EDPs. 1. Synthesis of functionalized monomers;
2. mixing with a set of monomers with side chains of different properties;
3. copolymerization leads to a functionalized EDP.
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Fig. 2. Synthesis of imidazolyl and pyridyl modified monomers as building block for EDPs. EPH-Im: 1-imidazole-1-yl-hex-5-en-2-0l; AGE-Im: 1-imidazole-1-yl-hex-
5-en-3-oxy-2-ol; EPD-Im: 1-imidazole-1-yl-dec-9-en-2-ol; MA-API: N-(3-imidazole-1-yl-propyl)-acrylamid; MA-PA: N-pyridin-4-yl-methyl-acrylamid.

imidazole (90 mmol imidazole) and dissolved in 30 ml (27 ml)
isopropanol during 1 h. The mixture was stirred for 3 days at
40-50 °C to complete the reaction. After evaporation of the
solvent a yellow and oily product was obtained. The analysis of

the product by GC-MS showed two peaks corresponding to
AGE (EPH) and AGE-Im (EPH-Im), respectively. No peak of
residual imidazole was observed. The crude product was used
without further purification.

Fig. 3. Typical EDP structures containing the synthesized imidazolyl and pyridyl containing monomers (R: MMA; BA; CHMA; EHA; EA; St).
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Table 1

Monomer composition of the polymer members of the EDP library together with the properties of the derived amperometric glucose biosensors

Polymer Monomer (mmol) K¥/mM IVP nA
CP1 AGE-Im (2) BA (4) DMAEA (4) MMA (2) - -

CP2 AGE-Im (1) BA (5) DMAEA (4) MMA (2) - -

CP3 AGE-Im (3) DMAEA (4) St (3) EHA (2) - -

CP4 AGE-Im (3) St(3) DMAEA (4) MMA (1) EHA (2) - -

CP5 AGE-Im (3) BA (4) DMAEA (4) MMA (1) 24.6+2.1 93.4+3.8
CP6 AGE-Tm (4) DMAEA (4) MMA(®4) 17.4+3.1 17374112
CP7 AGE-Im (3) BA (5) DMAEA (4) 16.7+1.5 106.8+4.2
CP8 AGE-Im (5) BA (2) DMAEA (4) MMA (1) 13.4£2.0 61.2+32
CP9 AGE-Im (4) BA (2) DMAEA (4) MMA (2) 249+2.1 250.3+3.6
CP10 AGE-Im (4) BA (4) DMAEA (4) 204422 140.4+5.8
CPI1 AGE-Im (5) BA (2) DMAEA (5) 182422 87.1+£3.8
CPI12 AGE-Im (5) BA (3) DMAEA (4) 182+1.1 430.3+10.1
CP13 AGE-Im (6) DMAEA (4) MMA (2) 18.1+1.2 483.9+£11.9
CP14 AGE-Im (3) BA (4) DMAEA (4) St (1) 15.4+1.6 310.9+11.6
CP15 AGE-Im (4) BA (3) DMAEA (4) MMA (1) 11.9+0.9 273.9+£6.7
CP16 AGE-Tm (4) BA (2) DMAEA (4) St (2) 152437 219.9419.0
CP17 AGE-Im (4) DMAEA (4) EA (4) 2.0+0.3 1518.8+47.0
CPI18 AGE-Im (6) BA (2) DMAEA (4) 5.5+0.5 278.8+7.1
CP19 AGE-Im (4) BA (3) DMAEA (4) St (1) 2.0+0.7 8.6=0.6
CP20 AGE-Im (6) DMAEA (4) EHA (2) 25.1+2.8 208.3+10.6
CP21 AGE-Im (5) St (2) DMAEA (4) MMA (1) 8.3+£0.7 524.4+15.5
CP22 AGE-Im (5) St(3) DMAEA (4) 145+1.5 843.7+30.1
CP23 AGE-Im (6) St (1) DMAEA (4) MMA (1) 13.1+£2.2 840.3+49.2
CP24 AGE-Tm (4) BA (2) DMAEA (4) EA (2) 51+1.1 630.3+1.1
CP25 AGE-Im (4) BA (3) DMAEA (4) EA (1) 53+1.3 281.8+18.1
CP26 AGE-Im (5) DMAEA (4) MMA (1) CHMA (2) 129+1.9 412.1+£20.5
CP27 AGE-Im (5) DMAEA (4) EHA (3) 9.4+1.1 36.6+1.3
CP28 AGE-Im (6) DMAEA (4) MMA (1) CHMA (1) 6.0+1.2 308.7417.2
CP29 AGE-Im (5) BA (2) DMAEA (4) CHMA (1) 1.8+0.2 266.1+4.4
CP30 AGE-Im (5) BA (2) DMAEA (4) EHA (1) 4.0+0.7 869.4+36.5
CP31 AGE-Im (5) DMAEA (4) MMA (2) CHMA (1) - -

CP32 AGE-Im (3) BA (4) DMAEA (4) CHMA (1) 1.4+0.1 180.5+1.6
CP33 AGE-Im (4) DMAEA (4) EA (2) CHMA (2) 5.7+0.6 136.1+3.9
CP34 AGE-Im (5) DMAEA (4) EA (1) CHMA (2) 13.6+0.7 336.3+£5.9
CP35 AGE-Im (6) DMAEA (4) EA (1) CHMA (1) 7.6+0.6 195.0+4.9
CP36 AGE-Im (6) DMAEA (4) EA (1) EHA (1) 153+1.1 275.8+7.2
CP37 AGE-Im (5) DMAEA (4) EHA (2) CHMA (1) 9.9+1.7 290.6+16.9
CP38 AGE-Im (5) DMAEA (4) EHA (1) CHMA (2) 5.7+£0.4 337.6+£6.7
CP39 AGE-Im (4) BA (2) DMAEA (4) CHMA (2) 11.4+0.7 490.6+10.5
CP40 AGE-Im (5) BA (1) DMAEA (4) CHMA (2) 53+0.7 689.1+23.3
CP41 AGE-Im (6) DMAEA (4) CHMA (2) 0.30.1 5527453
CP42 AGE-Im (5) DMAEA (4) CHMA (3) 0.8+0.1 459.2+5.3
CP43 AGE-Im (4) DMAEA (4) CHMA (4) 2.0+0.2 325.3+6.1
CP44 AGE-Im (4) DMAEA (4) St (4) 0.6+0.2 606.3+£16.3
CP45 AGE-Im (7) DMAEA (4) CHMA (1) 10.9+1.1 1263+4.4
CP46 AGE-Im (6) DMAEA (4) St (1) EHA (1) 9.5+0.8 271.1+£7.7
CP47 AGE-Im (6) DMAEA (4) MMA (1) EHA (1) 19.0£3.2 266.2+16.4
CP48 AGE-Im (6) DMAEA (4) CHMA (1) EHA (1) 0.3£0.2 114.9+4.5
CP49 AGE-Im (6) BA (1) DMAEA (4) EHA (1) 21.7+2.4 401.1£17.3
CP50 AGE-Im (4) MMA(1) DMAEA (4) St (1);BA(1) EA (1) 0.6+0.1 423.7+2.4
AP51 AGE-Im (3) BA (6) AA (3) 12.1£0.8 5212+11.8
AP52 AGE-Im (3) BA (5) AA (3) St (1) 8.8+0.8 207.2+6.1
AP53 AGE-Tm (3) BA (5) AA (3) CHMA (1) 13.7+1.0 3952499
AP54 AGE-Im (3) BA (5) AA (3) MMA (1) 10.4+1.4 4442+19.2
AP55 AGE-Im (3) BA (4) AA (3) St (2) 9.9+0.9 538.9+16.0
AP56 EPH-Im (3) BA (6) AA (3) 5.8+£0.4 7452+14.2
AP57 EPH-Im (3) BA (5) AA (3) St (1) 10.4+0.6 487.1+8.7
AP58 EPH-Im (3) BA (5) AA (3) CHMA (1) 3.1+0.1 1035.2+6.8
AP59 EPH-Im (3) BA (5) AA (3) MMA (1) 6.4+0.2 1255.7+13.6
AP60 EPH-Im (3) BA (4) AA (3) St (2) - -

AP61 EPD-Im (4) VI (5) AA (3) 4.6+0.6 76.842.5
AP62 EPD-Im (3) VI (5) AA (3) MMA (1) 5.5£0.5 108.7+£2.7
AP63 EPD-Im (3) VI (4) AA (3) MMA (2) 8.9+1.2 72.3+3.0
AP64 EPD-Im (3) VI (3) AA (3) MMA (3) 6.2+1.2 47.1+£2.6
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Polymer Monomer (mmol) K\*/mM IV mA
AP65 EPD-Im (3) VI (2) AA (3) MMA (4) 3.840.6 25.2+0.9
AP66 MA-API (3) BA (6) AA (3) - -

AP67 MA-API (3) BA (5) AA (3) CHMA (1) 7.6+0.6 719.3+16.8
AP68 MA-API (3) BA (5) AA (3) MMA (1) 2.540.2 1303.5+30.3
AP69 MA-API (3) BA (4) AA (3) St (2) - -

AP70 MA-API (3) BA (3) AA (3) MMA (3) 1524222 365.3£16.3
AP71 MA-API (3) BA (4) AA (3) MMA (2) 5.8+0.5 374.5+9.6
AP72 MA-API (3) BA (3) AA (3) CHMA (2) MMA (1) - -

AP73 MA-API (3) BA (4) AA (3) CHMA (2) - -

AP74 MA-API (3) BA (3) AA (3) CHMA (3) - —

AP75 MA-API (3) BA (3) AA (3) St (2) - -

AP76 MA-API (3) BA (3) AA (3) St (2) MMA (1) - -

AP77 MA-API (3) BA(4) AA (3) CHMA (1) 4.7+0.8 446.0+£19.0
AP78 MA-PA (3) BA (3) AA (3) MMA (3) 12.6+0.9 269.046.7
AP79 MA-PA (3) BA (3) AA (3) St (1) CHMA (2) - -

APS0 MA-PA (3) BA (4) AA (3) CHMA (2) - -

AP8I MA-PA (3) BA (3) AA (3) CHMA (3) MMA (1) - -

APS2 MA-PA (3) BA (4) AA (3) St (2) 7.6+0.1 168.0+3.1
AP83 MA-PA (3) BA (3) AA (3) St (2) CHMA (1) 11.7+0.7 241.0+4.5
APS84 MA-PA (3) BA (4) AA (3) St (1) - -

APS85 MA-PA (3) BA (5) AA (3) MMA (1) - -

APS6 MA-PA (3) BA (2) AA (3) MMA (3) EHA (1) - -

AP87 MA-PA (3) BA (3) AA (3) MMA (2) EHA (1) - -

APS8 MA-PA (3) BA (3) AA (3) CHMA (2) MMA (1) 7.6+2.3 170.3+4.6
AP89 MA-PA (3) BA (4) AA (3) CHMA (1) EHA (1) 1.8+023 70.7+6.4
AP90 MA-PA (3) BA (3) AA (3) CHMA (3) - -

AP91 MA-PA (3) BA (3) AA (3) St (2) EHA (1) - -

AP92 MA-PA (3) BA (3) AA (3) St (1); EHA(1) CHMA (1) - -

AP93 MA-PA (3) BA (3) AA (3) St (2) MMA (1) - -

AP94 MA-PA (3) BA (3) AA (3) CHMA (1) EHA (1) 11402 105.5+36.0
AP95 MA-PA (3) BA (4) AA (3) CHMA (1) 2.140.2 2663+5.6
AP96 MA-PA (3) BA (6) AA (3) CHMA (1) - -

AP97 MA-PA (3) BA (6) AA (3) MMA (1) 0.2+0.0 960.3+£26.4
AP98 MA-API (3) BA (4) AA (3) CHMA (1) MMA (1) 2.2+0.1 1118.9+43.0
AP99 MA-API (3) BA (5) AA (3) MMA (2) 0.7+0.1 1424.3420.5
AP100 MA-API (3) BA (3) AA (3) CHMA (1) St (1); MMA(1) - -

AP101 MA-API (3) BA (5) AA (3) St (1) 2.2+0.1 882.7+10.3
AP102 MA-PA (3) BA (5) AA (3) MMA (1) - -

AP103 MA-PA (3) BA (4) AA (5) 6.9+0.5 198.3+4.4
AP104 MA-PA (4) BA (4) AA (4) 9.3+0.2 261.9+£2.6
AP105 MA-PA (4) BA (5) AA (3) 11.7£1.1 249.8+7.8
AP106 EPH-Im (3) BA (5) AA (3) EA (1) 355+3.5 196.2+8.4
AP107 EPH-Im (3) BA (5) AA (3) VI (1) 30.5+4.2 416.5+3.6

MS data: AGE-Im: RT 12.2 min; major fragments(%)—mass:
100%—41; 98.6%—82; 28.4%—54; 18.9%—69; 14.9%—126;
20.3%—-109; 9.45%—141; 4%—152; 3.4%-181; 18.2%-29;
3.4%—165.

EPH-Im: RT 11.8 min; major fragments(%)—mass: 100%—
81; 58.8%—41; 39.2%-29; 35.3%—-55; 37.2%—-69; 5.9%-95;
7.8%—112; 8.3%—151; 5.9%—166.

2.4.2. Synthesis of 1-imidazole-1-yl-dec-9-en-2-ol (EPD-Im)

60 mmol of 1,2-epoxy-9-decene (EPD) was added dropwise
to 65 mmol of imidazole dissolved in 17 ml isopropanol during
1 h. The mixture was stirred for 3—7 days at 40 °C to accelerate
the reaction. The product obtained after removal of the solvent
was used without further purification.

MS data: EPD-Im: RT 15 min; major fragments(%)—mass:
100%—82; 62.2%—41; 48.6%—55; 40.5%—69; 1%—95; 28.4%—

109; 16.2%—-122; 10.8%—151; 6.7%—165; 9.4%—179; 8.1%—
193; 6.7%-205; 12.2%-221; 29.7%-29.

2.4.3. Synthesis of N-(3-imidazole-1-yl-propyl)-acrylamid (MA-
API) and N-pyridin-4-yl-methyl-acrylamid (MA-PA)

100 mmol 1-(3-aminopropyl)-imidazole (API) or 4-pycolin-
amine (PA), respectively, were mixed with 40 ml isopropanol in
a 100 ml round-bottom flask. 105 mmol methyl acrylate (MA)
was dissolved in 20 ml isopropanol and added dropwise to the
mixture under stirring at room temperature during 24 h. Excess
of unreacted MA was removed from the yellowish and oily
product by rota-evaporation.

MS data: MA-API: RT 14.0 min; major fragments(%)—mass:
100%—42; 27%—-55; 55%—70; 49%—82; 25%-95; 20%—110;
20%—124; 2%—138; 24%—152; 3%—180. MA-PA: RT 12.0 min;
major fragments(%)—mass 100%-92; 41%—-42; 17%-51;
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10%—-60; 37%—65; 10%-70; 7%-79; 14%—84; 78%—107;
76%—121; 2%—133; 1%-161.

2.4.4. Synthesis of EDP containing monomers with imidazolyl
or pyridyl side chains

EDP was prepared following a parallel synthesis scheme as
reported previously [14]. Radical copolymerization of a mixture
of polymer building blocks such as EHA, BA, St, MMA, EA,
MA, VI, CHMA, AGE-Im, EPH-Im, EPD-Im, MA-IPA, MA-
PA was initiated by the radical starter DTBP in the presence of a
small amount of solvent (250 pl water; 250 pl isopropanol).
Basically, the mixture consisting of different monomers; solvent
and initiator was stirred and heated for 5 h at 80 °C in a specially
designed reaction tube with reflux condenser. Up to 16
polymers with different monomer composition could be
prepared in parallel. By varying the composition and relative
amounts of the monomers a library containing 107 members of
different EDPs was synthesized. The viscosity of the obtained
polymers was reduced by adding water (typically 3 ml) and
vigorous stirring overnight for homogenization. Two basically
different types of EDPs were prepared: anodic polymers based
on AA as main pH-dependent residue and cathodic polymers
based on DMAEMA.

2.5. Biosensors fabrication and evaluation

The copolymer suspensions were pre-diluted with water
(1:1 or 4:1), and 500 pl of the functionalized EDP suspension
were thoroughly mixed with 100 pl of GOx solution
(5 mg ml™ ). Electrochemical polymer deposition was initiated
on a 1 mm diameter Pt disk electrode by means of a potential
pulse sequence causing water oxidation (for anodic EDP) or
water reduction (for cathodic EDP) at the electrode surface
under concomitant liberation of H" or OH ™ ions. 30 potential
pulse cycles to —2 V for 0.2 s followed by a relaxation phase
at 0 V for 5 s were applied in case of cathodic EDPs whereas
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Fig. 4. Glucose calibration graphs from biosensors obtained using different
functionalized electrodeposition paints as immobilization matrix for glucose
oxidase (600 mV; oxidation of enzymatically generated H,O5).

potential pulse profiles to +2.2 V for 0.2 s, 0.8 V for 1 s
followed by a relaxation phase at 0 V for 5 s were used for the
precipitation of anodic paints. All enzyme electrodes were
evaluated in an electrochemical cell with 20 ml 0.1 M PBS, pH
7.2 equipped with a Pt counter and a Ag/AgCl/3 M KCl
reference electrode. For constant-potential amperometry the
biosensors were poised to a potential of +600 mV vs. Ag/AgCl
3 M KClI reference electrode in order to oxidize enzymatically
generated H,0,.

3. Results and discussion

The solubility of anodic and cathodic polymers is mainly
controlled by the pH value and the monomer composition
contributing with steric requirements and hydrophilic or
hydrophobic properties of the side chains. Thus, an EDP
which is suitable as immobilization matrix for amperometric
biosensors will only be successfully synthesized if a compro-
mise between the influencing parameters of all integrated
monomers is found. Moreover, in order to allow for a later
modification of the polymer by e.g. coordinative binding of
suitable redox complexes or covalent cross-linking using
bifunctional molecules functional groups should be integrated
already during the polymer formation reaction. The most
straightforward approach to integrate specific functions at the
polymer backbone is to synthesize monomers with the desired
functional side chains which are then copolymerized with a set
of other monomers (Fig. 1). Due to the complex interaction of
the properties of all monomers the polymer characteristics
cannot be easily predicted and thus, assuming that electro-
chemically induced pH modulation successfully leads to a
polymer precipitation at the electrode surface, also the
characteristics of the related biosensors cannot be predicted.
In order to improve the knowledge about the impact of the
various monomers and especially the synthesized functional
monomers the preparation of a library of anodic and cathodic
EDPs with a high variability in the monomer composition was
anticipated.

3.1. Functionalization of electrodeposition paints

3.1.1. Synthesis of monomers with functional side chains

The used monomers bearing flexible spacer chains often
contribute to the overall polymer properties by improving the
plasticity and homogeneity [22,23]. Therefore the integration of
monomers exhibiting good solubility both in aqueous and or-
ganic solvents or allowing for a combination with a big variety
of other suitable monomers under formation of EDPs provides
the possibility for controlling of physical and chemical pro-
perties of the resulting polymer film such as glass transition
temperature, permeability, viscosity, hydrogel properties. Thus,
different strategies were investigated aiming on the synthesis of
monomers containing functional side chains.

First, condensation of carbodiimide and N-hydroxysuccini-
mid activated [24—26] carboxylic acid residues (e.g. of acrylic
acid; AA) with 1-(3-aminopropyl)-imidazole (API) or 4-
pycolinamine (PA) in organic solvents was exploited. However,
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Fig. 5. Sensitivity (S/mA mM ' ecm ?) and linear range (K¥P/mM) of each glucose biosensor fabricated by using different members of the EDP library as

immobilization matrix for the entrapment of glucose oxidase.

this attempt exhibited disadvantages such as the at least partly
occurring homopolymerization of the monomers already during
the modification step, the presence of residual impurities in the
product preventing the copolymerization reaction, and the
alteration of the pH-dependent solubility due to a decreased
number of charged side chains. Thus, alternative approaches
were envisaged aiming on the synthesis of functionalized
monomers in a simple and efficient single step using the same
solvent for the modification, later for the copolymerization
reaction and finally for the immobilization of the biological
recognition element within the precipitated polymer layer.
Vinyl epoxy monomers were reacted with imidazole under
formation of imidazolyl functionalized monomers. Alternative-
ly, acrylic acid methyl ester (MA) was reacted with 1-(3-
aminopropyl)-imidazole (API) or 4-pycolinamine (PA). After

the modification reaction, excess MA was removed using
evaporation under reduced pressure. The reaction equations for
the synthesis of a variety of spacer-modified monomers with
different lengths of the side chains are shown in Fig. 2. Epoxy
groups react efficiently and selectively (more than 95% yield)
with imidazole at ambient temperature. The synthesis can be
accelerated by heating the reaction mixture to 40—50 °C.

3.1.2. Synthesis of a library of functionalized anodic and
cathodic EDPs

A simplified synthesis strategy was employed for the
copolymerization reaction of imidazolyl and pyridyl func-
tionalized monomers with a selection of hydrophobic and
hydrophilic comonomers. Basically the synthesis procedure of
the corresponding anodic or cathodic electrodeposition paint
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Fig. 6. Comparison of the experimental and predicted values of /by and KyfP for the glucose biosensors fabricated with the different polymers from the

EDP library.

involved heating of a premixed solution of monomers, solvent,
initiator, acid or base for neutralization to 80 °C for 5 h. The
obtained anodic or cathodic copolymers were diluted by means
of HPLC grade water and continuously stirred for 24 h to form a
stable aqueous EDP emulsion. The use of a solvent mixture
consisting of isopropanol and water helped to overcome the
incompatibility between the solubility of the monomers. Al-
though numerous mathematical formulations have been estab-
lished in the past years which correlate the chemical
composition of a polymer to its properties [27-29], it is little
known about the properties of the synthesized copolymers.
Thus, by varying the monomer composition in the synthesized
copolymers in a combinatorial way a library consisting of 107
anodic and cathodic EDPs was synthesized (Fig. 3) following a
previously described parallel synthesis regime [14].

The composition of each member of the polymer library is
listed in Table 1. Due to the branched structure of the obtained
EDPs and the presence of hydrophilic groups most of the
polymers exhibit hydrogel properties thus facilitating diffu-
sional mass transport e.g. of the substrate to the site of the
entrapped enzyme. Most of the polymers (CP1-CP50; AP61—
AP65) were diluted with 3 ml water to form a stable emulsion.
However, a large quantity of water (~ 16 ml) was necessary to
obtain a stable emulsion in the case of anodic resins containing
AGE-Im while comparable polymers based on EPH-Im
required only 5 ml water. The cathodic polymers CP1-CP4
were solid at room temperature and hence not applicable for
biosensor fabrication.

3.2. Entrapment of glucose oxidase within functionalized
electrodeposition paints

For the fabrication of EDP-based biosensors glucose oxidase
(100 pl; 5 mg ml™ ') is mixed with 500 pl of copolymer
suspension. Using a miniaturized electrochemical cell with a
1 mm Pt disk electrode as working electrode, a Pt wire counter
electrode and a Ag/AgCl reference electrode the pH value was
locally changed in the diffusion layer in front of the working
electrode by applying a potential pulse sequence to either —2 V
for generation of OH ™ ions or +2.2 V for the formation of H'.
The local pH modulation leads to a change in the polymer

30+

—4A— Experimental
@ Linear model

solubility and consequently to a precipitation of the polymer
entrapping concomitantly the enzyme. As a matter of fact, the
different properties of the synthesized polymers lead to wide
variations in the polymer film thickness and consequently the
amount of active enzyme present in the polymer film. However,
in order to obtain first hints on the properties of the different
polymer films for biosensor applications, for all cathodic paints
and all anodic paints the same number of deposition pulses was
used, assuming that the properties of the obtained glucose
biosensors reflect at least to a certain extent the properties of the
polymer film. As expected, the glucose biosensors showed
significant differences with respect to the maximum current at
substrate saturation (/35%) and the local concentration of the
substrate at the site of the enzyme which is mainly reflected by
the apparent Michaelis constant (K3f") in dependence from the
composition of the used polymer (Fig. 4). I5E5 and K3;® values
for all glucose biosensors are summarized in Table 1. Ob-
viously, the composition of the used polymer as well as the
relative amount of a distinct monomer within the polymer have
a great impact on the biosensor properties and hence it should be
feasible to select suitable polymers as immobilization matrix
according to the anticipated sensor properties.

In general, biosensors based on cathodic paints showed
wider linear detection ranges most probably due to the low
hydrophilicity of DMAEA after deprotonation leading to a
dense polymer layer concomitantly slowing down substrate
diffusion. In contrast, the use of acrylic acid as monomer
in anodic paints increased the hydrophilicity and polarity of
the polymer. In combination with a facilitated swelling sub-
strate diffusion is fast and hence a low K value is mea-
sured. CP20, AP106 and AP107 exhibited the widest linear
range (K" =25.1; 35.5; 30.5 mM, respectively). Exchanging
EHA against CHMA (CP41) significantly reduces the linear
range to Kip°’=0.3 mM and simultaneously improves the
sensitivity of the corresponding glucose sensor by a factor of
213 times.

Replacing St (AP57) with CHMA (AP58), MMA (AP59),
EA (AP106) or VI (AP107) led to higher sensitivities with still
rather wide linear ranges for AP58 and AP59. Obviously, a
decrease in hydrophobicity of the side chains allows for faster
substrate diffusion and possibly leads to a more enzyme friendly
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environment within the polymer layer. Replacing AGE-Im
(AP51-AP55) with EPH-Im (AP56—-AP60) led to a significant
increase in sensitivity. Since AGE-Im is only distinguished
from EPH-Im by one ether group in the side chain, this effect
cannot be easily interpreted. However, obviously AGE-Im leads
to a denser polymer with decreased substrate diffusion. Com-
paring AP60 [EPH-Im (3), AA (3), BA (4), St (2); I5h5.=0 nA]
with AP55 [AGE-Im (3), AA (3), BA (4), St(2); I;7h5=538.9nA]
suggests that in contrast to AGE-Im the hydrophilicity of EPH-Im
is not sufficient to compensate for the impact of St in the polymer.
Thus, AP60 does not form a stable emulsion in aqueous solution
and hence cannot be precipitated on an electrode surface under
simultaneous entrapment of the enzyme. The use of a high amount
of St (>10% of the monomers) often leads to polymers which
cannot be solubilized in aqueous solution (CP3; AP60; AP70;
AP77). This effect can be compensated for using AGE-Im and
DMAEA in cathodic polymers (e.g. CP44) (Fig. 5).

Among the 107 copolymer members of the library, 80 members
formed a stable suspension in water and could be precipitated upon
local electrochemically induced pH-value changes. 27 copolymers
of the library which often contain MA-API or MA-PA were cither
insoluble in aqueous solution or their solubility was too high for pH-
induced precipitation in the presence of the enzyme. Indeed, it was
difficult to adjust the balance between MA-API or MA-PA and
hydrophobic comonomers for obtaining the required pH-dependent
solubility. More than 70% of the biosensors based on the synthesized
copolymers displayed sensitivities to glucose with less or equal to
10 mA mM ' cm 2, however, CP41 (234 mA mM ' cm ) and
AP99 (266 mA mM ' cm™ ) showed a more than 20 times higher
T3P . This difference in sensitivity and linear range demonstrates the
high potential of EDP to optimize the immobilization material just
by modulating its chemical composition.

To evaluate the dependence of the main properties of the
obtained biosensors namely 7585, and Kip® from the monomer
composition of the polymer multivariate regression analysis was
carried out using a linear regression model. Based on the
assumption that the biosensor characteristics are linearly dependent
on the sum of the properties of the immobilization matrix such as
hydrophilicity, hydrophobicity, viscosity, polymer film thickness
etc. the specific property can be expressed as a combination of the
impact of the monomer properties multiplied by a weight factor.

The weight factors of each monomer in a polymer were used
as predictors for I3PP and K{p® as functions of the monomer
composition at the fixed experimental conditions. The linear
regression model has shown statistically significant correlation
coefficients of 0.64 and 0.68 (»p=0.0003 and p=0.00002,
respectively), which indicate moderate correlation between
experimental data and the linear model. For both dependent
variables all predictors were found to be significant (with
p<0.05). In Fig. 6 the experimental and predicted Iibn and Kip®
for the different polymers are compared.

4. Conclusion
Although the correlation between the linear model and the

experimental data is far from being sufficient the large number of
polymers investigated in this study allows to draw conclusions

on the impact of the properties of the monomers on the copoly-
mer characteristics which are mainly determining the overall
properties of the glucose biosensors. Presently, a significant
increase in the reproducibility of the sensor formation is at-
tempted by using an electrochemical robotic system [30] for
high-throughput sensor fabrication and evaluation. In addition,
the reproducibility of the polymer formation process will be
optimized. By additionally changing the film thickness for each
polymer the impact of the different polymer characteristics on
the biosensor properties will be even better understood allowing
for predicting with significantly improved correlation optimized
polymer structures. This study clearly paves the road for more
sophisticated automated polymer evaluation strategies.
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