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Abstract

Genetically engineered periplasmic glucose receptors as biomolecular recognition elements on gold nanoparticles (AuNPs) have
allowed our laboratory to develop a sensitive and reagentless electrochemical glucose biosensor. The receptors were immobilized on
AuNPs by a direct sulfur–gold bond through a cysteine residue that was engineered in position 1 on the protein sequence. The study
of the attachment of genetically engineered and wild-type proteins binding to the AuNPs was first carried out in colloidal gold solutions.
These constructs were studied and characterized by UV–Vis spectroscopy, transmission electron microscopy, particle size distribution,
and zeta potential. We show that the genetically engineered cysteine is important for the immobilization of the protein to the AuNPs.
Fabrication of the novel electrochemical biosensor for the detection of glucose used these receptor-coated AuNPs. The sensor showed
selective detection of glucose in the micromolar concentration range, with a detection limit of 0.18 lM.
� 2007 Elsevier Inc. All rights reserved.
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During the past decade, gold nanoparticles (AuNPs)1

have attracted an enormous amount of attention in the sci-
entific and engineering fields due to their multifaceted
properties. Recently, they have been widely used in combi-
nation with proteins, peptides, enzymes, antibodies, and
nucleic acids [1–10]. These biomolecule–AuNP assemblies
have found applications in biotechnology, biology, and
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medicine for the development of biological assays and
biolabeling, in drug delivery, and as probes in cancer detec-
tion. Immobilization of proteins in a functional state on
AuNPs is of critical importance in practical applications,
especially in biosensing and biolabeling [7–10].

Here we describe studies that incorporate genetically
engineered periplasmic binding proteins that sense glucose
on the surface of AuNPs. We further describe an electro-
chemical methodology to utilize these protein–AuNP
assemblies for use in biosensors to detect glucose in the
micromolar range. For the most part, biosensors use target
molecules that are immobilized on or within a suitable
material that is in direct contact with the surface of a trans-
ducer. AuNPs are an ideal platform for biosensors, espe-
cially for those with electrochemical detection, because
the gold surface area is suitable for binding of biomolecules
and the metal facilitates direct and fast electron transfer.
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Fig. 1. Backbone structure of the glucose and galactose binding protein
attached to the AuNP. This figure illustrates the position of the alanine to
cysteine mutation at position 1 in green and the glucose in the binding
pocket in red. The drawing was done using PDB file 2GBP from the
Protein Data Bank. The nanoparticle is not drawn to scale because it
actually is 10 times larger than the protein. (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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Moreover, the AuNPs, as compared with flat gold surfaces,
have a much higher surface area, allowing the loading of a
larger amount of protein and potentially more sensitivity
[7–10]. For many biosensor applications in the literature,
the biomolecules are attached to gold surfaces via thiol
linkers attached on the gold surface [11,12] or, as in the
current study, are directly linked to the gold by the use
of sulfur atoms within the bioentity [13,14]. The receptors
used in a number of studies from our laboratories have
used a cysteine residue endogenous to the native protein,
or one that is genetically engineered into the protein. This
can be used to link and spatially orient the biomolecule on
the gold surface [15–22]. When a surface-exposed cysteine
residue on a protein is not feasible, thiol linkers to other
residues on a protein allow semispecifically oriented layers
on the surface [23]. Although there has been some discus-
sion in the literature pointing to protein deposition without
exposed cysteines, a number of studies from our laborato-
ries have indicated that native glucose/galactose receptors
(GGRs) without a genetically engineered cysteine residue
do not bind to the gold surface, whereas receptors with a
surface-exposed cysteine form a stable affinity bond to gold
surfaces [15–22].

The current study was undertaken to explore the ori-
ented immobilization of receptor proteins to AuNPs. For
our purposes of developing a glucose biosensor, we used
the periplasmic glucose/galactose receptor–wild type
(GGR–WT), which is highly specific for its natural cognate
ligands. Ligand binding is accompanied by a large confor-
mational change [15]. GGR–WT has no native cysteines,
but we have developed a number of mutants that have
one surface-exposed cysteine residue that can be used to
attach the protein to a gold surface. For this study, we used
the mutant where alanine was replaced by cysteine at the
N-terminal position (GGR–Cys). This engineered site pro-
vides an SH group for protein linkage to the gold surfaces.
The advantage of such an approach is the precise control
and orientation of the protein on the electrode surface with
the preservation of its functional properties. This system
circumvents the denaturation or instability problems com-
monly encountered when immobilization is achieved
through physical adsorption or covalent linkage of natural
proteins.

A number of studies have been reported using the GGR
and genetically engineered cysteine mutants of this receptor
where we have looked at detected binding through changes
in surface plasmon resonance [17], frequency decrease on a
quartz crystal microbalance [15], change in rigidity by
atomic force microscopy [22], and electrochemical imped-
ance [18,21]. In the current study, the AuNPs with immo-
bilized receptor proteins are characterized by UV–Vis
spectroscopy, zeta potential (f-potential), particle size dis-
tribution (PSD), and transmission electron microscopy
(TEM). We demonstrate the utility of these AuNPs as a
means to detect glucose in the micromolar range. In addi-
tion, this study serves as a model for the development of
electrochemical biosensors using receptors that bind to
small molecules. Applicability of this system could be
extended to a number of protein families, including the ste-
roid hormone receptor superfamily, and to the detection of
xenoestrogens.
Materials and methods

Expression and purification of recombinant proteins

The preparation and expression of GGR–WT and
GGR–Cys have been described previously [17]. Fig. 1 illus-
trates the position of the amino acid cysteine mutation and
the orientation of the protein on the nanoparticle.
Reagents and solutions

HAuCl4 3H2O (23.03 wt% Au, 6.5 wt% free HCl) was
purchased from Degussa (South Plainfield, NJ, USA). Iso-
ascorbic acid (C6H8O6) was obtained from Fluka. The
phosphate buffer (PB) solution (pH 6.5) used for the prep-
aration of 10 mM K3[Fe(CN)6] (Fischer Scientific, Fair
Lawn, NJ, USA) contains 0.1 M KH2PO4 (Fischer Scien-
tific) and 0.1 M Na2HPO4 (J. T. Baker, Phillipsburg, NJ,



284 Periplasmic glucose receptors on gold nanoparticles / S. Andreescu, L.A. Luck / Anal. Biochem. 375 (2008) 282–290
USA). All aqueous solutions were prepared with deionized
water (DI) using a Millipore Direct-Q system with a resis-
tivity of 18.2 MX. D-Glucose, fructose, L-valine, and L-leu-
cine were purchased from Sigma. Protein buffer contained
100 mM KCl, 10 mM Tris (pH 7.1), and 0.5 CaCl2 (Tris
buffer). Tris buffer was used in all experiments involving
colloidal gold in the presence/absence of proteins.
Instrumentation

The UV–Vis spectra of AuNPs were recorded with a
Shimadzu P2041 spectrophotometer equipped with a 1-
cm path length cell. The electrokinetic properties, f-poten-
tial, and PSD were measured with a Brookhaven Zeta
Plus–Zeta Potential Analyzer at 25 �C and calculated with
standard software. The size, size distribution, and mor-
phology of the AuNPs were measured by high-resolution
transmission electron microscopy (HR–TEM) using a
JEOL 2010 HR–TEM.

All electrochemical measurements were performed with
a PARSTAT 2263 electrochemical analyzer (Princeton
Applied Research) equipped with Power Suite software.
These electrochemical experiments were carried out using
a conventional cell operating with an Ag/AgCl/3M NaCl
as reference electrode, a platinum wire as counterelectrode,
and a glassy carbon electrode (GCE) with a geometrical
surface area of 28 mm2 as working electrode. The cell
and electrodes all were provided by Bioanalytical Systems
(West Lafayette, IN, USA).
Preparation of gold colloids

Gold colloids were obtained by reduction of gold ions
with isoascorbic acid as described previously [24]. All glass-
ware used in the preparation of AuNPs was cleaned in an
HNO3 bath, rinsed thoroughly with distilled water, and
dried prior to use. A stable red gold colloidal solution
was obtained. The resulting AuNPs are uniform and highly
dispersed, with an average particle diameter between 30
and 40 nm (as determined by TEM and scanning electron
microscopy [SEM] analysis) [24]. The absence of dispersing
agents during the preparation procedure ensures a clean
gold surface, making them attractive for further modifica-
tion with biomolecules.
Preparation of protein–AuNP conjugates: Study of protein
attachment

The protein production and genetic engineering of the
native glucose and galactose protein and the mutant used
in this study were described previously [17]. For the current
article, we have defined the native protein as GGR–WT
and the alanine to cysteine mutant of GGR as GGR–
Cys. An illustration of the position of this mutation and
its binding on an AuNP is given in Fig. 1. The point of
attachment of the cysteine residue is far from the glucose
binding site in the GGR protein; thus, this modification
has no effect on its binding capability.

The immobilization of both GGR–WT and GGR–Cys
to the AuNPs was accomplished by mixing 0.84 ml of 0.2
mM colloidal gold solution with 0.14 ml of 7 lM protein
solution. The solutions were stirred for approximately 20
to 30 s and then analyzed by UV–Vis spectroscopy and
f-potential. The results were compared with the spectra
of a control colloidal gold solution in the absence of pro-
tein. To evaluate the immobilization of the proteins on
the AuNPs, the conjugates were separated by centrifuga-
tion (15 min at 6000 rpm) and the UV–Vis spectrum of
the supernatant was recorded to check for the presence of
proteins. For HR–TEM analysis, one drop of gold or pro-
tein-modified AuNP colloidal solution without sonication
was deposited on a TEM copper grid and dried under
vacuum.

Electrode preparation and electrochemical studies

AuNPs were deposited on the surface of a GCE by elec-
trodeposition from a gold solution. The procedure involves
applying a constant potential of �200 mV for 60 s in a
solution of 1.2 lM HAuCl4. The solution was prepared
in distilled water and deoxygenated by purging with N2

for approximately 15 min. Prior to deposition, the GCE
was cleaned and dried according to the following sequence:
polish with 0.3 lm alumina powder, wash ultrasonically for
10 min in distilled water, rinse with distilled water, and dry
under a nitrogen stream. The surface of the electrode prior
to and after deposition of proteins was characterized by
cyclic voltammetry (CV) using the model reversible redox
couple FeIIðCNÞ4�6 =FeIIIðCNÞ3�6 . For this purpose, the
three electrodes were immersed in a classical electrochemi-
cal cell containing K3Fe(CN)6, 10 mM prepared in PB (pH
6.5), and the potential was scanned between 0 and 0.6 V
versus Ag/AgCl reference electrode at a scan rate of
50 mV/s.

Biosensor fabrication and binding studies

The GCE–AuNP electrodes prepared by electrochemical
deposition were incubated in 0.5 ml of 7 lM GGR–WT (or
GGR–Cys) for 1 h at room temperature. The electrodes
were rinsed thoroughly with Tris buffer to remove the
excess of unbound protein and were incubated in D-glucose
solution at a given concentration. D-Fructose, L-valine, and
L-leucine were used as negative controls because they are
not natural ligands and do not bind to the protein. Protein
immobilization, as well as the binding of target ligands,
was evaluated by CV using FeðCNÞ3�6 =FeðCNÞ4�6 solution
(10 mM) in PB (pH 6.5) by scanning the potential between
0 and 0.6 V at a scan rate of 100 mV/s. For evaluation of
nonspecific absorption of the protein, attachment of
GGR–WT and subsequent binding of glucose were per-
formed under the same experimental conditions as for
GGR–Cys.
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Fig. 2. UV–Vis spectra of AuNPs in the absence (Au) and presence of
GGR–WT (Au_GGR–WT) and GGR–Cys (Au_GGR–Cys) immediately
after mixing (A) and after 48 h incubation (B). In all experiments, a 10-
mM Tris buffer solution (pH 7.1) containing 100 mM KCl and 0.5 mM
CaCl2 was used. Panel A inset: Color of gold sols in the presence of GGR–
WT and GGR–Cys. AU, arbitrary units.
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Results and discussion

Study of binding and activity of recombinant proteins on

AuNPs

UV–Vis spectroscopy
It is known that highly dispersed gold colloids (single

particles) in solution present a single absorption peak
attributed to quadrupole plasmon excitation [25]. The posi-
tion of the plasmon absorption band depends on the size,
surface properties, mutual interactions in the dispersion
medium, and extent of aggregation. The attachment of
the proteins on AuNPs and the surface changes due to
the absorbed proteins are expected to affect the surface
plasmon. This results in a color change in the solution
[26]. Aggregation of AuNPs usually is observed as a red
shift in the color arising from the absorption bands at long
wavelengths due to coupling between plasmons of neigh-
boring particles inside the aggregates. In general, the smal-
ler the interparticle distance, the larger the red shift [27].
The gold sols prepared in our preparations of Au3+ with
isoascorbic acid have a red wine color and a well-defined
absorbance peak at approximately 523 nm [24]. The stabil-
ity of these electrostatically stabilized sols is highly depen-
dent on the ionic strength of the system. Because very small
additions of salts might cause coagulation of the AuNPs,
we first studied the effect of the Tris buffer solution (pH
7.1) in which the proteins were prepared on the UV–Vis
spectrum. The spectrum presents a well-defined peak at
approximately 523 nm and a small wide shoulder starting
at approximately 650 nm (Fig. 2A). The small peaks at
approximately 226 and 320 nm are attributed to the square
planar AuCl�4 complex ion. This spectrum was used as a
control in the absence of proteins.

In the presence of proteins, gold colloidal particles form
aggregates. On protein binding, the absorbance usually
shifts to higher wavelength as the aggregation proceeds
[24,25]. In our experiment, in the presence of GGR–WT,
there was an increase in the gold peak at 523 nm, concom-
itant with the appearance of a new peak at 280 nm corre-
sponding to the protein (Fig. 2A). No color change in the
gold sols was observed. Thus, the wild-type protein does
not bind to the gold particles.

In the presence of GGR–Cys, the color of the gold sol
turned from red to blue, suggesting aggregation of the AuN-
Ps due to the immobilized protein on their surface. The UV–
Vis spectrum of the gold sols containing 1 lM GGR–Cys
shows very distinct characteristics, with the peak corre-
sponding to the AuNPs at 523 nm shifting to 600 nm and
the new peak being significantly broader (Fig. 2A). In addi-
tion, there was no noticeable peak at 280 nm, suggesting that
all of the protein in solution is attached to the AuNPs. The
protein coating of the gold particles induces aggregation
between the AuNPs, thereby producing changes in the plas-
mon absorption band associated with the color change.

The GGR–WT and GGR–Cys have distinctly different
effects on the AuNPs that are more evident after 24 h of
incubation of AuNPs and protein. After this time, the color
of the solution and the characteristics of the UV–Vis spec-
trum of the GGR–WT did not change significantly. In con-
trast, the mixture of GGR–Cys and the AuNPs formed
visible bluish aggregates that precipitated, leaving the
supernatant nearly colorless. The UV–Vis spectrum in
Fig. 2B illustrates this phenomenon. After centrifugation
and separation, no protein was present in the supernatant
in the case of GGR–Cys, suggesting that all of the protein
was attached on the nanoparticles that formed large aggre-
gates. Our spectrophotometric measurement showed that
the total amount GGR–WT was retrieved in the superna-
tant, proving that the wild-type protein without the genet-
ically engineered cysteine did not bind to the AuNPs under
our experimental conditions.
f-Potential and TEM analysis
HR–TEM and f-potential analysis was used to charac-

terize the surface properties, morphology, and size distribu-



Fig. 3. PSD of AuNPs in the absence (A) and presence of GGR–WT (B)
and GGR–Cys (C).
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tion of the AuNPs with and without immobilized protein.
The surface modification can affect the surface charge of
nanoparticles; this determines the dispersion and/or aggre-
gation of colloidal solution at a given pH value. The bare
AuNPs used in this work were negatively charged, with
an average f-potential value of �29.1 ± 4.1 mV. In the
presence of GGR–WT, the f-potential value was
�19.3 ± 2.0 mV, suggesting a partial modification of the
AuNPs surface. When the GGR–Cys was added, the
AuNPs were nearly neutral in charge (with a f-potential
value of �4.25 ± 6.6 mV, indicating nearly complete cover-
age of the particles by a protein coating. The PSD of AuN-
Ps in Tris buffer determined using the dynamic light
scattering analyzer (Fig. 3A) indicates an average size of
42.5 nm. For the GGR–WT, the PSD shows an average
diameter of 59.4 nm, whereas for the GGR–Cys, the aver-
age size of the aggregates formed was 139.6 nm.

These findings were also supported by the HR–TEM
analysis. Fig. 4A shows the HR–TEM image of the bare
AuNPs obtained by chemical precipitation of Au3+ with
isoascorbic acid used for protein immobilization. As can
be seen in the figure, the nanoparticles are quite uniform
and monodispersed. The same behavior was observed
when the GGR–WT protein was added to the solution.
When GGR–Cys was used, the particles formed large
aggregates (Fig. 3C). Analysis of a single AuNP +
GGR–Cys at a lower magnification shows the presence of
a thin layer on the surface of the particle. We speculate that
this layer could be attributed to the protein, which is 35 Å
wide and 65 Å long. The characteristics (f-potential, aver-
age particle size, UV–Vis peaks, and color) of the three
configurations tested (AuNPs, AuNPs + GGR–WT, and
AuNPs + GGR–Cys) are summarized in Table 1.

Fabrication of electrochemical biosensor for detection of

glucose

The binding between the AuNPs and the two glucose
receptor proteins was further investigated using CV after
deposition of AuNPs on the surface of a working GCE.
The recombinant proteins used in this work are engineered
and act as an uptake system for a target ligand that in this
case is glucose. The receptor binds D-glucose with a Kd of
0.1 lM. The binding of D-glucose produces a ligand-
induced conformational change in the protein that is well
characterized and has been used in a number of studies
[15,17–19,23,26]. This specific binding, combined with the
use of AuNPs for protein immobilization on an electrode
surface, was employed in the current work in the construc-
tion of an electrochemical biosensor for the detection of
glucose. A schematic of this experiment is illustrated in
Fig. 5.

Biosensor fabrication

In our study, the AuNPs were electrodeposited on the
GCE from a solution of HAuCl4 according to a published
literature procedure [28,29]. This resulted in a deposition of
a smooth layer of aggregates of AuNPs that was confirmed
by the change in the color of the working GCE surface
from gray to yellow. The gold particles in the aggregate
have an average size of approximately 50 nm, and this
was also confirmed in our experiments by SEM (results
not shown). This is in agreement with published literature



Fig. 4. TEM of AuNPs in the absence and presence of GGR–WT and GGR–Cys (scale = 50 nm). Different magnifications are shown for GGR–Cys (50
and 10 nm).

Table 1
Spectroscopic and morphological characteristics of AuNPs and AuNPs in the presence of GGR–WT and GGR–Cys

f-Potential (mV) Average size (nm) UV–Vis peaks (nm) Color/aggregation

AuNPs (Tris buffer) �43.5 ± 4.1 42.5 523, 226, 320, and 650 (wide shoulder) Red wine/Monodispersed particles
AuNPs + GGR–WT �19.3 ± 2.0 59.4 523 and 280 Red wine/Monodispersed particles
AuNPs + GGR–Cys �4.2 ± 6.6 139.6 600 (wide peak) Blue/visible aggregates

Fig. 5. Fabrication steps of the GCE–AuNP glucose sensor illustrating the binding of the protein via the cysteine residue on the GGR–Cys receptor and
the subsequent glucose binding.
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data [28,29]. The modified GCE–AuNP electrode was fur-
ther characterized by CV using FeIIðCNÞ4�6 =FeIIIðCNÞ3�6 as
a model redox probe. Compared with the bare GCE, the
peak potential separation DEp was reduced from 93 to 70
mV for the GCE–AuNPs. Concurrently, a current amplifi-
cation of both anodic and cathodic peaks was observed,
suggesting that the presence of gold promoted the electron
transfer at the surface of the electrode (results not shown).

We used this system first to investigate whether the bind-
ing of the protein on the GCE–AuNP surface follows the
same trend as in the case of colloidal particles and then
to check the stability of the binding for both the wild-type
and Cys modified protein. For this purpose, the protein
(GGR–WT or GGR–Cys) was immobilized on the GCE–
AuNP surface. Immobilization was carried out by incubat-
ing the gold modified electrode for 1 h in a solution con-
taining protein at a concentration of 7 lM. The electrode
was washed several times to remove the excess of weakly
bound proteins. CV using the FeIIðCNÞ4�6 =FeIIIðCNÞ3�6
model reversible electrochemical reaction was then
employed to characterize the electron transfer properties
on the surface of the electrode before and after protein
binding. It is expected that the GGR–Cys will attach to
the gold surface through its Cys residue. This will partially
insulate the electrochemically active surface, hampering the
electron transfer of the redox probe. Fig. 6 represents the
cyclic voltammogram obtained from the GCE–AuNP elec-
trode with GGR–WT or GGR–Cys and without protein.
The cyclic voltammogram recorded after exposure to
GGR–WT is nearly identical to that corresponding with
the bare GCE–AuNP electrode. This implies that there is
little or no change on the surface of the AuNPs, suggesting
that the WT protein does not bind to the electrode surface.
In contrast, the exposure of GGR–Cys to the AuNPs
induced a significant decrease in the oxidation and reduc-
tion peaks in the CV, clearly indicating the deposition of
a protein layer that partially insulates the electrode surface.
To confirm the role of the AuNPs, for comparison pur-
poses, we performed similar studies with a conventional
gold electrode. In the same experimental conditions, the
electrochemical response of the gold electrode was signifi-
cantly reduced (12.5 lA) as compared with that of the
GCE–AuNPs (78 lA). After incubation in a solution of
GGR–Cys, the protein binds to the Au electrode, but the
decrease in the signal was very small (Fig. 6B).

Detection of glucose
The GCE–AuNPs with GGR–Cys immobilized on the

surface were used as a biosensor for the detection of glu-
cose. This system is based on the specificity of the glucose
receptor and the ligand-induced conformational change
that occurs after glucose binds to the protein. Studies
showed that when a ligand binds to a periplasmic binding
protein, such as the GGR used in the current work, the
protein undergoes a structural change [14]. In previous
reports, this effect was studied extensively and confirmed
by atomic force microscopy [22], quartz crystal microbal-
ance [15–17,20], and electrochemical impedance spectros-
copy [18,21]. It was demonstrated that the flexible ligand-
free protein undergoes a conformational change to a more
rigid structure after ligand binding [20]. In the current
work, after immersion of the GGR–Cys modified electrode
in a solution containing glucose, the cyclic voltammogram
shows that the oxido/reduction current decreases concur-
rently with a shift toward more positive potentials
(Fig. 7). This is a result of the glucose binding, associated
with the closing structure of the protein around its binding
pocket, hindering the electron transfer of the redox probe
on the active surface of the electrode. These observations
are in agreement with previous impedance spectroscopy
studies that showed an increase in the electron transfer
resistance after glucose binding [18,22]. Fig. 7 shows the
cyclic voltammogram of the GCE–AuNP electrode modi-
fied with GGR–Cys before and after 5 min incubation with
different concentrations of glucose ranging from 0.1 to 1
lM. The decrease in the current was proportional with
the glucose concentration. No further decrease in the signal
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was obtained at concentrations higher than 1 lM. Increas-
ing the incubation time (e.g., 1 h, 12 h) does not result in a
lower detection limit, showing that glucose binding is a
nearly immediate effect. The detection limit of the sensor
was 0.18 lM, calculated based on the standard deviation
and the slope, using the 3r/S formula, where r is the stan-
dard deviation of the responses of three blank samples
obtained with different electrodes and S is the slope of
the calibration curve.

Although in other previous studies we have shown that
glucose does not bind to flat gold surfaces [15,17], we did
control experiments to check for the possible binding of
glucose to the AuNPs. Results showed that incubation of
the bare GCE–AuNP electrode in a glucose solution has
no effect on the electrochemical current, indicating that
binding of the glucose with the immobilized GGR protein
on the AuNPs is responsible for the observed decrease of
the redox peaks.

When the GCE–AuNP–GGR–Cys electrode was incu-
bated with three other compounds that do not bind
GGR (b-D-fructose, L-valine, and L-leucine), no decrease
in the electrochemical signal was observed (Fig. 8). These
results show that the proposed biosensor specifically binds
its target sugar and shows no response to compounds that
are not natural ligands.
Scanning range: 0 to 0.6 V versus Ag/AgCl reference electrode at 50 mV/s.
Conclusions

We have studied the surface chemistry and interactions
of AuNPs with a wild-type and a genetically engineered
thiol-containing glucose receptor proteins, and we used this
system to construct an electrochemical sensor for selective
detection of glucose. The interaction of proteins with
AuNPs and the surface chemistry was studied with UV–
Vis spectroscopy, TEM, f-potential, and PSD analysis,
and the results were confirmed with CV. The gold colloids
form large aggregates in the presence of the thiol-contain-
ing protein. This is due to the strong binding between the
gold and the cysteine group that was genetically engineered
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in the protein sequence. Under the same experimental con-
ditions (pH, temperature, and buffer solution) but using the
WT protein, gold colloids do not aggregate in the same
manner. These experiments suggest that the surface-
exposed cysteine is key to the binding of the protein to
the AuNPs. The electrochemical GGR-based biosensor
developed in this work is suitable for selective determina-
tion of glucose in the micromolar concentration range,
with a detection limit of 0.18 lM. The AuNP reagentless
glucose biosensor described here provides a unique addi-
tion to the currently available methods to detect glucose.
As compared with classical solid gold electrodes, the use
of AuNP modified GCE offers several advantages such as
a large surface area that provides multiple binding points
for proteins (thereby facilitating loading of more protein
molecules), high conductivity, and increased sensitivity.
The application of this strategy of combined genetic engi-
neering, AuNPs, and electrochemistry serves as a useful
tool for the study of receptor–ligand interactions.
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