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ABSTRACT

Fabrication of an enzyme amperometric biosensor for glucose via electropolymerization of pyrrole
in the presence of glucose oxidase onto a hydrogel coated platinum electrode is hereby established
as a viable biotransducer fabrication method. Platinum micro- (¢=25 um) and macro- (¢=100 pum)
electrodes were electrochemically activated and chemically modified with 3-aminopropyl-trimeth-
oxysilane (APTMS), functionalized with acryloyl(polyethyleneglycol)-N-hydroxysuccinamide (ACRL-
PEG-NHS), dipped into a polyHEMA based hydrogel cocktail and UV cross-linked. Electropolymerization
of Py in the presence of GOx produced glucose responsive biotransducers that showed; (i) a 4-fold
reduction in sensitivity compared with directly electropolymerized PPy films, (ii) an electropolymer-
ization charge density dependence of biotransducer sensitivity and enzyme activity that was maximal
at 1.0 mC/cm? with an apparent Ky, of 33 mM, (iii) interference screening of ascorbic acid and (iv) a
temporal increase in sensitivity with storage over a 17 days period. This method has the ability to
precisely and quantitatively add enzyme catalytic bioactivity to metal or semiconductor biointerfaces
for applications in biosensors, bioelectronics and bionics.

Membranes

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Enzyme amperometric biosensors for glucose continue to
receive considerable attention because of their critical role in
clinical chemistry, particularly the monitoring of glucose levels of
diabetic patients, in biotechnology, and in the food industry [1,2].
Recently, a new application of the glucose biosensor was devel-
oped [3]. Glucose, along with lactate, are key metabolites whose
real time and temporal levels are crucial for the management of
hemorrhagic shock; a condition that can lead to multiple organ
dysfunction syndrome and/or eventual death [4]. To increase the
survival rate of injured patients at risk for hemorrhagic shock, it is
imperative that we develop a simple, rapid, sensitive, continuous
and selective on-site platform that can quantify glucose levels;
identified as a trauma-related biomarker because of its relation
to insulin resistance [5-7] and its physiologic link to lactate via
the Cory Cycle. The continuous monitoring of glucose levels in
severely injured patients becomes significant in evaluating the
severity of injury and understanding the temporal progress
towards hemorrhagic shock with the view to helping the intensi-
vist optimize resuscitation and reanimation [8].
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To meet the requirements of dual analyte biosensing of
glucose and lactate using micron-dimensioned microfabricated
electrodes [9], the biofabrication technique must immobilize
the different enzymes at the surface of adjacent electrodes on a
monolithic transducer substrate. Various immobilization proce-
dures are possible; including entrapment and encapsulation
[10,11], covalent coupling [12,13], cross-linking [14,15], physical-
chemical adsorption [16-18] and photolithographic patterning
[19]. The simultaneous guiding and immobilization of the
enzyme glucose oxidase via the process of electropolymerization
of pyrrole into an electropolymerized polymer membrane is an
attractive method for the electrode specific immobilization of
glucose oxidase and other enzymes [11,20,21]. Other benefits
of polypyrrole include efficiency of enzyme loading, ease of
preparation, stability of the PPy film at ambient condition and
control of the exact amount of immobilized enzyme via the
electropolymerization charge density used to create the PPy/
enzyme composite film thickness. However, such immobilized
enzymes rapidly lose their activity due to denaturation and/or
leaching [22]. The simultaneous guiding and immobilization
of the enzyme via the process of electropolymerization of
pyrrole to form an electropolymerized polymer within an existing
electrode-supported, swollen hydrogel membrane layer is an area
of pioneering investigation by our group.

In this paper we describe further the process, introduced earlier
[23-26], of electropolymerization of pyrrole within hydrogel-coated
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microelectrodes to form an enzyme/PPy/hydrogel composite mem-
brane we call a bioactive electroconductive hydrogel. Reported here
is the influence of electropolymerization charge density (mC/cm?),
used as a means for increasing enzyme loading and optimizing
amperometric bioanalytical performance, such as response
time, sensitivity and limit of detection. Also reported are the
influence of electropolymerization charge density on immobilized
enzyme kinetics and the storage stability of the resulting glucose
biosensors.

2. Experimental
2.1. Chemicals and reagents

Pyrrole monomer (reagent grade 98+ %), Glucose oxidase (GOx,
E.C. 1.1.34 from Aspergillus niger), 2-hydroxyethyl methacrylate
(HEMA), tetra(ethylene glycol) diacrylate (TEGDA, technical grade),
poly(ethylene glycol) (400)monomethacrylate (PEGMA), N-[Tris-
(hydroxymethyl)methyl]acrylamide (HMMA, 93%), polyvinylpyrroli-
done (pNVP, MW=360,000), 2-(Dimethylamino)ethyl methacrylate
(DMAEMA, 98%), the photo-initiator 2,2-Dimethoxy-2-phenylaceto-
phenone (DMPA, 99+%), B-p(+ )-glucose, ascorbic acid, sodium
dihydrogen phosphate, disodium hydrogen phosphate, potassium
chloride, sodium hydroxide, and sulfuric acid were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA). 2-(Methacryloyloxy)ethyl
2-(trimethylammonio) ethyl phosphate (MPC) was purchased from
Tokyo Chemical Industry CO., Ltd. The HEMA, methacrylate and
diacrylate reagents were passed through an inhibitor removal column
(Sigma-Aldrich) for removal of the polymerization inhibitors hydro-
quinone and monomethyl ether hydroquinone before using them
in the preparation of the hydrogel cocktail. Pyrrole monomer was
purified by double passage over an alumina silicate column. Solutions
were prepared in deionized water prepared by purifying distilled
water through a Milli-Q® plus (Millipore Inc.) ultrapure water system.
The glucose stock solution of 1.0 M was prepared and allowed to
mutarotate overnight.

2.2. Electrochemical measurements

Electrochemical experiments were performed using a BAS-
100B/W Electrochemical Analyzer with a BAS PA-1 preamplifier
module used to amplify the current and to filter out noise (BAS,
West Lafayette, Indiana, USA). All experiments were carried out in
a three-electrode setup with platinum microelectrodes(¢=25 pm
or 100 um; BAS) as the working electrode, a Ag/AgCl (3 M KClI)
reference electrode (RE803; ABTECH Scientific, Inc., Richmond,
Virginia, USA) and a platinum mesh counter electrode.

2.3. Preparation of the enzyme electrodes

A 3 mol% TEGDA cross-linked standard hydrogel cocktail was
prepared according to a previously described recipe and protocol
[27] by mixing HEMA, TEGDA, PEG(400)MA, MPC, HMMA, p(NVP),
DMAEMA, and DMPA in typical ratio 78:3:5:1:5:2:5:1 mol%. A 1:1
(v/v) solution of ethylene glycol/water corresponding to 20% of
the volume of the monomer cocktail was then added and the
mixture stirred overnight under UV-free conditions. Initially,
the working platinum macroelectrode (BAS, ¢=100 pm) was
mechanically polished with 0.05 pm alumina for 10 min and then
washed with nanopore water and acetone, respectively, in order
to expose a fresh platinum surface. The electrode was then
immersed in 0.5 M sulfuric acid, made the working electrode of
a three electrode electrochemical cell and was electrochemically
cleaned by sweeping the potential between —0.20 and 1.40V
(vs. Ag/AgCl, 3M KCl) at 100 mV/s until a steady state cyclic

voltammogram was obtained. This electrochemical pretreatment
was followed by rinsing with nanopore water several times to
ensure good repeatability of electrode surfaces. Following
cleaning the bare platinum microelectrode surface was
silanized by incubation in a 0.1 wt% solution of 3-aminopropyl-
trimethoxysilane (APTMS) in anhydrous toluene for 1 h followed
by thorough rinsing with toluene and water. The electrode surface
was subsequently functionalized with acrylate groups by incuba-
tion in a solution of 1 m Macryloyl(polyethyleneglycol)-N-hydro-
xysuccinamide (ACRL-PEG-NHS, MW 400) in 0.1 M HEPES buffer,
pH=8.5 for 2 h. Functionalization of electrodes was followed by
ultrasonication in Milli-Q®water for 5min and drying with
ultrahigh purity nitrogen.

Immediately following cleaning, surface modification and
PEG-ACRL functionalization, the bare platinum microelectrode
was dipped into the 3 mol% TEGDA cross-linked p(HEMA)-based
hydrogel cocktail which had been sonicated and sparged with
nitrogen. The thin film was then crosslinked with UV light for
5 min using a UV cross-linker (CX-2000 Crosslinker, UVP, Upland,
CA, USA) under an inert nitrogen atmosphere to yield a hydrogel
membrane that was approximately 5 pm thick.

Electropolymerization of pyrrole was used as the principal
means for bioimmobilization of the enzyme on the hydrogel-
modified microelectrode [26]. Before electropolymerization of
pyrrole, the hydrogel modified electrode was immersed and
incubated in 5.0 ml of an aqueous Py (0.4 M)/GOx(1 mg/ml)
solution, pH=6.0, prepared in Milli-Q®water for 1 h to ensure
equilibrium between the hydrogel film and the electropolymer-
ization solution. Finally, potentiostatic electropolymerization was
commenced by the application of 0.75V vs. Ag/AgCl, 3 M KCI to
the Pt W.E. leading to polypyrrole formation within the hydrogel
membrane [28] and the concomitant immobilization of GOx
within the hydrogel. This produced an enzyme-loaded, electro-
conductive polymer PPy-hydrogel composite (PPy-GOx-Gel|Pt).
The enzyme electrode was subsequently washed with
Milli-Q®water and by PBS to remove any unbound GOx from
the hydrogel film. Electropolymerization charge densities of
0.1-100 mC/cm? were explored.

2.4. Characterization of electrodes and enzyme electrodes

Microelectroes were characterized at various stages of fabri-
cation, including cleaned and APTMS surface modified, using the
probe 50 mM Fe(CN)2 /4~ and in ferrocene monocarboxylic acid
(FcCOOH). Before use, enzyme-modified microelectrodes were
over-oxidized (OPPy) by repeatedly cycling the electrode in PBKCI
(100 mM, pH 7.0) between 0 and 1.2 V vs. Ag/AgCl, 3 M KCl for 40
cycles at 100 mV/s. For immobilized enzyme kinetics, biosensor
sensitivity, response time and biosensor stability studies, ampero-
metric measurements were performed at 0.4V vs. Ag/AgCl, 3 M
KCl and by sequential injection of appropriate aliquots of glucose
solution into 5.0 ml of 100 mMPBKCI (pH 7.0) under continuous
stirring to provide for convective transport.

3. Results and discussion
3.1. Preparation and characterization of microdisc electrodes

Platinum microdisc electrodes were cleaned, surface modified
with APTMS (APTMS|Pt) and then chemically functionalized with
PEG-ACRL (|ACRL-PEG|APTMS|Pt) for the eventual attachment of
the bioactive hydrogel membrane layer and subsequent electro-
polymerization of Py to simultaneously immobilize the enzyme,
GOx, within the hydrogel membrane layer. To confirm the
adsorption of the silanol layer of primary amines on the
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Fig. 1. Cyclic voltammograms of the Pt-ME (¢ =25 pm) in 10 mM PBS at pH 7.0 in the presence of 5 mM Fe[CN]6>~/4~. (A) A direct comparison of an alumina polished
electrode (red) with one electrochemically cleaned in 0.5M H,SO, by repeated cycling over the range —0.2 to 1.5V vs. Ag/AgCl, 3M Cl~at 100 mV/s (blue).
(B) A comparison of electrochemically cleaned electrode (blue) with one that was surface modified by APTMS (red, APTMS-Pt). (C) Multiple cycles associated with
electrochemical cleaning. (D) A comparison of an electrochemically cleaned electrode (blue, |Pt) with an electrode that was surface modified with APTMS (red, APTMS-Pt)
and subsequently electrochemically cleaned as in A above. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

microelectrodes, following solvent cleaning and surface modifica-
tion by APTMS, electrodes were analyzed by cyclic voltammetry
in 1:1 50 mM Fe(CN)Z /4. Following electrochemical cleaning in
0.5 M H,SO4 by repeated cycling over the range —0.2 to 1.5V
(100 mV/s)vs. Ag/AgCl, 3 M Cl—, electrodes were again character-
ized in 1:1 50 mMFe(CN)2 /4. Fig. 1 shows the voltammograms
that were obtained for ¢=25 pm) Pt-ME.

Panel A of Fig. 1 shows that the electrochemical cleaning protocol
improves the microelectrode characteristics in Fe[CN]6> /4~ ; produ-
cing a voltammogram that approaches microelectrode ideality. Panel
B shows the result of APTMS silanol surface modification to be a
passivated microelectrode with little access of the redox couple to the
electrode. Panel C shows the application of 40 cleaning cycles over the
range —0.20 to 1.50V (vs. Ag/AgCl, 3 M KCl)at 100 mV/s until a
steady state cyclic voltammogram was obtained. Panel D shows the
result of the characterization repeated following the electrochemical
cleaning protocol to return the electrode to a condition similar to the
originally cleaned ideal microelectrode behavior.

Fig. 2 shows the effect of this electrochemical cleaning proto-
col on the electrochemical behavior of the probe molecules,
Fe(CN)2 /4~ and FcCOOH, at the electrochemically cleaned and
as-modified Pt macrodisc electrode Pt-ME (¢p=100 pm).

Panel A of Fig. 2 shows a modest increase in the peak potential
of the APTMS surface modified Pt macroelectrode compared to
cleaned bare electrode in the Fe(CN)2 /4~ redox system. At a pH
of 7 it is expected that the immobilized amine functional groups
of the APTMS chemisorbed layer will carry some fraction of
associated positive charges [29]. The electrostatic attraction of
APTMS is likely increasing the electrode boundary concentration
of the negatively charged Fe(CN)Z~/4~ causing the observed

increase in peak oxidation reduction current. The shift in the
reduction potential for the Fe(CN)2 /4~ can be expected for the
APTMS coated electrode as it is less likely to transfer electrons
to the higher concentration of negatively charged ferricyanide
in conjunction with electrophilic tertiary amine groups at the
electrode surface. The system with ferrocene monocarboxylic acid
did not show any peak shifts or changes in peak currents, but
rather generated similar currents with the APTMS electrode when
compared to the bare electrode. Most important however is the
implication that on the microelectrode scale the chemisorbed
silanaol layer is contiguous and passivating while on the macro-
electrode scale the chemisorbed layer lacks the integrity to serve
as a passivation layer and is likely discontinuous and establishes
that at Pt-ME (¢ =100 pm) redox active molecules can gain access
to the macroelectrode surface.

3.2. Response to H,0,

The dose-response performance of the bare platinum micro-
disc electrode (|Pt) and the APTMS modified macroelectrode
(APTMS|Pt) were each evaluated for their electrochemical dis-
charge of hydrogen peroxide, the active source of electrons in
Generation [ amperometric enzyme biosensors of the type inves-
tigated following. Fig. 3 shows the performance of the bare
macroelectrode (|Pt) and the APTMS modified macroelectrode
(APTMS|Pt) to H,0, revealing a sensitivity of 11.5 UA/uM/cm?
and 0.5 uA/puM/cm? respectively; a decrease of nearly two orders
of magnitude. These results would indicate that the surface
modification procedures, while producing a discontinuous layer
on the electrode, nonetheless influences the sensitivity of the
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Fig. 2. Cyclic voltammograms of the Pt-ME (¢=100 pum). (A) A comparison of an alumina polished and electrochemically cleaned electrode (blue, |Pt) with one that was
surface modified with APTMS (red, APTMS-Pt) as tested in 10 mM PBS at pH 7.0 in the presence of 5 mM Fe[CN]2—/4~. (B) A comparison of an alumina polished and
electrochemically cleaned electrode (blue, |Pt) with one that was surface modified with APTMS (red, APTMS-Pt) as tested in 10 mM PBS at pH 7.0 in the presence of 5 mM
FcCOOH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Dose-response curves for Pt-ME (¢=100 pm) that were electrochemically
cleaned (|Pt) and modified with APTMS (APTMS-Pt) as tested in 10 mM PBS at pH
7.2 in the presence of varying concentration of H,0,.

biotransducers to H,O,, which may be due to the blocking of
charge transfer sites by the APTMS layer and the addition of a
diffusional barrier [30]. This change in response to H,0,is more
pronounced compared to the other electrochemically active
species of FcCOOH and Fe(CN)2 /4~ that appear to not be blocked
by APTMS.The amperometric detection of H,0, in this experiment
was performed at 400 mV vs. Ag/AgCl, while electrochemical
oxidation of hydrogen peroxide at metallic electrodes is typically
done at 600 mV vs. Ag/AgCl [31]. The electron transfer rate
constants for oxidation of FcCOOH and H,0, are 2.2 x
10°M~'s~! at platinum electrodes [32] and 4 x 10> M~ 's~ ! at
Prussian Blue modified electrodes respectively [33]. Because of
the high second-order homogeneous rate constant of FcCOOH and
the lack of perturbation to the voltammogram of FcCOOH after
APTMS electrode modification, a change in diffusivity is likely not
the cause of the decreased current response to H,0,. For these
reasons we believe that the APTMS modification may be leading
to a decrease in the oxidative electron transfer rate constant of
H,0, in some fashion other than contributed by a change in
diffusivity. Differences in adsorption of FcCOOH, Fe(CN)2 /4~ and
H,0, into the APTMS layer may also be the cause.

3.3. Bioanalytical performance of the immobilized
GOxbiotransducers

Following hydrogel casting, the immobilized enzyme electro-
des were prepared by electropolymerization of pyrrole in the
presence of GOx leading to entrapment of GOx within the

hydrogel and the fabrication of a bioactive, electroconductive
hydrogel. The preparation of glucose responsive biotransducers
by the immobilization of GOx via electropolymerization of Py is
well documented in the literature [23,24,34-37]. Firstly, a com-
parison was made of the performance of biotransducers prepared
using the current hydrogel method with that prepared by the
previously established method. Fig. 4A shows the dose-response
curves obtained for systems of PPy-GOx|Pt and PPy-GOx-Gel|Pt
where the former was prepared by the electropolymerization of
Py in the presence of 1.0 mg/ml GOx at a cleaned and unmodified
electrode and the latter was prepared by the electropolymeriza-
tion of Py in the presence of 1.0 mg/ml GOx at a hydrogel-coated
(ca. 5.0 um) electrode. Both biotransducers were prepared using a
charge density of 10.0 mC/cm?. Biotransducers showed monoto-
nically increasing current responses to infusions of glucose. The
chronoamperometric response was stable under gentle stirring
conditions with steady state currents being reached and main-
tained at response times ranging from 10 to 70s. It is clear that
the non-hydrogel system displays a fourfold higher sensitivity
(50 pA/mM) compared to the hydrogel modified biotransducer
(12 pA/mM). Secondly, the hydrogel modified biotransducer
displays a change in slope and thus shows two linear regimes.
Secondly, a comparison was made of the performance of
biotransducers prepared by the current hydrogel method when
using different electropolymerization charge densities, Fig. 4B.
The bioanalytical performance of the various transducers studied
is summarized in Table 1.

Hydrogels of implantable biotransducers are a needed compo-
nent for conferring their ability to impart biocompatibility
through reduction in protein fouling [27], reduction to the
inflammatory and foreign body responses [38], and reduction to
fibrous encapsulation [4]. The response of the freshly prepared
(10 mC/cm?) glucose biosensors based on PPy-GOx-Gel|Pt com-
posite was linear over the range 1-6 mM, with a sensitivity of
153 nA/mM/cm? and a response time of 25 s. The sensitivity of
the freshly prepared (10 mC/cm?) glucose biosensor without
hydrogel film (PPy-GOx|Pt) was linear in the range 1-10 mM
with a sensitivity of 637 nA/mM/cm? and a response time of 18 s.
The presence of the hydrogel improved the linear dynamic range
but reduced sensitivity and response time. This could be due to
the enzyme loading in the PPy-hydrogel and/or to the diffusion
limitation of glucose through the interpenetrating network of PPy
within the hydrogel. The observed difference in response time
would have no practical impact on performance. Both polypyrrole
and the hydrogel are shown to have an effect on enzyme affinity
and stability [39,40]. The apparent Michaelis-Menten constant K,
and the maximum current response, I, were calculated from
the slope and the intercept of the Lineweaver-Burk plots [41,42].
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Table 1
Bioanalytical performance of PPy-GOx-Pt and PPy-GOx-Gel-Pt biotransducers as a function of electropolymerization charge density measured after 7 days of storage in
PBS 7.2 at 4 °C.
PPy-GOx-Pt PPy-GOx-Gel-Pt
Charge density (mC/cm?) 10 0.1 1 10 20 100
S (nA/mM/cm?) 596 (1-10 mM) 39 (1-15 mM) 281 (1-15 mM) 146 (1-6 mM) 84 (1-6 mM) 45 (1-5 mM)
61 (6-10 mM) 29 (6-10 mM) 6 (8-33 mM)
Linear dynamic range (mM) 1-10 1-15 1-15 1-6 1-6 1-5
- - - 6-10 6-10 8-33
Response time (s) 20 20 50 50 70 2-8
Detection limit (mM) 0.004 0.621 0.033 0.020 0.030 0.098
Kp (mM) 11.65 29.2 33 6 4.6 0.57
Imax (MA/cm?) 12.7 1.7 13.2 1.9 0.7 0.6

For PPy-GOx-Gel composite Ky=11.4 mM and I,,x=3.3 pAjcm?
and for PPy-GOx composite Ky;=7.6 mM and I;.x=9.1 uA/cmZ. In
both cases the value of the Ky, was higher than that independently
determined using spectrophotometry in solution (Ky,=6 mM).

3.4. Effect of electropolymerization charge on the response
of PPy-GOx-Gel|Pt

The charge density dependence of electropolymerized PPy on
the sensitivity of the biotransducer was examined. After 7 days of
storage at 4.0 °C in PBS 7.2 buffer, the sensitivity of 0.1, 1, 10, 20,
and 100 mC/cm? current densities used for GOx immobilization
onto biotransducers were compared. Biotransducers with charge
densities ranging from 0.1 to 20 mC/cm? were prepared on a
platinum microelectrode and the biotransducer with a charge
density of 100 mC/cm? was prepared using a microdisc electrode
array that has previously been reported [9,43]. Amperometric
responses were normalized to electrode surface area. The linear
dynamic range was shown to be influenced by the charge density.
Increasing the total charge density decreased the effective linear
dynamic range. Improved linear range has previously been
attributed to higher porosity of low charge densitypolypyrrole
[44]. Increasing the overall applied charge density led to an
increase in the response time of biotransducers. This result was
expected as additional polypyrrole will lead to a decrease in
permeability of the bioactive membrane [45]. Average pore radius
of mesoporous polypyrrole films has been shown to be approxi-
mately 17-19 A [46]. Low charge densities of electropolymerized
polypyrrole have been observed to have higher specific capaci-
tances which subsequently decrease with further applied charge
density [47]. For polypyrrole systems, higher specific capaci-
tances are attributed to higher porosity networks that increase

permeability of electrolytes through the mesopores [48]. Blockage
of these nano-features may result due to the overgrowth of
polypyrrole [21,49]. Other findings have shown that increasing
polypyrrole charge density decreases response time of the
amperometric biosensor, but no explanation was proposed as to
why this may be occurring [45].

We observed an initial rise followed by a decrease in sensitiv-
ity with the maximum sensitivity being observed at 1 mC/cm?,
Fig. 5. Very similar trends have been observed for cholesterol
oxidase and glucose oxidase biotransducers fabricated with over-
oxidized polypyrrole [45,50,51]. Decreases to sensitivity have
been attributed to decreases in permeability of hydrogen per-
oxide as polypyrrole thickness increases [50]. Polypyrrole film
morphology is highly dependent upon the electropolymerization
charge density [52] and as a result may be having more influence
on the activity of the enzymes. Thicker polypyrrole layers also
allow more enzymatic reactions to take place closer to the
solution/bioactive-membrane interface with subsequent diffusion
of hydrogen peroxide into bulk solution rather than to the surface
of the transducer [50,51,53].

Fructose dehydrogenase immobilized by polypyrrole has also
been shown to have a maximum amperometric current response
at a charge density of 1 mC/cm? for fructose biosensors [54]. The
inflection of maximum sensitivity for glucose was at a lower PPy
charge density or thickness when compared to some other
findings [55,56]. This indicates that PPy generated within the
pHEMA hydrogel reaches saturating levels more quickly than PPy
deposited directly onto electrodes, consistent with previously
reported findings [57]. Incorporation of the hydrogel diminishes
sensitivity by a factor of four and increases the response time by
a factor of two. This was shown to be the case at a charge density
of 10 mC/cm? for PPy-GOx electrodes which had a sensitivity of
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596 nA/mM/cm? when compared to PPy-GOx-Gel electrodes
having a sensitivity of 146 nA/mM/cm?, Table 1. Polypyrrole
based enzyme immobilization onto bare electrodes does not
typically reach diffusion limiting levels until polymer thickness
reaches > 250 nm or a charge density of > 100 mC/cm? indicat-
ing that the hydrogel has an appreciable influence on biosensor
performance [53,58].

The hydrogel utilized was crosslinked with 3 mol% TEGDA,
making it a highly tortuous network even prior to the formation
of the interpenetrating network of PPy [59]. It has been shown
that the void volume and tortuosity increase dramatically by
increasing crosslink density of pHEMA hydrogels [60]. This can
lead to both decreased diffusivity of hydrogen peroxide. Loss of
enzyme activity due to the immobilization process cannot be
ruled out. For the lower charge densities Kwvapp €quals approxi-
mately the Michaelis—-Menten coefficients for GOx in solution
[61]. The amount of polypyrrole incorporated into the hydrogels
may be influencing the bound to free water ratio which can
account for the observed trend in Kyapp. Bound water has been
shown to decrease in similar hydrogel systems with increasing
TEGDA crosslink density [59]. We observed that the overall
enzyme activity decrease for charge densities >1 mC/cm? but
increased in apparent substrate affinity.

It is clear that optimizations will require choosing the combina-
tion of cross-link density and electropolymerization charge density
that achieves the best sensitivity, linear dynamic range and lowest
detection limit. For example, the crosslink density (mol% TEGDA)
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formation via pyrrole electropolymerization. The systems design of
an implantable amperometric biosensor in this body of work
has shown to have predictable properties based on electropolymer-
ization of polypyrrole. One of the major drawbacks is the decrease in
sensitivity of biotransducers formed from PPy-GOx-Gel composites.
Even so, there are appreciable added benefits in using a PPy-
hydrogel composite for biosensing purposes. The PPy-hydrogel
composites have been shown to have superior cell viability in vitro
compared to PPy or hydrogel alone [62]. Other studies have shown
polypyrrole to be positively biocompatible with central nervous
tissues [63] and peripheral nervous tissues [64] and polypyrrole
particles have been shown to not illicit inflammation to peritoneal
cells after a 6-week period [65].

3.5. Ascorbic acid interference and effects of the applied potential

Ascorbic acid (AA) is a negatively charged endodgenous inter-
ferent that is known to perturb biosensor response in vivo.
Ascorbic acid, along with other negatively charged, redox-active
interferents must be screened in order to prevent their non-
specific oxidation. Failure to take this into account may lead to
significant errors during in vivo sensing. A relevant range of
oxidative potentials for the oxidation of hydrogen peroxide was
examined using a hydrogel coated, 10 mC/cm? PPy biotransducer.
It was noted that for a clinically relevant concentration of AA [66]
only 3-5% of the total current response was contributed by AA at
the low concentration of 5 mM glucose, Fig. 6. Even at the highest
applied potential of 700 mV the biotransducer maintained a
reasonable screening ability.

Polypyrrole is known for its interferent screening capability by
anion exclusion after over oxidation thereby preventing the diffu-
sion of negatively charged ascorbic acid, uric acid, and acetamino-
phenol [34,67]. Polypyrrole used with similar hydrogel systems have
been able to suppress interferents of ascorbic acid and L-cysteine at
twice the physiological levels found in serum by maintaining their
deviations to less than 5% of a glucose responsive biosensor [68].
Polypyrrole shows a consistency in its screening ability for inter-
ferents in bioactive pHEMA-based hydrogel membranes. Thicker
polypyrrole layers with less incorporated enzyme will have the
drawback of decreased sensitivity and linear range but increased
screening capability of interferents [69].

3.6. Time dependence of performance—stability

Fig. 7 shows the amperometric response of two biotransducers
(1.0 and 10 mC/cm?) observed over time. An overall trend of
increasing biotransducer sensitivity as a function of storage time
was noted. The biotransducer of 1.0 mC/cm? plateaued at approxi-
mately 21 pA/mM after 15 days of storage. The biotransducer at

IAA/IGlucose ratio %

400mV
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Potential (V) vs. Ag/AgCl, 3M CI
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Fig. 6. Glucose dose-response curves of biotransducers (¢=100 um) PPyO-GOx -Pt (red) and PPy-GOx-Gel-Pt composite membrane (black). (A) A comparison of
PPy-GOx-Pt (red) and PPy-GOx-Gel-Pt at 10 mC/cm? and (B) A comparison of PPy-GOx-Gel-Pt at various electropolymerization charges. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Temporal changes in the sensitivity of stored PPy-GOx-Gel-Pt biotransdu-
cers prepared with 1 and 10 mC/cm? as a function of days of storage in PBS 7.2
at4°C.

10 mC/cm? had a similar trend but was not observed beyond 10 days
of storage. The most dramatic changes in stability of PPy-GOx
biosensors have been shown to occur within the first 5 days of
storage [56]. Typically biotransducers are characterized by a decrease
in sensitivity and maximum current with increasing storage time
[70]. Amperometric biotransducers utilizing PPy have been shown to
have 21 days of stability but a very sharp decrease in sensitivity
thereafter [22]. Ideally no changes to sensitivity or maximum current
should occur over time. Stability of up to 20 days, with no changes in
sensitivity, has been observed for PPy-GOx systems using electro-
chemical surface plasmon resonance [71]. Given proper calibration,
the stability of the polypyrrole based enzyme amperometric biosen-
sors have a reasonably long lifetime of use. Polypyrrole has been
shown to protect enzymes from leaching out in some cases as well as
protecting and stabilizing their activity [36,37,72]. It is uncertain as
to why a maturation process occurs for the investigated PPy-GOx-
Gel composite biotransducers. One possibility is that hydration of the
polypyrrole matrix is occurring over time. The applied potential of
400 mV vs. Ag/AgCl during interrogation is believed to be high
enough to induce degradation of polypyrrole [73], however, the
polypyrrole of the current biotransducers are already over oxidized.
There is the possibility of some partial enzyme unfolding during
electro-immobilization that may be accompanied by refolding within
the hydrogel during storage leading to more of the entrapped
enzymes to become active, increasing the enzyme efficiency of the
biotransducer. Experimental determination of enzyme secondary
structure using FT-IR and circular dichroism may be performed in
the future to determine if this is the case.

4. Conclusions

It is highly feasible to fabricate amperometric enzyme bio-
transducers using the procedure of Py electropolymerization to
ensnare GOx and immobilize it within hydrogel membrane
layers that were covalently anchored onto surface modified
platinum electrodes. Cyclic voltammetry showed that surface
modification using APTMS compromises electroactivity and the
hydrogel membrane layer compromises biotransducer sensitivity.
The electropolymerization charge density dependence of bio-
transducer sensitivity and enzyme activity revealed a maximum
sensitivity of 281 nA/mM/cm? around 1.0 mC/cm? and an appar-
ent Ky, of 33 mM. Screening of ascorbic acid was consistent with

previously reported results. A temporal improvement in biotrans-
ducer sensitivity, regardless of charge density of fabrication, was
associated with the presence of the hydrogel membrane layer.
Such increases in sensitivity indicate increases in immobilized
enzyme activity over time. There is need to investigate and
optimize the relationship between the crosslink-density and the
electopolymerization charge density in order to achieve a strate-
gic balance been the compromise in sensitivity and the benefits of
interference screening, biocompatibility and long term enzyme
stability.

Novelty statement

Electropolymerization of pyrrole in the presence of glucose
oxidase and within electrode-supported hydrogels yields bio-
transducers that show improvement in sensitivity upon storage.
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