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ABSTRACT

Two groups of polymers that have been the focus of widespread research are hydrogels and conducting electroactive
polymers (CEPs). ‘Intelligent’ hydrogels are highly hydrophilic, cross-linked polymers possessing hydration properties that
change in response to specific environmental stimuli such as pH, ionic strength, chemical species, magnetic fields, etc.
Conducting electroactive polymers such as polypyrrole, polyaniline and polythiophene are highly conjugated, redox-active
polymers with electrical and optical properties that change through many orders of magnitude depending upon redox state
(doping). We have formed composites of inherently conductive polypyrrole within highly hydrophilic poly(hydroxyethyl
methacrylate)-based hydrogels. These materials retain the hydration characteristics of hydrogels as well as the electroactivity
and electronic conductivity of CEPs and are thus called ‘electroconductive hydrogels’. The electrical and electrochemical
properties of these polymer composites have been investigated. The electrochemical characteristics observed by cyclic
voltammetry suggest less facile reduction of PPy within the composite hydrogel compared to electropolymerized PPy, as
shown by the shift in the reduction peak potential from —472 mV for electropolymerized polypyrrole to -636 mV for the
electroconductive composite gel. The network impedance magnitude for the electroconductive hydrogel remains quite
low, ca. 100 Ohms, even upon approach to DC, over all frequencies and at all offset potentials suggesting retained
electronic (bipolaronic) conductivity within the composite.

Keywords: electroconductive, hydrogel, polypyrrole, electroactive polymers, polymer composites, cyclic voltammetry,
electrochemical impedance spectroscopy

1. INTRODUCTION

The recent emphasis on materials science and chemistry has opened new approaches to analytical sensing,
influencing the design of sensors, particularly those using electrochemical or spectroscopic transduction methods. Polymeric
materials have played important roles in the development of sensors for their ability to increase analyte sensitivity and
selectivity via phase-transfer chemistry. Conducting electroactive polymers (CEPs) have been fascinating many scientists
worldwide with their interesting electronic properties and sensing capabilities. Innumerable applications of these polymers
such as thin films for batteries, sensors, ion selective electrodes and solid-state devices have been extensively reported since
the early 1990s'>. Scientists now believe that with the explosive research and advances in electroactive polymers, these
materials could, in fact, revolutionize robotics and biomedical devices by designing more life-like prosthetic limbs, durable
artificial muscles, and more efficient implantable microdelivery systems®. Conducting polymer composites have been
fabricated combining polypyrrole and polyaniline with a host of polymers such as poly(vinyl chloride)’, polycarbonate®, poly
(vinyl alcohol)’, poly (acrylonitrile)®, polyamides and imides’, poly(ether ketone)'’, nafion'', and rubber'’. Each of these
efforts has significantly modified the physical and mechanical properties of the conducting polymer component and have
rendered them suitable for application in different devices. A great number of biological materials can be immobilized by
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blending them with these composites to form new biocomposite materials. These biocomposites not only act as reservoirs of
the biological material but may also contain catalysts, mediators and cofactors that improve the response of the resulting
electrochemical sensors'.

Another interesting class of polymer that has attracted much research and investigation is hydrogels. Hydrogels, as
the name implies, are three-dimensional hydrophilic polymer networks capable of imbibing large quantities of water yet
remaining insoluble and preserving their shape. The so-called ‘responsive’ hydrogels are materials whose properties change
in response to specific environmental stimuli such as pH, temperature, ionic strength, etc'®. The utility of hydrogels as
sensors, by themselves or chemically modified, has been examined by several research groups. Hydrogels have been
employed as the sensing layer in amperometric'’, potentiometric'®, conductimetric'’, and fibre-optic sensors'®. The attractive
feature of using hydrogels as the immobilizing matrix for biomolecules in the fabrication of sensing devices is that the high
water content affords the immobilized biomolecule a microenvironment that resembles that of the solution-borne counterpart.

We have previously combined these two classes of polymer into one composite material that we call
‘electroconductive hydrogels’. Such composite membranes were used to immobilize oxidase enzymes (glucose, cholesterol,
and galactose) and subsequently evaluated as amperometric enzyme biosensors'®>'. We now report on the electrical and
electrochemical characterization of these composite polymer membranes. The electroconductive hydrogel of this study
consists of cross-linked p(2-hydroxyethyl methacrylate) (the hydrogel component) within which polypyrrole (the electrically
conducting component) has been electrochemically polymerized.

2. EXPERIMENTAL
2.1. Materials

The monomer, hydroxyethylmethacrylate (HEMA), was obtained from Polysciences Inc., Warrington, PA, while
the cross-linker tetraethyleneglycol diacrylate (TEGDA), inhibitor remover columns, pyrrole monomer (Py), and
photoinitiator dimethoxyphenyl acetophenone (DMPA) were all obtained from Aldrich Co. (Milwaukee, WI). Platinizing
solution (YSI 3140) was purchased from YSI, Inc. (Yellow Springs, OH). The HEMA and pyrrole monomers were both
vacuum distilled before use (1.3 mm Hg, 80°C and 3.5 mm Hg, 60°C, respectively). All other reagents used were of the
Analytical Reagent grade (Aldrich Co.) and were used without further purification. The working electrodes used for all
electrochemical characterization studies were microlithographically fabricated interdigitated microsensor electrodes (IMEs)
(part number IME 1050.5-M-Pt-U) that were purchased from ABTECH Scientific Inc. (Richmond, VA). Each borosilicate
glass chip consisted of a pair of opposing electrodes comprising 10 mm wide platinum digits that were ca. 5 mm long and
separated by 10 mm wide free spaces. There were 50 digits on each electrode bus that established a tortuous path of 49.60 cm
of exposed glass surface between the digits. Planar indium-tin oxide electrodes (PITOE 150: 0.9cm x 5.0cm x 0.05cm) for
UV-VIS spectroscopy and spectroelectrochemistry were purchased from ABTECH Scientific, Inc. (Richmond, VA). Quartz
crystal oscillators having gold driving electrodes were purchased from International Crystal Manufacturing Co., Inc.
(Oklahoma City, OK).

2.2. Methods
2.2.1. Formulation of electroconductive hydrogels

The platinum electrodes were washed in boiling trichloroethylene, followed by boiling acetone, 3 minutes in each
solvent, then ultrasonically washed in isopropanol followed by distilled water. This was followed by treatment at 60°C for 30
seconds with a solution comprising a 1:1:5 volume ratio of aqueous ammonia (0.1M), hydrogen peroxide (20% volume) and
distilled water. The electrode surfaces were then rinsed ultrasonically in DI water. An active window of area 0.25 cm’ was
formed using adhesive backed polyimide tape on the surface of the clean, platinum electrode. The composition of the
electroconductive hydrogel that was selected corresponded to the formulation used in the construction of amperometric
biosensors'’. This formulation consisted of the monomers HEMA:TEGDA:Py in a ratio 85:10:05 vol%. The acrylate
monomers HEMA and TEGDA were first mixed together and used as the receiving mixture to dissolve the photoinitiator. An
appropriate quantity (typically 3 uL) of the formulated gel-monomer mixture was then applied to the window and a thin film
cast over the working electrode area by spin coating at ca. 300 r.p.m for 5 seconds. The mixture was immediately irradiated
with U.V. light (366 nm, 2.3 watts/cm’, Spectroline Model 330844) for 45 minutes under an inert argon atmosphere to effect
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polymerization of the hydrogel component. The electrode was then immersed into 3 mL of a deaerated phosphate buffered
KClI solution (0.1M NaH,PO4 containing 0.1M KCI, pH 7.2) that was saturated with pyrrole monomer (ca. 0.4 M). The
polypyrrole component of the composite membrane was deposited within the interstitial spaces of the pre-formed hydrogel
network by potentiostatic electropolymerization (+0.85 V vs. Ag/AgCl) for 100 seconds. The electrodes were then rinsed
with phosphate buffer (0.1M, pH 7.0) to remove any residual monomer. Finally, the composite poly(HEMA)-polypyrrole
film was further extensively oxidized at +0.7 V vs. Ag/AgCl (the working potential typically required to oxidize
enzymatically generated H,O,) until the background current fell below 1.0 HA. When not in use, the electrodes were
desiccated and stored at 4°C in the absence of buffer.

2.2.2. Characterization of the composite polymer membranes

For all electrochemical characterization studies (EIS and cyclic voltammetry) composite membranes of the
electroconductive hydrogels were grown as outlined above on cleaned microlithographically fabricated interdigitated
microsensor electrodes (IMEs). Prior to membrane deposition, electrode platinization was performed via controlled potential
coulometry (-50 mV vs. Ag/AgCl, 3 M CI ref. electrode for 10 sec.) in the platinizing solution. The set-up for three-electrode
electrochemistry consisted of a Perkin-Elmer Princeton Applied Research M273 Potentiostat/Galvanostat linked to a
Gateway PC and controlled by EG&G M272 software. Cyclic voltammetry, amperometry, electrochemical polymerization
and coulometry were performed in a standard three-electrode cell with a miniature Ag/AgCl, 3M CI reference electrode (RE
803; ABTECH Scientific, Inc.) and a platinum mesh counter electrode. Three-electrode electrochemical impedance spectra
(10 mV amplitude; sine wave; 1 mHz - 60 kHz; 25 = 1 °C) were obtained using a Perkin-Elmer Princeton Applied Research
M273 Potentiostat/Galvanostat coupled with a Solartron Schlumberger 1250 Frequency Response Analyzer (FRA). The FRA
was used in single-sine mode to cover the range 1 Hz - 60 kHz and the M 273 was used in multi-sine mode to cover the range
1 mHz - 1 Hz. The EG&G M398 software was used for data capture, data merging and analysis. Two-point electrical
resistance measurements of the polymer membranes were made using a Keithley Model 2000 Multimeter. Time-dependent
UV-Vis spectra of the growing polypyrrole content of the composite membranes were performed on a Perkin Elmer Lambda
40 UV/Vis Spectrometer. Planar indium-tin oxide electrodes consisting of borosilicate glass having one side coated (10
Ohms/sq) were used as the substrate to support chemical oxidative growth of the polypyrrole component of the composite
polymer membranes. Optical density measurements (300 - 800 nm) were obtained for electroconductive hydrogels
containing polypyrrole that was polymerized for different oxidation times (45, 120, 180 s). To quantify the actual mass of
polypyrrole that was deposited within the hydrogel network, frequency dependant mass changes were performed before and
after electropolymerization of the pyrrole monomer on AT cut quartz oscillators with gold electrodes and using a quartz
crystal microbalance (QCM). For gravimetric analyses using the quartz crystal microbalance, the shift of resonant frequency
(Af) was measured using a high-resolution programmable model PM 6680B Timer/Counter (Fluke, Everett, WA) and
TimeView software.

3. RESULTS AND DISCUSSION
3.1. Cyclic Voltammetry

Cyclic voltammograms were obtained in simple phosphate buffered KCI (0.1 M in each component; pH = 7.2) for
each of the following polymer systems; (i) the UV polymerized p(HEMA)-based hydrogel containing no polypyrrole, (ii)
electropolymerized polypyrrole (CI' counter anion) without any hydrogel, and (iii) the electroconductive composite
membrane comprising polypyrrole electropolymerized within the UV polymerized p(HEMA)-based hydrogel. As expected,
the cyclic voltammogram for cross-linked p(HEMA) hydrogel, shown in Figure 1.a, shows no redox peaks associated with
the polymer over the potential investigated. With respect to electropolymerized polypyrrole (Figure 2), well-resolved
voltammograms were obtained at the different scan rates investigated (10 - 100 mV/s). Peak separations between anodic and
cathodic peak potentials (AE,) were 110, 84, 138 and 200 mV over the four scan rates of 10, 20, 50 and 100 mV/s
investigated. At the highest scan rate of 100 mV/s, well-defined oxidation and reduction peaks were observed at -266 and -
472 mV, respectively. The current ratios of cathodic and anodic peak currents, I, / I, did not deviate significantly from 1
suggesting redox reversibility. The formal potential, E°’, was observed to shift by 34 mV to more negative potential (-335 to -
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369 mV) upon increasing the scan rate from 10 to 100 mV/s. Cyclic voltammograms for the composite electroconductive
hydrogel after electropolymerization of the incorporated pyrrole monomer at +0.85 V vs. Ag/AgCl for 100 s but before
extensive oxidation at +0.7 V vs. Ag/AgCl showed retained electroactivity (Figure 3). Both anodic and cathodic peak currents
were slightly reduced compared to those for electropolymerized polypyrrole. Anodic and cathodic peak potential separations,
however, were now observed to increase to 178, 166, 256 and 336 mV for their respective scan rates of 10, 20, 50 and 100
mV/s, almost double the AE, at corresponding scan rates for electropolymerized polypyrrole. The current ratios, I / I,
averaged around 1.4 over the four scan rates investigated suggesting that the cathodic reaction is more facile than the anodic
reaction. Likewise, the formal potential of the composite shifted to more negative values, -401 to -468 mV, upon increasing
the scan rate to 100 mV/s. When we compare the polypyrrole with the PPy-p(HEMA) composite, for example, at 100 mV/s,
there was a decrease in both oxidation and reduction peak potentials compared to polypyrrole; from -266 to -300 (E.x) and —
472 to -636 mV (E,q), respectively. We find that the increase in AE, arises because of the shift in the cathodic peak to more
negative potentials. The overall impact of composite formation is to force the cathodic reaction to more negative potentials
suggesting less facile egress of anions or ingress of cations under the swollen conditions of the hydrogel composite.

After oxidizing the electroconductive hydrogel for one hour at +0.7 V vs. Ag/AgCl, a process we call extensive
oxidation, the composite polymer still showed electroactivity (Figure 4). Compared to the voltammograms for the composite
membrane obtained before extensive oxidation (shown in Figure 3), there was now a reduction in the cathodic peak current
but a corresponding increase in the anodic peak current. AE;, values were now significantly less than those for the composite
membrane obtained before extensive oxidation (2, 168 and 248 mV at 20, 50 and 100 mV/s). The formal potential following
extensive oxidation ranged from -211 to -336 mV for the scan rates 20 to 100 mV/s. At the highest scan rate of 100 mV/s,
there was an increase in both E,, and E, to -212 and -460 mV, respectively, even higher than those observed for
electropolymerized polypyrrole. Interestingly however, after two hours of extensive oxidation at +0.7 V vs. Ag/AgCl, there
was a complete loss of electroactivity as shown by the voltammogram in Figure 1.b.

It is evident that the electroactivity of these composite hydrogels is solely due to the presence and intimate
association of the electrically conducting component, polypyrrole, within the hydrogel network. The loss of electroactivity
after extensive oxidation is a phenomenon that suggests an inherent change in the backbone structure of the polypyrrole
component. Several authors have reported on the overoxidation of polypyrrole as a process that disrupts the conjugation of
the conducting polymer while maintaining the integrity of the polymer network and morphologyzz'M. Christensen and
Hamnett™ investigating the overoxidation of polypyrrole in aqueous solution found that overoxidation commences at
potentials just greater than +0.7 V vs. Ag/AgCl. Such oxidizing potentials lead to ketone groups forming on the polypyrrole
backbone. It is believed that the extensive oxidation of the electroconductive hydrogels in this study (to achieve steady low
baseline currents) also results in the disruption of conjugation throughout the polymer by the generation of anionic groups
with high electron density such as carbonyl functionalities in the polypyrrole backbone. This consequent disruption of
conjugation may account for the observed loss of electroactivity with the extensively oxidized electroconductive hydrogels.

3.2. Electrochemical Impedance Spectroscopy

Both electroactive forms of the polymer systems under study (electropolymerized polypyrrole and the
electroconductive hydrogel before extensive oxidation) were subjected to frequency-dependent impedimetric analyses at
different inquiring or offset potentials. The three potentials that were selected for each polymer were i) the formal potential,
E°, ii) E® - AE,, and iii) E° + AE,. The three-electrode impedance measurements were performed on the polymer membranes
in phosphate buffered KCI solution in two different ways. The first was with a separate external counter electrode placed in
solution and with the pair of interdigitated microsensor electrodes shorted to serve as a single working electrode, that is,
across the polymer membrane. The second was with no external counter electrode and with one member of the pair of
interdigitated microsensor electrodes serving as the counter electrode, that is, within the polymer membrane. The resulting
magnitudes of the Bode plots for electropolymerized PPy-Cl are shown in Figure 5. The insets of Figure 5 illustrate the
electrode arrangements.

For polypyrrole measured within the film (Fig. 5B), there was almost complete super positioning of the impedance
magnitude, |Z|, and phase angle, 6, at all potentials and across the entire frequency range interrogated. Thus, regardless of
whether polypyrrole was in a reduced state (-575 mV), oxidized state (-163 mV), or in an intermediate redox state (-369 mV),
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there was no observable significant impedance difference in the polymer at these different potentials. Sweeping over the
frequency range from low (0.1 mHz) to high (60 kHz) was accompanied by an inherent decrease in network impedance by 3
orders of magnitude. The impedance upon approaching DC was in all cases ca. 100 kOhms.

For polypyrrole measured across the film (Fig. SA), there was considerable variation of the impedance magnitude, |Z|, and
phase angle, 6, with the impressed or offset potential. In the frequency range approaching DC, it was observed that the
network impedance with the highest value was established with polypyrrole in the reduced state (-575 mV), corresponding to
the polymer in the electrically insulating state. There was a corresponding slight reduction in the peak phase angle at this
reducing potential, from ca. 72° for polypyrrole measured within the film to 66°. Moreover, the peak phase angle was now
shifted slightly to a lower frequency (< 1 Hz) compared to the within film measurement. Both intermediate redox and fully
oxidized states of polypyrrole resulted in similar network impedance values in this frequency range. At frequencies between
0.01 Hz and 100 Hz, the network impedance magnitude displayed the most variation, with the largest impedance magnitude
observed for polypyrrole in the oxidized state (-163 mV). The corresponding phase plot showed a significant reduction in
peak phase angle at this potential of ca. 25° compared to the within film measurement. This peak phase also shifted
considerably to ca. 100 Hz compared to 1 Hz for the corresponding within film arrangement. At the formal potential (-369
mV), the network impedance magnitude was intermediate between that for the system containing electrically conducting and
insulating polypyrrole, displaying the least sloping profile. The resulting phase plot showed the appearance of three peak
phase angles; the first occurred at 1 mHz, corresponding to an angle of ca. 72°, the second peak of ca. 19° occurred near to 1
Hz, and the third peak phase angle of 20° occurred at ca. 100 Hz. The second and third of these three peak phase angles
correspond to those seen in the system containing reduced and oxidized polypyrrole, respectively. At the high end of the
frequency range (> 100 Hz), impedance magnitudes at all potentials investigated approached the same value of ca. 200
Ohms, higher than that recorded for the system containing polypyrrole when measured within the film.

For the system containing the electroconductive hydrogel and measured across the gel (Figure 6A), the resulting
impedance magnitude profiles at the three different potentials resembled those for electropolymerized polypyrrole in the
same arrangement. The profile for the reduced form of the electroconductive hydrogel composite at -800 mV exhibited
almost identical shape, slope and magnitude of change as that measured for the reduced form of the electropolymerized
polypyrrole. The phase angle profile at —-800 mV was also identical to that for the system containing electropolymerized
pyrrole, with a peak phase of ca. 68° occurring at just under 1 Hz. The other two impedance magnitude profiles
corresponding to oxidized gel (-132 mV) and gel in an intermediate redox state (-468 mV) displayed an impedance pattern
similar to the respective redox states of polypyrrole. Between the frequency range 0.1 — 1000 Hz, the oxidized form of the
electroconductive hydrogel exhibited the highest network impedance, with the intermediate redox state having network
impedance magnitudes between the oxidized and reduced forms of the gel. Contrary to the phase angle plots obtained for
oxidized and intermediate redox polypyrrole, however, corresponding forms of the electroconductive hydrogel both showed
peak phase angles of 35° and 42° respectively at ca. 1 Hz.

When the network impedance magnitude is measured within the electroconductive membrane there is again no
difference among the various potentials as seen in Figure 6B. However, it is very interesting to note that the impedance
magnitude over all frequencies remains quite low, ca. 100 Ohms, even upon approach to DC, at all offset potentials. Ait
is noteworthy that bare platinum electrodes when placed in the buffer solution produce an impedance of 5 — 7 x10* ohms.
Thus, regardless of whether the polypyrrole component is measured under presumed electrically insulating (-800 mV),
electrically conducting (-132 mV), or in an intermediate (-468 mV) conditions, the impedance of the network is not
impacted. The corresponding phase angle plot reflects this with an almost featureless profile over the entire frequency
range investigated. We believe that under these conditions the network impedance is dominated by the electronic
conductivity of the polypyrrole component of the composite. With ohmic contacts at both electrodes, the electronic
conductivity is not influenced by ionic conductivity that is normally required to support oxidation and reduction of the
PPy component.

3.3. I-tplots and UV-Vis spectra

During the extensive oxidation step, which occurs in phosphate buffered KCl, the anodic current vs. time plot
obtained was one of increasing current magnitude leading to a maximum followed by a gradual fall to low current values and
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eventually to a steady or background current value, typically 20 uA/cm® after ca. 60 min. This suggests that during this
process the polypyrrole component continued to form from unreacted pyrrole monomer that partitioned from the pyrrole
solution and contained within the preformed hydrogel membrane. The gradual fall in anodic current signals an approach to
completion of electropolymerization and the onset of oxidative degradation reactions that results in an approach to
background current values. Further evidence to support this was obtained from spectroelectrochemical studies performed on
composite membranes cast onto ITO plates and subjected to different pyrrole oxidation times. Figure 7 clearly shows the
progressive augmentation of a single absorbance band at 325 nm with increased oxidation time, suggesting further oxidative
polymerization of unreacted pyrrole monomer and polypyrrole polymer formation even after 180 s of oxidation.

3. 4. Electrical resistance measurements

Both the p(HEMA) and PPy-p(HEMA) composite hydrogels were separately cast over the interdigitated area of an
IME and the electrical resistance of the membranes measured. The dry, unswollen hydrogel gave an average resistance
measurement of 7x10°Q. When swollen in 0.IM phosphate buffered KCl solution, pH 7.2, the resistance decreased
dramatically by six orders of magnitude to 350 Q (n = 5). This is due to the partitioning of ions into the gel as it hydrates and
swells in the buffer. Following electropolymerization of polypyrrole, but before extensive oxidation, the electroconductive
hydrogel had a mean resistance of 58 Q (n = 5) which increased to 97 Q after 3 hours of oxidation at + 0.7 V vs. Ag/AgCL
The 6-fold reduction from 350 Q to 58 Q arises from the electronic (bipolaronic) contribution of the conducting electroactive
PPy component to the composite. The subsequent 1.7-fold increase (58 Q to 97 Q) following extensive oxidation at + 0.7 V
supports a loss of conductivity possibly due to disruption of conjugation throughout the polypyrrole structure. It is
noteworthy that the resistance does not return to the original resistance of the pure hydrogel suggesting that the composite is
uniquely modified by the electropolymerization and subsequent extensive oxidation.

3.5.QCM

The gravimetric quantity of polypyrrole that was electrochemically deposited within the hydrogel network from a
starting formulation of 85:10:05 vol% HEMA:TEGDA:Py was determined using the quartz crystal microbalance sensor. We
have treated the shift in resonant frequency of the oscillator following polymer formation as a pure mass accumulation, with
the QCM sensor operating in the gravimetric regime. It should be noted that the mass effect is one but not the only effect
that can significantly impact the acoustic behavior of the QCM sensor. The second important contribution is from the
film modulus manifested as a measure of the viscoelastic properties of the coating. With increasing thickness, the
viscoelastic properties of the coating gain influence on the piezoelectric sensor response and the sensor then approaches
the non-gravimetric regime. To quantify the viscoelastic contributions from the coating, one can make use of the relation
between change in motional resistance (AR) and resonant frequency (Af,) of the piezoelectric quartz crystal (PQC) due
to net changes in the coating’s density and viscosity”® *’:

R - dnme Af T
\/7066f0g

where f,, and f; are the resonant frequency of the PQC in air and liquid, L, is the motional inductance in air, | is the
shear modulus for AT-cut quartz (2.947 x 10" N/m?), ¢ is the lossy piezoelectric stiffened elastic constant (2.957 x
10'°N/m?), and f can be approximated by f, in the calculation with an error less than 0.3%.

~ —4nn Af,

The measured average resonant frequency change, Af, upon UV polymerization of the hydrogel component was
-49.6 kHz (n = 25). Assuming the QCM sensor to be operating in the gravimetric regime, this change in resonant
frequency of the quartz crystal resonator following polymerization of the hydrogel was used as a crude measure of mass
change using Sauerbray’s fundamental equation:
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where f,, is the resonant frequency of the fundamental mode of the crystal, A is the area of the gold driving electrodes of the
crystal (0.392 cm?), m is the shear modulus of quartz (2.947 x 10' g/cm-s®), and r is the density of the crystal (2.684 g/cm’).
Substitution gives a mass change of 0.01363 mg for the p(HEMA) hydrogel. Next, the electrochemical growth of polypyrrole
from the pyrrole monomer that was seeded within the cross-linked p(HEMA) network resulted in an average resonant
frequency change of -83 kHz (n = 25). This yielded a mass change of 0.00923 mg upon electropolymerization of the
incorporated pyrrole monomer for 100 s at +0.85 V vs. Ag/AgCl, which corresponds to ca. 40 % by weight of the composite
electroconductive polymer.

4. CONCLUSIONS

The intimate combination of hydrogels with conducting electroactive polymers has spawned a useful composite
biomaterial with applications in bioelectronics and bioelectrochemistry. These polymers have been demonstrated as
transducer-active, sensory membranes for biosensors, electronic noses and as actuators in artificial muscles. The
electroconductive hydrogels demonstrate enhanced redox switching speeds and retained bioactivity and these materials have
been used as bioactive membranes in amperometric biosensors for glucose, cholesterol and galactose. Electrochemical
polymerization of the pyrrole monomer contained within the hydrogel network resulted in a conducting electroactive polymer
that was grown under continuous oxidizing conditions. The electrochemical characteristics observed by cyclic voltammetry
suggests less facile reduction of PPy within the composite hydrogel compared to electropolymerized PPy. This likely arises
from the need to transport fully solvated anions out or solvated cations into the gel that may be parts of extensive ionic
clusters or cages. Figure 8 illustrates this concept. Further extensive oxidation of the composite membrane at +0.7 V vs.
Ag/AgCl resulted in an inherent loss of electroactivity as well as decrease in electrical conductivity. The
electropolymerization and subsequent extensive oxidation of the polypyrrole component of the composite does not just
inactivate the polypyrrole component, as the resulting composite has unique electrochemical and electrical properties. Further
research with these interesting composite materials include optical characterization, formulation of a hydrogel composition
containing derivatized polypyrrole covalently attached as a pendant to the cross-linked network, and the inclusion of a
phosphorylcholine containing methacrylate as co-monomer for in vivo sensing applications.
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Figure 3. Cyclic voltammogram of electroconductive hydrogel
composite on platinized platinum IME 1025.5 in 0.1 M
phosphate buffered KCl, pH 7.4, BEFORE extensive oxidation.

Figure 4. Cyclic voltammogram of electroconductive hydrogel
composite on platinized platinum IME 1025.5 in 0.1 M
phosphate buffered KCI, pH 7.4, after 1 hour of extensive
oxidation at +0.7 V vs. Ag/AgCl.
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Figure 5.a) Bode plot of log real impedance magnitude vs. log frequency and phase angle vs. log frequency for across
polypyrrole film on platinized platinum IME 1050 in 0.1 M phosphate buffered KCl, pH 7. b) Bode plot of log real
impedance magnitude vs. log frequency and phase angle vs. log frequency for within polypyrrole film on platinized

platinum IME 1050 in 0.1 M phosphate buffered KCI, pH 7.
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Figure 6. a) Bode plot of log real impedance magnitude vs. log frequency and phase angle vs. log frequency for across
electroconductive hydrogel (BEFORE extensive oxidation) on platinized platinum IME 1050 in 0.1 M phosphate
buffered KCI, pH 7. b) Bode plot of log real impedance magnitude vs. log frequency and phase angle vs. log frequency
for within electroconductive hydrogel (BEFORE extensive oxidation) on platinized platinum IME 1050 in 0.1 M

phosphate buffered KCI, pH 7.
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Figure 7. UV-Visible spectra of composite film of composition HEMA:TEGDA:Py (85:10:05 vol%) performed on
indium-tin oxide plates over the wavelengths 300nm-800nm.

electropolymerized polypyrrole electroconductive hydrogel

Figure 8. Schematic illustration of the swelling and ion exchange characteristics of PPy and PPy-p(HEMA)
hydrogel composite.
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