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A novel electrochemical biosensing platform is described using biocompatible, self-assembled ionic-complementary
peptide nanofibers. The compatibility of a graphite electrode modified by these peptide nanofibers with enzymes is
demonstrated using a model enzyme glucose oxidase (GOx). A glucose biosensor has been successfully fabricated by
incorporating this enzyme into the modified electrode. From measurement of its electrode response and sensitivity, this
nanofiber-modified electrode shows promise as an enzyme-based biosensor. The findings presented here demonstrate
excellent potential of the use of ionic-complementary peptides to modify electrode surfaces for biomolecular sensing and

diagnostics.

Introduction

Biomolecular surface modification is critical to many biologi-
cal applications. Such an approach can enhance the material
surface with regard to biocompatibility, molecular recognition,
and bioactivity.' > In particular, the development of biosensors
and biofuel cells relies on the effective immobilization of enzymes
on a biocompatible template that allows the preservation of their
native structure and function.*”” Here, we report the use of a new
type of nanobiomaterial, ionic-complementary peptides, for an
enzyme immobilization application. We show that the nanobio-
materials studied herein can modify an electrode surface to
enhance its compatibility with the model enzyme glucose oxidase
(GOx). The patterned nanofibers assembled on the surface have
outward-facing COOH and NH, functional residues, which are
ideal sites for enzyme immobilization. These nanofibers are used
as the basis for a model GOx biosensor and demonstrate that
these peptides are potential biomolecular surface modifiers for use
in (bio)molecular sensing.

Various materials have been used as surface modifiers to extend
enzyme activity upon immobilization on a surface. For example,
surface modification with poly(ethylene glycol) (PEG) and
star-shaped poly(ethylene oxide) (PEO) can preserve the native
conformation of bovine serum albumin (BSA) and ribonuclease
H (RNase H) upon their adsorption on glass substrates.®”
In addition, chitosan and poly(vinyl alcohol) (PVA) have
been mixed with pig liver esterase and glucose oxidase (GOXx),
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respectively, to form a biocompatible biohybrid film on surfaces
that maintains enzyme activity.'®!!

For the past decade, the use of peptides has gained increasing
attention from many materials scientists. This is mainly attributed
to the biocompatibility and molecular recognition of peptides
with other (bio)molecules or cells, resulting in many novel
polymer—peptide hybrid molecules as surface modifiers for im-
plants or tissue engineering applications.'””'> Recently, self-
assembled dipeptide nanotubes have been used to modify a
graphite electrode and enhance its electrochemical activity (e.g.,
electronic conductivity).'® These peptide nanotubes were further
used to modify a gold electrode to fabricate glucose and ethanol
biosensors with improved sensitivity.'” More recently, metallized
peptide nanowires have been employed as conduits for electronic
signals between a redox enzyme (NADH peroxidase) and a
carbon-nanotube electrode to enhance detection sensitivity.'®

Here, we employ a novel approach using ionic-complementary
peptides to modify an electrode and enhance its compatibility
with enzymes for biosensor applications. Our previous studies
have shown the ability of one ionic-complementary self-assem-
bling peptide, EAK16-11, to modify both hydrophilic and hydro-
phobic surfaces via surface-assisted assembly by forming distinct
patterned nanostructures.'®* A simple adjustment of the solu-
tion pH can alter the charge state of the peptide, which in turn
affects its interaction with the surface and assembly behavior on
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Figure 1. AFM images of (A) bare HOPG, (B) GOx on HOPG, (C) EAK16-II-modified HOPG, and (D) GOx on EAK16-1I-modified
HOPG electrodes collected in 50 mM phosphate buffer (pH 5.5). Scale bars represent 200 nm.

the surface. Mechanochemical control over such a surface-
assisted assembly has further been demonstrated to enable local
patterning of peptide nanofibers on surfaces.”! Moreover, the
peptide contains charged residues (e.g., E and K with COOH and
NH, groups, respectively) that are ideal reaction sites for the
immobilization of biomolecules. Based on these findings, we
hypothesize that the ionic-complementary peptide nanofibers
may serve as biocompatible surface modifiers for enzyme im-
mobilization. A model GOx biosensor has been fabricated to
evaluate this hypothesis.

Results and Discussion

For the proof-of-concept, the compatibility of the peptide
nanofibers, aimed at modifying a highly ordered pyrolytic gra-
phite (HOPG) electrode, with enzymes is first studied. Glucose
oxidase (GOx) is the model enzyme for this study. The compat-
ibility of the surface with an enzyme is partially indicated by the
enzyme morphology on the surfaces using in situ atomic force
microscopy (AFM). It should be noted that the peptide and GOx
concentrations and incubation times are maintained lower in the
experiments aimed at producing samples for AFM imaging than
those used in the subsequent stage when the glucose biosensor is
fabricated. Our experience showed that this procedure is neces-
sary to ensure that nanostructure and patterning could be more
clearly discerned in the AFM images. As shown in Figure 1A, the
AFM image of a bare HOPG surface shows an atomically flat,
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layer-by-layer structure of graphite. When the GOx solution is
deposited on HOPG, amorphous aggregates of GOx molecules
with a height of ~1 nm are observed on the HOPG surface within
20 min incubation (Figure 1B). Upon adsorption on HOPG, these
amorphous structures of GOx are very different from its native
globular shape (7 x 5.5 x 8 nm?),%? indicating that GOx is likely
denatured on the HOPG surface. This could be due to the strong
hydrophobicity of the bare HOPG that makes the surface far
from biocompatible.® Evidence has been reported that trypsin
denatures irreversibly when adsorbing onto a hydrophobic poly-
styrene surface.**

On the contrary, the EAKI16-II-modified HOPG surface
indicates good compatibility with GOx. Upon 20 min immersion
of HOPG in 0.2 mg mL ™' EAK 16-I1 solution, nanofiber matrices
are formed on the surface (Figure 1C). Two types of nanofibers
are observed. One is a mature fiber with a height of 2.7 £ 0.3 nm
(denoted by a green arrow) that is believed to form in the solution
and then adhere to the surface.'® The other is a small fibril with
a height of ~1 nm (red arrow). These small fibrils are formed by
peptide assembly on the surface following a nucleation and
growth mechanism.'®?" The resultant nanofiber matrix may
provide a compatible environment for the enzyme immobiliza-
tion. As shown in Figure 1D, the adsorbed GOx has a globular
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Figure 2. Schematic diagram of an ionic-complementary peptide modified HOPG electrode for GOx immobilization and glucose sensing.
(A) EAK16-11 molecular structure, (B) EAK16-11 nanofiber coatings on HOPG electrode, and (C) GOx immobilization and glucose sensing

mechanism.

shape (blue arrows) with a height of ~5 nm on the peptide
nanofiber-modified HOPG surface. The observation of this
morphology suggests that GOx retains its native structure on
the peptide nanofiber matrix, in contrast to the denatured one on
the bare HOPG surface. Itis worth noting that the uncovered area
on HOPG in Figure 1D may also induce denaturation of GOx;
however, it is difficult to directly observe the amorphous structure
of denatured GOx in Figure 1D due to the loss of AFM resolution
arising from the dramatic difference in height of the denatured
(~1 nm) and native GOx (~5 nm).

Next, we show the potential use of such a peptide-modified,
enzyme compatible surface for molecular biosensing. The proce-
dure of enzymatic electrode fabrication and its sensing mecha-
nism are illustrated in Figure 2. First, the HOPG electrode is
modified by EAK 16-II nanofibers. As noted in the Experimental
Section, the EAK 16-II nanofibers on the HOPG surface are then
activated by contacting the surface with a phosphate buffer
containing EDC and NHS before covalent immobilization of
GOx. AFM images of the surface after activation and before
GOx immobilization show that the nanofiber morphology is
unchanged by the contact with EDC and NHS (data not shown).
In the next step, the GOx is covalently immobilized on the peptide
nanofiber matrix through amide bond formation between the
amine groups on GOx and the carboxylate groups of glutamic
acid residues (E) on the peptide. After the GOx is immobilized, its
catalytic activity for glucose oxidation is measured using Fc**
(ferrocenecarboxylic acid, FCA) as a mediator for electron
transduction.”

The enzymatic activity of the immobilized GOx on the elec-
trode is characterized using cyclic voltammetry. Figure 3A shows
cyclic voltammograms of the GOx-immobilized EAK16-1I-mod-
ified HOPG electrode in 0.1 M potassium phosphate buffer
(pH 7.0) containing 0.2 mM FCA in the absence and presence
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of 5, 10, and 20 mM glucose. In the absence of glucose, the
characteristic and well-behaved voltammogram of FCA is ob-
served (Figure 3A, black line). In the presence of glucose, we
observe an electrocatalytic anodic current, which increases with
rising glucose concentration, indicating that GOx molecules are
effectively immobilized on HOPG and remain active.*’ It is worth
noting that GOx physically adsorbed on bare HOPG without
EAK16-II also exhibited an increase in the electrocatalytic anodic
current, but to a much less degree (Figure 3A inset). With the
presence of 20 mM glucose, the current was <20 uA, which was
even smaller than that (~30 #A) of GOx-immobilized EAK16-11-
modified HOPG electrode with 5 mM glucose. This indicates that
the surface modification of HOPG by EAK16-1I can enhance
GOx catalytic activity, probably due to the preservation of native
GOx on the peptide modified HOPG.

A calibration curve correlating the electrochemical response
with glucose concentration is further established based on chron-
oamperometric measurements. /—¢ curves for the enzyme elec-
trode shown in Figure 3B are acquired at a constant potential
of 0.45 V in the presence of various concentrations of glucose
(0—20 mM). The background-subtracted steady-state currents
(obtained within 2 min) at various glucose concentrations are
used to construct the calibration curve shown in Figure 3C. It can
be seen that anodic currents rise with increasing glucose concen-
tration until they reach a plateau at high glucose concen-
trations (>12 mM); the shape of this curve is consistent with
that expected for enzyme catalysis obeying typical Michaelis—
Menten kinetics.>” The response is linear up to 10 mM glucose
(Figure 3C, inset), which covers the range of 3.5—6.5 mM
required for clinical applications.?® In addition, the sensitivity is
found to be 26 nA mM ™" mm™2, which is more than 6 times
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Figure 3. (A) Cyclic voltammograms of the GOx-immobilized
EAKI16-1I-modified HOPG electrode obtained in 100 mM potas-
sium phosphate buffer (pH 7) containing 0.2 mM FCA and 0 mM
(black line), S mM (blue line), 10 mM (green line), and 20 mM
glucose (red line). Inset shows CV of unmodified HOPG electrode
with GOx physically adsorbed in 20 mM glucose. (B) Ampero-
metric responses of the GOx-immobilized EAK16-II-modified
HOPG electrode in 100 mM potassium phosphate buffer
(pH 7.0) containing 0.2 mM FCA and various concentrations
of glucose (0, 2.5, 5, 10, and 20 mM from bottom to top).
(C) Calibration curve for the GOx-immobilized EAK16-11- mod-
ified HOPG electrode; the inset shows the linear range of the
calibration curve, 1*=0.97.

higher than that obtained with GOx on thiol-modified gold
nanotubes and gold electrodes (~4 nA mM ™' mm?).%%

In summary, we have shown that an ionic-complementary
peptide can modify an enzyme electrode for (bio)molecular
sensing. The presence of ionic-complementary peptide nanofiber
assemblies on an electrode surface not only provides functional
groups to immobilize enzymes but also improves the surface
compatibility with enzymes. The activity and stability of the
immobilized enzymes also appear to be enhanced. The informa-
tion obtained in this study provides evidence for the potential use
of self-assembling peptides such as EAK16-II to fabricate bio-
compatible electrode surfaces for immobilization of other en-
zymes and their use in (bio)molecular sensing.

Experimental Section

Materials. The ionic-complementary peptide EAK16-11
(C70H121N3, 055, molecular weight 1657 g mol_l) has the sequence

(29) Delvaux, M.; Demoustier-Champagne, S. Biosens. Bioelectron. 2003, 18,
943-951.

(30) Gooding, J. J.; Pugliano, L.; Hibbert, D. B.; Erokhin, P. Electrochem.
Commun. 2000, 2, 217-221.

7776 DOI: 10.1021/1a901456k

Yang et al.

AEAEAKAKAEAEAKAK, where A corresponds to alanine,
E to glutamic acid, and K to lysine. This peptide was purchased
from CanPeptide Inc. (Quebec, Canada) with a purity > 95%
(purified by reverse-phase high-performance liquid chromato-
graphy). The N-terminus and C-terminus of the peptide were
protected by acetyl and amino groups, respectively.

Highly ordered pyrolytic graphite (HOPG, ZYB grade) was
obtained from SPI Supplies (West Chester, PA). The dimensions
of HOPG for AFM imaging and electrochemical measurements
are2cm x2cmand 1.2 cm x 1.2 em, respectively. Glucose oxidase
(GOx, EC 1.1.3.4 type X-S, from Aspergillus niger), glucose,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydro-
xysulfosuccinimide (NHS), ferrocenecarboxylic acid (FCA), and
potassium ferricyanide were all purchased from Sigma-Aldrich
(Oakville, ON, Canada).

Atomic Force Microscopy. AFM Imaging of the GOx on
HOPG and EAK16-1I-modified HOPG surface was performed
using a PicoScan AFM (Molecular Imaging, Phoenix, AZ) in
500 uL of 50 mM potassium phosphate buffer (pH5.5) in an
environmentally controlled chamber at room temperature to
minimize evaporation of the solution. The EAK16-II-modified
HOPG was obtained with 200 L of 0.2 mg mL~' EAK16-II
immobilized on HOPG for 20 min. This modified surface was
then rinsed with pure water to remove the loosely attached peptide
prior to liquid AFM imaging. To collect AFM images of GOx
on bare HOPG and EAKI16-II-modified HOPG, 30 uL of
0.1 mg mL~" GOx was injected into a liquid cell with 500 uL of
50 mM potassium phosphate buffer (pH 5.5) inside. The AFM
imaging was then performed after ~30 min.

A scanner with a maximum scan area of 6 X 6 um> was used.
Silicon nitride cantilevers with a nominal spring constant of 0.58 N
m~! (DNP-S, Digital Instruments, Santa Barbara, CA) and a tip
radius of 10 nm were used for tapping mode operation. For the best
imaging quality, the tapping frequency was typically set between
16 and 18 kHz and the scan rate was controlled at 0.857 lines s~ .
AFM images were obtained at a resolution of 256 x 256 pixels.

Preparation of Enzyme Immobilized Electrode. A total of
200 uL of 0.5 mg mL~" EAK16-II stock solution was injected
onto the freshly cleaved surface of HOPG electrodes (1.2 cm x
1.2 cm) and incubated overnight in order to fabricate the EAK16-
II-modified electrodes. The modification condition used here was
to ensure that a higher peptide coverage percentage on HOPG can
be reached based on our previous studies.”’ The EAK16-1I-
modified electrode surfaces were washed three times with pure
water to remove loosely attached EAK 16-11. The carboxylic acid
groups of EAK16-II on the electrode were then activated with
200 4L of 50 mM potassium phosphate buffer (pH 5.5) containing
2 mM EDC and 5 mM NHS for 1 h at room temperature. This
step converts the carboxylate group into its NHS ester, which is
susceptible to attack by amines. Consequently, amide bonds form
between the enzyme molecules and the glutamic acid residues of
the peptide. After the activation, the electrodes were rinsed with a
potassium phosphate buffer (pH 5.5) three times and immediately
covered with 200 uL of 50 mM phosphate buffer (pH 5.5)
containing 1 mg mL™' GOx and incubated overnight at 4 °C.
The enzyme electrode was then rinsed with a potassium phosphate
buffer (pH 7.0) and used immediately.

Electrochemical Measurements. All electrochemical mea-
surements were conducted with a CHI650A potentiostat (CH
Instruments, Inc., Austin, TX). Cyclic voltammetry was carried
out in a conventional three-electrode configuration, with the
GOx-immobilized EAK16-II-modified HOPG electrode (GOx/
EAK 16-II/HOPG, geometric area of 1.44 cm?) as the working
electrode, a platinum wire as the auxiliary electrode, and Ag/AgCl
(3 M NaCl, Bioanalytical Systems, West Lafayette, IN) as the
reference electrode. All potentials reported herein correspond to
the Ag/AgCl scale. The scans measured on the GOx-immobilized-
EAK16-II-modified HOPG electrode proceeded from 0.0 to 0.5V
and back to 0.0 V at a scan rate of 2mV s~ . The electrolyte was a
100 mM potassium phosphate buffer containing 0.2 mM FCA
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and various concentrations of glucose ranging from 0 to 20 mM
(diluted from a stock solution prepared at least 24 h prior to use to
allow mutarotation to occur). The activity of the immobilized
GOx was tested by measuring the current response during cyclic
voltammetry experiments in the presence of various concentra-
tions of glucose.
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