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ABSTRACT: Glucose oxidase (GOx) adsorbed on an ionic
liquid-derived polymer containing internally organized col-
umns of Au nanoparticles exhibits direct electron transfer and
bioelectrocatalytic properties towards the oxidation of glucose.
The cationic poly(ionic liquid) provides an ideal substrate for
the electrostatic immobilization of GOx. The encapsulated Au
nanoparticles serve to both promote the direct electron
transfer with the recessed enzyme redox centers and impart
electronic conduction to the composite, allowing it to function
as an electrode for electrochemical detection.
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B INTRODUCTION

The use of conducting polymers to either monitor or control
biomolecules is becoming increasingly important, underpinning
the emerging field of biocommunication.'”® Conducting
polymers offer several noted advantages over conventional
electrode materials (metals and semiconductors), including the
possibility to function as a molecular wire to a protein redox
center. Other benefits include mechanical properties matched
to the protein, chemical composition that promotes electro-
static binding of the enzyme, and fabrication of the polymer
into a variety of 3D forms for increased protein loading.*
Significant opportunities exist for designing conductive
biocompatible polymers that can embody these characteristics
and serve as an efficient electrical conduit (organic electrode)
to enable communication with a variety of biomolecules, such
as oxidoreductases. Oxidoreductases are abundant proteins in
nature that catalyze the transfer of electrons. Their catalytic
activity makes them ideal candidates for use in the construction
of a variety of biodevices, including batteries, fuel cells or
electronics.” Realization of such biodevices, however, requires
achieving efficient electronic coupling between the protein
redox center and the electrode.® Inefficient electron conduction
between enzyme and electrode arises primarily from the
recessed redox centers of the protein. Although small redox
mediators are commonly used to facilitate electrical commu-
nication, acting to shuttle electrons between the enzyme and
the electrode surface,”® they suffer from poor retention and
slow diffusion. Moreover, soluble mediators cannot be readily
used in solid-state devices. Direct electron transfer (DET)
achieved by appropriate immobilization and/or electrical
“wiring” of the enzyme onto the electrode can obviate the
need for small diffusing mediators. Numerous approaches for
promoting DET have been reported,” including reconstitution
of linker modified cofactors,”'® co-entrapment with redox
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molecules (osmium complex functionalized polymer)® and
integration with nanomaterials (e.g, Au nanoparticles' and
carbon nanotubes).""'> Preparation of enzyme-electron relay
conjugates often requires elaborate, multistep syntheses. Thus,
there is an ongoing need for further advancement of materials
and approaches for facile electrical coupling of enzymes with
electrodes.

Polymeric ionic liquids (poly(IL)s) prepared by the
polymerization of ionic liquid monomers could offer an ideal
platform for further development as biocompatible con-
duits.">'* The potential utility of poly(IL)s lies in the
established tunability of the molecular structure of ionic liquids,
leading to exquisite control over their physicochemical
properties, in combination with the advantages of polymers:
stability, processability and durability. Recently, two approaches
for the introduction of electronic transport into polymerized
ionic liquids have been described.">~" The first incorporated a
m-conjugated moiety into the IL monomer, which was then
polymerized into a highly structured conducting polymer.'® In a
second approach, metal nanoparticles (NPs) were synthesized
during photopolymerization of the self-assembled lyotropic IL
mesophase.'®'” The latter approach yielded a bulk, multi-
dimensional Au NP-polymer composite possessing 1-D
columns of packed spherical Au NPs within hexagonally
ordered hydrophilic pores of a perforated lamellar structured
polymerized ionic liquid."*"” The internally ordered columnar
arrangement of Au spherical NPs functions as an electronic
conduction pathway.'” Herein, we evaluate the use of the Au
NP—poly(IL) composite as a novel platform for biocommuni-
cation, functioning both as the electrode material and to
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Figure 1. (A) Synthetic scheme for the preparation of the Au-poly[C,,VIm*][Cl"] composite. (B) Schematic illustration of Au-poly[C,,VIm*][CI™]

composite based on previously published SAXS and AFM structural characterization.'

s17(C) Photographs of fabricated electrodes of

poly[C,,VIm*][CI~] composite without (top) and with Au nanoparticles (bottom).

facilitate direct electron transfer with a model oxidoreductase,
glucose oxidase, GOx.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals were purchased from
Sigma-Aldrich (Milwaukee, WI) and used as received unless otherwise
noted. 1-Chlorodecane and 1-vinylimidazole were distilled under
reduced pressure then collected and stored under a blanket of nitrogen
and in the absence of light. Nanopure water was obtained from
Barnstead E-pure water purifier (18 MQ-cm). Absolute ethanol (200
proof) was purchased from Pharmco-aaper (Brookfield, CT).

Monomer and Polymer Synthesis. 1-Decyl-3-vinylimidazolium
Chloride, [C,oVIm*]J[CI"]. A solution of freshly distilled 1-vinyl-
imidazole (6.4 mL, 70.5 mmol) and 1-chlorodecane (2.9 mL, 14.1
mmol) in anhydrous CH;CN (25 mL) was heated at 80 °C for 72 h
under Ar in the dark. The light orange solution was cooled down to
21°C and filtered to remove insoluble particulates. Excess CH;CN was
removed in vacuo (no more than 40 °C), and the resulting light
orange viscous oil was suspended in Et,O. The biphasic mixture was
vigorously stirred for 15 min, and the Et,0 was decanted. The process
was repeated until the viscous oil crystallized. The product was isolated
by filtration and dried under vacuum overnight giving 2.66 g (70 %
yield) as white crystals. 'H NMR (CDCly) &: 0.86 (t, J = 7.0 Hz, 3H),
1.20-1.39 (m, 14H), 1.95 (quint, J = 6.1 Hz, 2H), 437 (t, ] = 7.5 Hz,
2H), 5.37 (dd, J, =8.7 Hz, ], = 3.0 Hz, 1H), 5.95 (dd, J, = 15.7 Hz, J, =
3.0 Hz, 1H), 742 (t, ] = 1.7 Hz, 1H), 7.54 (dd, J, = 15.7 Hz, ], = 8.7
Hz, 1H), 7.76 (t, ] = 1.8 Hz, 1H), 11.4 (s, IH); *C NMR (CDCl,) &:
14.1, 22.6, 262, 28.9, 29.2, 29.3, 29.4, 30.2, 31.8, 50.4, 109.4, 118.6,
122.0, 128.5, 137.3.

Gold-Incorporated Poly(1-decyl-3-vinylimidizolium Chloride), Au-
poly[C;,VIm*J[CI"]. A typical polymerization is as follows: Water
content of the monomer was determined by TGA to be ~3 wt %. 1-
Decyl-3-vinylimidizolium chloride (107 mg) was treated with 0.1 M
HAuCl, (16.0 uL) producing a final water content of 15 % w/w. The
mixture was heated to 75 °C in a capped vial and repeatedly vortex
mixed until homogeneous. The bright yellow solution was drawn into
the tip of pre-heated (with heat gun) borosilicate pipet and sealed at
the narrow end. Care was taken to prevent air bubbles from entering
the pipet to ensure a continuous sample. To initiate polymerization,
the pipet was placed 2 inches away from a high intensity UV light
source (4 = 254 nm; Hanovia 400 W mercury arc lamp) for 2 h. The
sample was rotated 180° midway through the polymerization.

Physical Methods. High-field 'H (500.13 MHz) and “C (125.76
MHz) NMR spectra were obtained using a Bruker AMX-500
spectrometer. 'H and *C NMR spectra were referenced to CDCl,
at 7.24 and 77.0 ppm, respectively. ATR/FT-IR spectroscopy was
performed using a Bruker Vertex 70 spectrometer over the frequency
range 4000-700 cm™ with spectra recorded at 4 cm™ resolution and
averaged over 256 scans. Thermogravimetric analysis (TGA) was
carried out using a TA Instrument QS0 by heating a known amount of
sample (10-15 mg) in a platihum pan from 20 °C to a final
temperature of 500 °C at a rate of 10 °C/min under N, flow.

2312

Fluorescence spectroscopy was performed using PTI spectrofluor-
ometer (Birmingham, NJ). All electrochemical measurements were
performed using a conventional three-electrode set-up (BAS EC
Epsilon potentiostat/galvanostat, West Lafayette, IN) equipped with
C-3 cell stand. Ag/AgCl electrode (saturated KCI) and a platinum wire
were employed as reference and counter electrode, respectively. The
fabricated electrodes were used as the working electrode.

Electrode Fabrication. Au-poly[C,,VIm*][Cl] electrodes were
cut with cylindrical dimensions of ca. 1 mm dia. X 3 mm length and
inserted into a thoroughly cleaned (ethanol, water and dried)
borosilicate glass capillary (ca. 1 mm dia. X S cm length). Electrical
connection was achieved by insertion of a tinned copper wire (ca. 10
cm length) into the glass capillary and filled with silver colloidal paste
(Ted Pella Inc, Redding, CA). The electrode was sealed using an
adhesive (Duco cement, ITW Devcon, Wooddale, IL) and cured
completely before use. The resulting electrodes have a surface area of
ca. 0.046 cm® Glucose oxidase was immobilized on the fabricated
electrodes by immersion into 10 mg/mL GOx in 10 mM phosphate
buffer saline (pH 7.4) overnight at 4 °C. Electrodes were stored at 4
°C

Enzyme Assay. GOx was stripped from the Au-poly[C,,VIm*]-
[CI7] electrode by immersing in 8 M urea/10 mM phosphate buffer
(pH 7.4) for 2 h. Fluorescence measurements were performed with an
excitation wavelength of 375 nm, and the emission was recorded
between 450 and 650 nm (0.25 nm resolution). A calibration curve
was obtained from standard solutions of FAD (35—880 nM in 8§ M
urea/10 mM phosphate buffer, pH 7.4).

B RESULTS AND DISCUSSION

The Au NP-poly(IL) composite, Au-poly[C,,VIm*][Cl™] was
synthesized using a previously reported procedure.'” Briefly,
Au-poly[C(VIm*][CI"] was prepared by combining the IL
monomer, 1-decyl-3-vinylimidazolium chloride, [C;oVIm*Cl™],
with an aqueous solution of HAuCl, (achieving H,O content of
15 + 1% (w/w)) followed by UV irradiation (4 = 254 nm, 1.5—
2 h). Photo irradiation (UV) initiates the polymerization/
crosslinking of the vinyl moieties on the IL cation and also
reduces Au’* to Au’ NPs (Figure 1A). The amount of Au NPs
(Au NP filling fraction) within the polymer is readily adjusted
by controlling the concentration of AuCl4 in the self-assembled
physical gel prior to UV irradiation.'” The polymer is durable
(self-supporting) and nanostructured (hexagonal perforated
lamellar, HPL) with encapsulated Au NPs organized within the
hydrophilic pores of the HPL architecture (Figure 1B)."” The
synthesized cylindrical-shaped Au-poly[C;,VIm*][CI™] were
fabricated into an electrode by inserting small segments into a
glass capillary and attaching a wire with conductive Ag paste
(Figure 1C).'® The assembly is sealed with insulating
(nitrocellulose) cement. Prior to use, each electrode was tested
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by cyclic voltammetry (CV) to determine the integrity of the
electrical connection. As noted previously, the polymer swells
reversibly in water and organic solvents (see Figure S1 in the
Supporting Information).'® Freshly prepared electrodes and
aged electrodes stored in water exhibited the same electro-
chemical activity. However, drying of the polymer causes
shrinkage, which results in breaking the electrical contact,
serving to stop electrochemical detection.

The electrochemical properties of Au-poly[C,,VIm*][CI~]
electrodes, prepared with an intermediate concentration (0.20
umoles) of AuCl,”, were evaluated by cyclic voltammetry
(CV), using common anionic and cationic redox probes.'® The
CV curve collected using an anionic redox probe, 20 mM
ferrocyanide,'® [Fe(CN)4]*", (in 100 mM KCl; scan rate of 25
mV s7'), is presented in Figure 2A (black curve). The forward
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Figure 2. Cyclic voltammograms of 20 mM potassium ferrocyanide,
K,[Fe(CN);] (black curves) and S mM ruthenium hexamine chloride,
[Ru(NH,;)]Cl; (red curves) in 100 mM KCl collected using (A) a Au-
poly[C,VIm*][CI~] composite electrode (prepared with 0.97 ymol of
Au’* in the precursor solution), (B) planar gold disc electrode, or (C)
poly[C;oVIm*][CI] all collected with a scan rate of 25 mV/s.

scan shows a single broad, plateau-shaped peak at E,, = 0.38 V
(vs. Ag/AgCl), signaling the oxidation of Fe'* to Fe™. The
reverse scan shows the corresponding reduction peak at E 4 =
—0.34 V (vs. Ag/AgCl). For comparison, the voltammogram
collected on the Fe™?/Fe** redox couple using a bare Au disc
electrode is shown in Figure 2B, black curve. The expected
reversible redox process (E,, = 0.33 V and E, .4 = 0.14 V (vs.
Ag/AgCl)) with a peak separation and shape consistent with
diffusion-limited ion transport through an electrolyte is
observed. The increased peak separation for the Fe'?/Fe*
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redox couple collected using the Au-poly[C,oVIm*][CI]
composite electrode (vs. the bare Au electrode) signals
significant changes in mass transfer characteristics (i.e., retarded
ion permeability), arising from the polymer. Further noted is
the non-ideal peak shape (plateau) in the CV collected with the
Au-poly[C,VIm*][CI"] composite electrode, suggesting con-
vergent ion diffusion possibly through an array of pores.”® It is
noted that the anodic peak currents do not increase linearly
with increasing scan rate (see Figure S2 in the Supporting
Information), suggesting the electron transfer process between
[Fe(CN)4]*™ and the Au-poly[C,VIm*][CI7] is not surface
confined but rather is a diffusion controlled electrochemical
process.”" Lastly, the oxidation peak shifts to lower potentials
with increasing [Fe(CN)4]*" concentration (20 mM [Fe-
(CN)(* Figure 2 vs. 100 mM [Fe(CN)¢]* in Figure S2A in
the Supporting Information), indicating that the ion contribu-
ting to the redox reaction determines the polarity of the
potential shift, a phenomenon often observed in folymers that
undergo electrochemomechanical deformations.”

The voltammogram collected using a common cationic redox
probe, 5 mM [Ru(NH;)4]*", (in 100 mM KCI; scan rate of 25
mV s7'), and the Au-poly[C,,VIm*][CI™] electrode is
presented in Figure 2A (red curve). The voltammogram is
featureless, indicating that the redox process is effectively
inhibited. For comparison, the voltammogram collected using a
bare Au electrode is shown in Figure 2B (red curve) and shows
the expected E,, = —0.076 V (vs Ag/AgCl) and E, .4 = —0.23 V
(vs. Ag/AgCl). Thus, Au-poly[C;,VIm*][CI"] is anion-
permselective, allowing the electrochemical process of the
negatively charged redox species ([Fe(CN)]*") but inhibiting
the positively charged redox probe ([Ru(NH,;)s]*). Ion
permselectivity with polyelectrolytes,” chemically-function-
alized membranes® and mesoporous silicas has been noted
previously and is due to the electrostatic interaction between
the surface and the redox probe molecules being either
attractive or repulsive.26 Here, the positive charge on the
imidazolium-bearing polymer electrostatically attracts anions
and is not well-screened by the chloride present in the
supporting electrolyte.

To establish the importance of the encapsulated Au NPs
within the Au-poly[C,oVIm*][Cl"] composite for electro-
chemical detection, identical CV experiments were performed
using electrodes fabricated solely from poly[C,,VIm*][CI7],
that is using polymer lackingAu NPs. Representative CVs
collected using both the anionic and cationic redox probes are
presented in Figure 2C and are featureless, indicating the
absence of an electrochemical response. This observation
clearly indicates the Au NPs are essential for electronic
transport. Previously, electrochemical impedance spectroscopy
(EIS) and dc conductivity measurements showed that both
ionic and electronic transport scales with increasing Au NP
content within the poly[C;VIm*][CI"]."” That is, the
organized Au NPs within the hydrophilic channels of the
HPL structured polymer behave as conduction pathways or
electrical conduits. Others have shown in layer-by-layer (LBL)
films that the charge transport properties can be varied from
electronic charge hopping to bulk conductivity depending on
the polyelectrolyte structure, nanoparticle rnorphologr, and
self-assembly method used in preparation of the films.

The electrochemical activity of a well-characterized, model
homodimeric oxidoreductase, glucose oxidase (GOx) from
Aspergillus niger was studied. GOx contains two molecules of
flavin adenine dinucleotide (FAD), which efficiently catalyzes
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the oxidation of glucose generating hydrogen peroxide (H,0,).
Direct ET is difficult to achieve with GOx because of the buried
(recessed) FAD.*® The shortest distance between the FAD
cofactor isoalloxazine ring and the GOx surface is 13 A¥ A
common method for the immobilization of water-soluble
enzymes on solid substrates, such as an electrode, is through
simple electrostatic interaction between oppositely charged
species.’® This approach, while not permitting precise control
of protein orientation, is extremely simple, offering facile
construction. Electrostatic immobilization of GOx onto the Au-
poly[C,oVIm*][Cl™] electrode was achieved by soaking the
electrode in a buffered aqueous solution of GOx (10 mg/mL in
10 mM phosphate buffer, pH 7.4) overnight at 4 °C. Under
these conditions the negatively charged GOx (pl = 4.2) is
electrostatically attracted to the positively charged poly-
[CoVIm*][CI7]. Successful physisorption of the GOx onto
the poly(IL) was determined, in part by stripping the adsorbed
GOx with 8 M urea in 10 mM phosphate buffer, pH 7.4 and
assaying with fluorescence spectroscopy the amount of GOx
recovered (see Figure S3 in the Supporting Information).”!
Fluorescence spectroscopy determined that the average surface
coverage was 2.70 + 0.08 X 107° mol/cm?, a value comparable
with those reported using a similar electrostatic driven
adsorption procedure.’’ The experimental surface coverage of
GOx is higher than the theoretical monolayer coverage (4.6 X
107" mol/cm?), suggesting the electrostatic immobilization
procedure promotes multilayer coverage.*>

The integrity of the global secondary structure of the
physisorbed enzyme on the Au-poly[C;,VIm*][Cl~] composite
was monitored by ATR/FT-IR spectroscopy (Figure 3).>* The
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Figure 3. ATR/FT-IR spectra of GOx (black curve), Au-poly-
[C1oVIm*][CI™] composite, prepared with 0.97 umol of Au** in the
precursor solution, (red curve) and GOx/Au-poly[C,,VIm"][Cl~]
composite (blue curve).

amide I (C=0 stretching) mode, characteristic of the protein
a-helix structure, is observed at 1650 cm™' (Figure 3, blue
curve) and compares well with that recorded for the enzyme
alone (Figure 3, black curve). The mode at 1637 cm™'
(imidazolium) arises from the supporting matrix (Figure 3,
red curve).'® The amide II mode at 1537 cm™ is observed as a
shoulder on the imidazolium ring in-plane symmetric/anti-
symmetric stretching mode at 1553 cm™". The amide III mode
is clearly visible at 1242 cm™. In addition, the C—H bending
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CH; and C=0 mode are observed at 1389 and 1066 cm™,
respectively. Thus, based upon the spectroscopic studies, the
cationic poly(IL) serves as an ideal material promoting the
electrostatic adsorption of the negatively charged protein
without gross loss of secondary structure.

Evaluation of DET between the adsorbed GOx and the Au-
poly[C,,VIm*][CI] electrode prepared with high gold content
(1.6 umoles Au **) was carried out under anaerobic conditions
(N, saturated electrolyte), Figure 4A (red curve). Two redox
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Figure 4. (A) Cyclic voltammograms of the Au-poly[C,,VIm*][Cl~]
composite electrode with higher gold content (prepared using 1.60
umol of Au®* in the precursor solution) with no GOx (black curve)
and with GOx (red curve). Measurements were made in 100 mM (N,
sparged) phosphate buffer (pH 7.1) at S mV/s. (B) Cyclic
voltammograms of GOx immobilized Au-poly[C,,VIm*][Cl] compo-
site electrode with low gold content (0.20 gmole Au**) in 100 mM
(N, sparged) phosphate buffer (pH 7.1) collected at various scan rates
as labeled on graph. Inset: Plot of anodic (gray) and cathodic (black)
peak potential dependence with scan rate.

peaks are observed in the CV of the GOx/Au-poly[C,,VIm*]-
[CI'] composite, with a cathodic peak potential (E,) of —0.58
V (vs. Ag/AgCl)) and an anodic peak (E,,) of —0.37 V (vs. Ag/
AgCl), Figure 4A (red curve). The CV of a Au-poly[C,,VIm*]-
[CI7] electrode without adsorbed GOx is featureless within the
—0.80 = —0.10 V electrochemical window, Figure 4A, gray
curve. The appearance of the redox couple upon GOx
adsorption suggests that electrochemically active (i, non-
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denatured) enzyme is present on the Au-poly[C;,VIm*][Cl™]
electrode. (CVs comparing the electrochemical response of
GOx/Au-poly[C;,VIm*][CI™] vs. GOx/poly[C,,VIm*][CI]
under anaerobic conditions is presented in Figure S4 in the
Supporting Information). The formal potential (E°), deter-
mined by averaging the cathodic and anodic peak potentials is
—0.472 V (vs. Ag/AgCl, saturated KCl), a value that agrees well
with the standard electrode potential of FAD/ FADH, recorded
for strongly electrode interacting GOx.>* The separation of
anodic and cathodic peak potentials (AE,) is 197 mV,
consistent with quasi-reversible electron transfer 3936 The

apparent electron transfer rate constant (k,), determined by
Laviron’s model,*” is 0.030 s™\. On the basis of the determined
k, the average distance for DET was estimated at 23 A. The
electron transfer kinetics and distance determined here is
within the theoretical and experimental range expected for
redox proteins electrostatically-bound to self-assembled mono-
layer coated electrodes.®® Studies performed on composite
electrodes prepared with low content of Au*>* (0.20 pmoles)
produced a less discernible signal, but the CVs possess smaller
peak separatlons, for example, AE, = 68 mV at a scan rate of 10
mV s~’, (Figure 4B). Here, the apparent electron transfer rate
constant is 0.312 s74, indicating faster electron transfer and a
value comparable to that reported employing carbon (nano-
tubes and graphene)-based electrodes. This rate constant also
predicts a shorter (20 A) distance between FAD and the
electrode. It was further determined that the peak height varies
linearly with the scan rate, indicative of a surface-confined redox
couple (Figure 4B, inset).'"® The observed direct electron
transfer is believed to arise from surface accessible Au NPs, an
observation consistent with recent reports demonstrating that
metal nanoparticles can achieve DET and enhance electronic
conduction to hemeproteins, metalloenzymes, and photoactive
membrane proteins.**"** Here, DET may be facilitated by a
combination of factors including surface roughness of the
polymer composite, exposed Au NPs, and surface deformation
(without denaturation of the GOx). The increased electron
transfer rate for the electrode prepared with the highest Au®*
content is unclear but may be due to Au NP mediated changes
in GOx orientation. That is, the composite electrode prepared
with 1.6 umole Au** would be expected to have a higher
density of negatively charged Au NPs* compared to the more
polycationic rich electrode prepared with 0.97 gmole Au**. An
increase in negatively charged Au NPs would cause the GOx to
adjust its orientation, favoring electrostatic interaction with
positively charged surface amino acid residues on the protein
exterior. Thus, although increased Au NP loading level within
the electrode improves electrochemical signal (via enhanced
electron transport through the polymer'”) it can be detrimental
to electronic communication to the redox protein. Further
enhancement of the rate constant may be achievable through
control of protein orientation or by solvent tuning the polymer
porosity, thereby increasing exposure of the Au NPs and will be
the focus of future studies.

The electro-oxidative properties of the physisorbed GOx
were also evaluated by cyclic voltammetry. GOx functions to
catalyze the oxidation of glucose to gluconolactone producing
H,0, (Figure SA) and both H,0, and gluconolactone (to
gluconic acid) break down spontaneously and catalytically. The
CV collected on physisorbed GOx on a Au-poly[C,,VIm*]-
[CI7] electrode prepared with high gold content (1.6 ymol of
Au’") in the absence of glucose (in air saturated electrolyte)
shows the expected cathodic oxygen reduction signal at
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Figure 5. (A) Electrocatalytic scheme for GOx. (B) Cyclic
voltammograms of an Au-poly[C,,VIm*][Cl] composite electrode
with higher gold content (prepared using 1.60 pumol of Au** in the
precursor solution) with no GOx (black curve) and with GOx (purple
curve) with 25 mM glucose added to the electrolyte (100 mM
phosphate buffer (pH 7.1) at 5 mV/s. Measurements were performed
in air. For comparison, a CV collected on GOx immobilized Au-
poly[C,VIm*][CI™] composite electrode with glucose in N, sparged
100 mM phosphate buffer (pH 7.1) at S mV/s. (red, dashed curve)
(C) Glucose calibration curve of GOx/Au-poly[C;,VIm*][Cl7]
composite electrode (prepared using 1.60 ymole Au** in the precursor
solution). Inset: current—time curves obtained using Au-poly-
[C,oVIm*][CI7] with GOx (red curve) and with no GOx (blue
curve) by the stepwise addition of glucose solution in phosphate buffer
—-0.2 V.

potentials less than —0.015 V (Figure SB, black curve). ™
(For comparison, a CV segment recorded employing N,
sparged electrolyte is presented in Figure 5B, red, dashed
curve). Upon addition of 25 mM glucose, an increase in the
anodic current is observed and a discernible peak at 0.47 V (vs.
Ag/AgCl) confirms glucose oxidation and formation of
gluconolactone and production of H,0, (Figure SB, purple
curve).* Data evaluating the response upon addition of higher
glucose concentrations (S0 mM and 100 mM) were found to
generate a further increase in the anodic current (data not
shown). The cathodic scan further confirms the production of
H,0, by the appearance of reduction features at —0.16 and
—049 V (vs. Ag/AgCl). 8 These results demonstrate that
physisorbed GOx remains electrocatalytically active on the Au-
poly[C,,VIm*][CI] electrode.
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The synergistic electrocatalytic effect of nanoparticles with
enzymatically generated H,O, has been reported and shown to
enhance sensing by lowering overpotential and reducing
interference with other oxidizable compounds.***’ Initial
studies evaluating the electrocatalytic activity of the Au NPs
entrained within the polymeric ionic liquid towards H,O, were
performed. CVs comparing the response of a Au-poly-
[C,oVIm*][CI] electrode in the absence and presence of 200
mM H,0, are presented in the Supporting Information (Figure
S5). The addition of H,O, causes a modest increase in anodic
and cathodic currents. The absence of a larger response may
arise from the presence of surface adsorbates on the Au NPs
(ie, polymer), since prior work has reported inhibition of
electrocatalytic activity towards H,O, due to surface coatings.*®
Future efforts directed at increasing the exposure of the Au NPs
(e.g, swelling the composite) will be explored as a means to
improve Au-poly[C,,VIm*][CI"] for use in biosensing
applications.

The amperometric response of a GOx/Au-poly[C,,VIm*]-
[CI] electrode towards the detection of glucose was examined
by monitoring the current at an applied potential of —0.2 V
(Figure SC, inset). In contrast to the bare electrode (Au-
poly[C,oVIm*][CI"]) where no electrochemical signal is
detected, the reduction current rapidly changes (2—3 s) upon
addition of glucose to the electrolyte, indicating electrocatalytic
behavior and fast electron exchange behavior of the Au-
poly[C;,VIm*][Cl"] composite electrode. The reductive
current response is nonlinear above 91 mM glucose due to
saturation of the enzyme active sites.* Within the linear
response region, the apparent rate constant (K,) can be
determined employing the Lineweaver-Burk equation, 1/ig =
(K/ima) (1/C) + 1/ip,, where i is the steady-state current
after addition of substrate, i, is the maximum current under
saturated substrate conditions and C is the concentration of the
substrate. The determined K, is 1.23 mM, a value considerably
smaller than that reported for GOx in solution (22 mM)>° but
similar to that determined for GOx supported on Au/poly-3-(3-
N,N-diethylaminopropoxyl)thiophene-SWNT composites.>"
Lastly, amperometric steady state i-t curves generated using
standard solutions of glucose indicated a detection limit of ca. 1
mM (data not shown). Undoubtedly, this value could be
improved with further optimization of the system.

The electrocatalyic effect of Au NPs has been reported
previously in a variety of constructs,” including those prepared
by direct covalent coupling of Au nanoparticles to an enzyme
redox center.” More recently Holland et al. genetically modified
GOx to introduce a reactive thiol moiety that was reacted with
a maleimide modified Au NP that enabled direct electrical
communication to the electrode surface.®> Here, we observed
electrical communication between the physisorbed enzyme and
the Au NP — polymer composite, suggesting that Au-
poly[C,oVIm*][Cl"] functions both as a wire and a bulk
electrode.

In summary, this work demonstrates the straightforward
fabrication and use of a durable Au NP — polymer hybrid as a
conducting biocompatible conduit. The Au NPs localized
within the hydrophilic ordered pores of the perforated lamellae
form columns that connect the stacked sheets, imparting
electronic conductivity to the polyelectrolyte (Figure 1B). The
open porous structure allows for electrolyte accessibility and
exposure of the Au nanoparticles facilitating DET to the
adsorbed enzyme. The polycationic nature of the polymer
promotes the selective electrostatic adsorption of the negatively
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charged enzyme to the electrode at neutral pH. Future work
will explore the long-term electrochemical stability of the
electrostatically adsorbed enzyme and how solvent swelling of
the polyelectrolyte electrode can be used to regulate electro-
chemical activity, offering a means by which to turn “on” or
“off” bioelectrocatalytic functioning. Ultimately, the Au NP—
polymer composite may serve as a platform for the fabrication
of a wide range of bioelectronic devices, including the
construction of a biofuel cell.

B ASSOCIATED CONTENT
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Volumetric swelling studies, scan rate-dependent CVs of
[Fe(CN)4]* redox probe with composite and FAD fluores-
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