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g r a p h i c a l a b s t r a c t
� Nanoporous gold electrode with
increased electrochemically active
area was fabricated.

� Acetylcholinesterase was efficiently
immobilized at the electrode
interface.

� The electrode showed high detection
capability (8 pM) of fasciculin
neurotoxin after only 30min
incubation.

� Created biosensor was accurate and
very selective for the detection of
fasiculin.
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a b s t r a c t

Acetylcholinesterase (AChE), an efficient biocatalyst known to hydrolyze the neurotransmitter acetyl-
choline, could be inactivated in the presence of insecticides, nerve agents or other drug inhibitors to thus
result in disrupted neurotransmission. Improvement in the peripheral cholinergic function, as well as
overall cognition and neuronal functions of an exposed system could be achieved if the mechanisms of
inhibitions are deactivated in a controlled fashion and with rapid response time. Herein, we proposed to
develop a simple AChE biosensor capable to realize the rapid detection of neurotoxins. Our approach uses
a nanoporous gold film (NPGF) and reduced graphene oxide-tin dioxide nanoparticle (RGO-SnO2)
nanocomposite to define the highly active electrode interface where the electrochemical monitoring of
the interaction between AChE and its target molecule, fasciculin, could take place. Our results demon-
strate that the established biosensor had the ability to monitor fasciculin concentrations at the ultra-low
limit of detection of 8 pM, an inhibition rate of 8% and within only 30min of electrochemical exposure.
Our study provides a convenient technology for the rapid and ultrasensitive detection of neurotoxins and
has the potential for large applicability to other drugs or toxins screening.

© 2019 Elsevier B.V. All rights reserved.
and Biomedical Engineering,
of Engineering and Mineral
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1. Introduction

Alzheimer's disease is one of the most common causes of de-
mentia in an aging population, with 1 in about 10 people over age
65 being affected and with approximately 200,000 Americans un-
der the same age showing onset disease symptoms [1]. Even
though the disease is known to progressively impair cognitive
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functions, its early diagnosis and effective treatment have been
challenging.

Previous research has showed that acetylcholinesterase (AChE)
inhibitor drugs could potentially offer a viable treatment option;
AChE is known to regulate cholinergic pathways [2] and contrib-
utes to reliable cognitive functions such as the ones identified in
impaired Alzheimer patients. Improvement in Alzheimer's disease
symptoms was, for instance, observed after donepezil hydrochlo-
ride (one AChE inhibitor) was administered in clinical tests, with
the amounts of systemic cholinergic effects being dose-depend on
the inhibitor [3] as well as its specific AChE's binding mechanisms.
Substantial evidence also showed that drugs such as galantamine
and rivastigmine could decrease the activity of AChE [4]. Comple-
mentary, natural AChE inhibitors found in plants, fungi and snake
venoms were shown to have a high affinity and ensure a reversible
inhibition of AChE. For instance, fasciculin, a natural inhibitor iso-
lated from snake venom was revealed to have an inhibitory con-
stant (Ki) in the range of 10�11e10�12M [5]. Fasculin binding to
AChE is known to occur through its cluster of hydrophobic residues
located in the loop II of the molecule, with such loop's association
to the peripheral anionic site of the AChE leading to sterical oc-
clusion of the substrate's (i.e., acethylcoline-ACh) access to the
molecule's catalytic site. The binding is highly efficient, with studies
revealing that small amounts of intraperitoneal injections (i.e.,
0.5e3 mg/g bodyweight) administered tomice could decrease AChE
activity up to 45e60% [6]. However, even though such treatment
options have considerable potential, there are still concerns about
possible safety issues at drug's administration, with studies
recording induced malfunction of AChE associated with respiratory
problems, myocardial malfunctioning, and even death [7]. In
particular, it was shown that since fasciculin is isolated from snake
venom it could cause acute health effects at even pM concentra-
tions of administration [8], with specific studies revealing that in-
jection of fasciculin to mice led to hypersensitivity to touch and
sever and long lasting (up to 4~7 h) fasciculations such as salivation,
lacrimation and uncontrolled muscle twitches. Considering that
AChE levels could vary between 26.7 and 21.1 mU/mL in individuals
with Alzheimer and further, considering that for a specific patient
the AChE levels could be altered during the different stages of the
disease and treatment [9] with its levels being known to increase
around b-amyloid plaques, it is imperious to strictly control both
the dosage of fasciculin as well as AChE metabolic levels [10]. This
suggests that identifying both the therapeutic and the toxicity
windows and how they depend on the AChE binding affinity, as
well as ensuring rapid drug transfer into the blood as well as rapid
detection of any deleterious effects that such drug could produce
needs to be considered if future implementation of fasciculin or
other similar compounds is to be undertaken.

We proposed the design and fabrication of a user-friendly
platform that could allow monitoring of both fasciculin binding to
AChE as well as its dosage. Ourmethod relied on a simple, rapid and
effective biosensorial platform. Biosensing platforms are rapid and
convenient methods for trace amount detection of biological mol-
ecules [11] or drugs [12,13]. Our biosensor allowed for rapid
response upon monitoring the affinity of the inhibitor binding
down to pM concentrations, low detection limit, convenience and
cheapness. Our results showed that the developedmethod does not
only eliminate the slow response or laborious setup required by
current strategies relying on fluorescent biosensor or colorimetric
determination, but further, it has a high level of specificity thus
eliminating the rather poor or non-specific binding encountered
with the above listed strategies [14]. The potential of our proposed
method is foreseen for clinical implementation, with the estab-
lished platform to be used for pre-screening of other drugs to thus
help identify toxicity or treatment doses options in a short time and
under real-time conditions, all while limiting the costs and possible
drug’ side effects.

2. Materials and methods

2.1. Nanoporous gold film (NPGF) electrode fabrication and
evaluation

A gold (Au) electrode (CH Instruments Inc) was cleaned by im-
mersion in Piranha solution (96.4% sulfuric acid, H2SO4, and 30%
hydrogen peroxide, H2O2, Fisher Scientific, in a 3:1 (v:v)) at 120 �C
for 10min. The electrode was subsequently rinsed with deionized
(DI) water and polished successively with 1.0, 0.3 and 0.05 mm a-
alumina powders (CH Instrument Inc.) until a mirror-like surface
was obtained. Impurities were removed by rinsing with DI water.
The electrode was subsequently sonicated in 10mL ethanol (99.5%,
Fisher Scientific), acetone (99.5%, Fisher Scientific) and DI water
sequentially, for 5min each cycle. The cleaned electrode was
further activated in H2SO4 by applying multiple electrochemical
oxidation-reduction cycles, with the applied potential being cycled
from 0.4 to 1.6 V (vs. silver/silver chloride electrode - Ag/AgCl, CH
Instrument Inc.) at a scan rate of 100mV/s on a VersaSTAT 3
potentiostat/galvonostat (Princeton Applied Research) using a
platinum (Pt, CH Instrument Inc.) electrode as the auxiliary unit.
The process was repeated until the cyclic voltammetry graph
became stable.

Upon the treatment, the electrode was rinsed thoroughly with
DI water and blown dry, then used for preparing a NPGF onto its
surface. For this, a multi-cyclic alloying/dealloying process was
carried out from 1.45 to �0.70 V in an electrolyte of benzyl alcohol
(BA, 98%, Fisher Scientific) containing 1.6M zinc chloride (ZnCl2,
Fisher Scientific) for 30 cycles, at 120 �C and under a scan rate of
10mV/s. Herein the electrolyte used to make the nanoporous
structure was prepared by dissolving 2.18 g ZnCl2 in the 10mL BA at
60 �C. Zn wires (d¼ 0.5mm, 99.994%, Alfa Aesar) were used as
counter electrode and reference electrode. The cleaned activated
electrode formed the working electrode. Thus prepared NPGF
electrode was sonicated sequentially in 10mL BA, ethanol and DI
water for 5min each cycle, then activated again in the
50mMH2SO4 (as described above), rinsed with DI water and blown
dry before use.

2.2. NPGF surface characterization

The morphology of the user-prepared NPGF electrode was
characterized using an Atomic Force Microscope (AFM, Nikon, USA)
in contact mode. The cantilever spring constant was calibrated
using the thermal noise method; the scan rate was fixed at 0.5 Hz
for all the experiments.

2.3. Synthesis of reduced graphene oxide (RGO)

RGO nanosheets were synthesized according to established
protocol [15]. Briefly, graphene oxide (GO) was first prepared by the
Hummers' method in which 0.5 g graphite (Fisher Scientific) and
0.38 g sodium nitrite (NaNO3, Fisher Scientific) were mixed and
dissolved in 38mLH2SO4 all in an ice-water bath. Subsequently,
0.23 g potassium permanganate (KMnO4, Fisher Scientific) was
slowly added into the mixture, with gentle stirring (about 50 rpm)
on a hotplate (VWR International Inc.) over a 1 h time period. The
mixture was again stirred gently for another 2 h in an ice-water
bath, then stirred vigorously for 5 additional days on a stirring
plate, at 1000 rpm and room temperature. Upon stirring, 70mL of
5% H2SO4 was added into the mixture. The resulting products were
centrifuged at 3000 rpm for 30min, washed thoroughly with DI
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water and dried in vacuum, overnight. The GO sheets were dis-
solved again in the DI water (0.1mg/mL) with the pH being
adjusted to 11 using a 5% ammonia aqueous solution (NH3$H2O,
Fisher Scientific). As the reducer, hydrazine hydrate (55%, Fisher
Scientific) was added into the mixture (1 mL hydrazine hydrate to
3mg GO) and incubated at 80 �C for 12 h, again with stirring. The
resulting RGO nanosheets were again centrifuged at 3000 rpm for
30min, washed thoroughly with DI water and dried in vacuum
overnight.

2.4. Fabrication of the acetylcholinesterase biosensor (AChE)

The cleaned NPGF electrode was used to fabricate an AChE
biosensor. For this, nanocomposites were first prepared by
dispersing a mixture of 6mg tin dioxide (SnO2, Sigma) nano-
particles and 1mg RGO nanosheets (mass ratio of 6:1) in 1mL 1%
acetic acid (99.7%, Fisher Scientific) with 0.2% chitosan (Fisher Sci-
entific). The nanocomposites were stirred at room temperature for
3 h. Secondly, 10 mL of such solutionwere dropped onto theworking
electrode and kept overnight at room temperature. Thirdly, 10 mL of
50 mg/mL AChE (Sigma) was dropped onto the nanocomposite
functionalized electrode and incubated overnight at 4 �C. The
electrode was subsequently rinsed with 50mM phosphate buffered
saline (PBS, Fisher Scientific, pH 7.0) and blown dry. Ten mL of fas-
ciculin (Abcam, concentrations varied from 0.1 pM to 10 nM) were
dropped onto the functionalized electrode and incubated for
30min at room temperature. Then, another 10 mL of 0.25% Nafion
(Fisher Scientific) were dropped onto the electrode and incubated
for another 30min at room temperature. The prepared modified
electrodewas rinsed thoroughly with PBS to remove any impurities.

2.5. Electrochemical measurement

All electrochemical measurements were carried out in ambient
atmosphere. A Pt wire was used as the auxiliary electrode, Ag/AgCl
as the reference and the NPGF electrode or modified NPGF elec-
trodes (RGO-SnO2/NPGF, AChE/RGO-SnO2/NPGF and fasciculin/
AChE/RGO-SnO2/NPGF electrode respectively) were used as work-
ing electrodes. Differential pulse voltammetry (DPV) and electro-
chemical impedance spectrum (EIS) were recorded on the
VersaSTAT 3 potentiostat/galvonostat. For the DPV, the voltage
ranged from 0.4 to 0.8 V with a 50ms pulse, 49ms pulse width,
50mV pulse height and 1mV pulse potential increment. DPV an-
alyses were performed in different concentrations of acetylcholine
chloride (Fisher Scientific, 16 mM to 50 nM) in 50mM PBS con-
taining 10mM potassium chloride (KCl, Fisher Scientific). For the
EIS, the frequency ranged from 0.01 to 100000 Hz; 5mV amplitude
was maintained constant. The EIS analyses were performed in
50mM potassium ferrocyanide (K3Fe(CN)6, Fisher Scientific)
dispersed in 50mM PBS containing 10mM KCl.

3. Results and discussion

3.1. Preparation and characterization of the nanoporous gold film
(NPGF) electrode

We designed a strategy to evaluate the binding mechanisms of
fasciculin to acetylcholinesterase (AChE); fasciculin is an AChE
natural inhibitor that could potentially offer a viable treatment for
regulation of cholinergic pathways in impaired Alzheimer patients.
By allowing real-time, sensorial detection, our strategy aims to
discriminate how structural conformation changes of AChE resul-
ted from fasciculin binding could lead to poor clinical outcome [14].

We first hypothesized that a NPGF electrode could be used to
increase the detection of such binding mechanisms, since previous
research showed that NPGF electrodes have a higher surface area
and thus allow for a better electron transport profile at their in-
terfaces to thus provide a great number of adsorption sites when
biomolecules analyses are considered [16].

The NPGF electrode was prepared using a multicycle alloying/
dealloying process shown in Fig. 1 (a). The zinc cation (Zn2þ) in the
electrolyte was firstly reduced to Zn on the electrode's surface and
formed the Au-Zn alloy at the electrode's interface. Subsequently,
during the dealloying process, the deposited Zn was dissolved into
the electrolyte to favor higher reactivity [17]. Such process could
potentially lead to pores formation at the electrode surface, with
the severity of the pores to be associated with the number of
alloying/dealloying cycles. Fig. 1 (b) shows the side view of the Au
(control) and prepared NPGF electrode, while Fig. 1 (c) shows the
CV of the alloying/dealloying processes at the electrode interface.
As revealed, the potential ranged from �0.72 to e1.45 V, with two
anodic peaks appearing at about 0.56 and 0.93 V respectively; a
noticeable reduction wave was observed at about 0.52 V presum-
ably due to the Zn deposition [18]. The first anodic peak appeared at
about 0.56 V and represents the oxidation of the deposited Zn [18],
while the second peak at about 0.93 V was attributed to the
oxidation of Zn in the Au-Zn alloy [18]. Changes in surface mor-
phologies were confirmed by AFM, with analysis (Fig. 1 (d) and (e))
showing that the NPGF electrode had a rougher surface relative to
that of control Au, with the roughness factor (Rf; known to equals
the ratio of the real electrochemically reactive surface area and the
geometrical area) being 25.39 for the Au electrode and 91.26 for the
NPGF one respectively. In addition, Fig.1 (f) showed that the surface
of the NPGF was about 100 nm higher than that of the control.

The NPGF electrode was further characterized using a poten-
tiostat/galvanostat; Fig. 2 (a) and (b) show the electrochemical
behaviors of NPGF and Au control electrodes respectively. Specif-
ically, two oxidation peaks (at about 1.1 and 1.3 V) and one reduc-
tion peak (at about 0.90 V) appeared on the CV curves of the NPGF
electrode; the peaks corresponded to the Au oxidation and Au
oxide reduction respectively. Analysis showed that the reduction
peak increased greatly relative to that of the Au electrode thus
confirming the AFM results and induced changes in the electro-
chemically reactive surface area [19,20]. Indeed, the electrochem-
ically reactive surface areas of the Au and NPGF electrodes
calculated by using the charge in the Au oxide reduction peak (Fig. 2
(a)) divided by the charge passed per unit surface area (390 mC/cm2

for Au) [21], were about 0.8 and 2.9 cm2 respectively. Moreover, the
electrochemical behaviors of the Fe(CN)63-/4- at the Au and NPGF
electrodes (Fig. 2 (b)) also revealed the much greater oxidation and
reduction peaks for the modified electrode, with the peak current
at the NPGF electrode being about 16 times that of the Au one.

3.2. AChE biosensor fabrication and performance testing

The NPGF electrodewas used as a substrate for active deposition
of reduced graphene oxide (RGO) containing tin dioxide (SnO2)
dopants (Fig. 3 (a)). Our hypothesis was that the known conduc-
tivity, high surface area and known facilitated ionic/mass transport
of RGO [22] will enhance the selection sensitivity at the NPGF
electrode's interface. Further, we also hypothesized that addition of
SnO2 could increase electrode's sensitivity [23]. Previous research
in RGO amperometric glucose biosensors showed a sensitivity of
12.5mAmM�1 cm�2 conferring to such fabricated electrode a short
response time of less than 1 s and an ultralow detection limit of
5 nM respectively [24]. Moreover, the RGO-based acetylcholines-
terase biosensor used for amperometric detection of organophos-
phorus pesticides showed a limit of detection of 1.3 pM [25].
Complementarily, SnO2-based biosensors showed good perfor-
mances for glucose detection [26] at concentrations as low as 4.5



Figure 1. (a) Scheme of the NPGF electrode prepared using an electrochemical alloying/dealloying strategy. Briefly, a cleaned Au electrode was immersed in an electrolyte of benzyl
alcohol with zinc chloride. Zn was firstly electrodeposited onto the Au electrode to form an Au-Zn alloy and subsequently dealloyed to form a porous electrode surface. (b)
Schematics of the side views of the Au and NPGF electrodes respectively. (c) The 10-th cyclic voltammetry (CV) of the alloying/dealloying process. (d) Representative Atomic Force
Microscopy (AFM) morphology analyses of the Au electrode (control). NPGF electrode (e), and interface of Au and NPGF respectively (f).
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pM. In our experiment, it was expected that SnO2 binds to RGO
through electrostatic interactions to increase charge transfer at its
interface [27], with RGO to also increase the overall surface area
and porosity of the electrode based on its sheet-like geometry
(Supporting Information Fig. S1), thus allowing for increased
binding at the electrode interface.

The modified electrode was used to detect binding mechanisms
of fasciculin to AChE through known redox reactions. Specifically, it
was hypothesized that if the immobilized AChE would catalyze the
acetylcholine (Ac) to thiocholine reaction [28], the thiocholine
would then show an oxidation reaction and generate an electro-
chemical signal at electrode's interface as shown in Equations (1)
and (2) below:

AcetylcholineþH2O /
AChE

Thiocholineþ Acetic Acid (1)

2Thiocholine ðredÞ/ Thiocholine ðox; dimericÞ þ 2Hþ þ 2e�

(2)

It was also assumed that produced thiocholine would generate
an electrochemical signal that could correlate with the amount of
the AChE and the concentration of the Ac in the electrolyte
respectively. Lastly, any subsequent addition of fasciculin was ex-
pected to lead to fasciculin's binding to the AChE, blocked enzy-
matic reaction and reduced signal at the electrode interface.

Indeed, analysis showed that when fasciculin was added to the
experimental setup, a decrease in the generated electrochemical
signal (Fig. 2 (c)) was recorded. Analysis of Nyquist plots at the
NPGF, RGO-SnO2/NPGF, AChE/RGO-SnO2/NPGF and Fasciculin/
AChE/RGO-SnO2/NPGF electrodes respectively (Fig. 2 (d)) showed
that the semicircle portion at higher frequencies of such plots is
caused by the electron transfer limited process, while the linear
portion recorded at lower frequencies corresponds to a diffusion
process [29]. The electrochemical impedance spectrum (EIS)
revealed that the resulting Nyquist plots were almost straight lines
for both the NPGF and RGO-SnO2/NPGF electrodes, suggesting that
the redox reactions at these electrodes’ interfaces were mainly
controlled by diffusion processes. The slope of the linear portion on
the RGO-SnO2/NPGF electrode however decreased when compared
with the slope on the NPGF electrode, presumably due to the effect
being strengthened after the immobilization of the RGO-SnO2
nanocomposite and the increase in the available electrode surface
area that theywill produce. Further, Nyquist plots at the AChE/RGO-
SnO2/NPGF and Fasciculin/AChE/RGO-SnO2/NPGF electrodes
revealed both semicircle and linear portions with the diameter of
the semicircles representing the values of the electron transfer
resistances (Rct) being about 45 and 60 kU respectively. Binding of
fasciculin to the AChE, as expected, hindered the electron transfer
thus increasing the Rct (about a 33.3% increase). Oxidation peaks
appeared at about 0.58 V after the AChE was immobilized onto the
electrode and were attributed to the oxidation of the triocholine as
described in the reactions (1) and (2) above.

3.3. Fasciculin sensing and biosensor validation

Upon electrode's incubation in a solution of fasciculin for
30min, the recorded current decreased drastically presumably due
to fasciculin covalent binding to the serine hydroxyl groups of AChE
that could have potentially induce reduced enzymatic activity at
the electrode's interface [30]. Fig. 3 (a) shows the DPV graphs at the
Fasciculin/AChE/RGO-SnO2/NPGF electrode where the different



Fig. 2. (a) CV of the Au and NPGF electrodes in 50mMH2SO4. (b) CV for the Au and NPGF electrodes in 50mM PBS with 50mMK3Fe(CN)6 and 10mM KCl. All electrochemical
measurements were performed at a scan rate of 50mV/s. (c) DPV graph in acetylcholine chloride (AChCl) comtaining solution. (d) EIS graph in K3Fe(CN)6 containing solution. The
color-coding represents NPGF electrode (red), RGO-SnO2/NPGF electrode (black), AChE/RGO-SnO2/NPGF electrode (blue) and Fasciculin/AChE/RGO-SnO2/NPGF electrode (magenta)
respectively. (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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colors represent different fasciculin concentrations. The oxidation
peaks of triocholine appeared on all the modified electrodes, with
the decrease in the recorded signal being correlated to the change
in fasciculin concentrations. For instance, the peak current
at �45.72 mA decreased by 3/5 after the AChE/RGO-SnO2/NPGF
electrode was incubated with 10 nM fasciculin. The peak current
at �73.78 mA however stayed almost the same after the AChE/RGO-
SnO2/NPGF electrode was incubated in the control PBS buffer. Fig. 3
(b) inset showed the limit of detection as evaluated using the signal
to noise ratios equals to 3, was 8 pM.

In order to evaluate the decrease associated with fasciculin
binding, the inhibition rate (I%) was calculated using

I%¼ IAChE � IFusciculin
IAChE

� 100% (3)

where IAChE was the peak current of AChCl onto the AChE/RGO-
SnO2/NPGF electrode and IFasciculin was the peak current recorded at
Fasciculin/AChE/RGO-SnO2/NPGF electrode respectively. Fig. 3 (b)
showed the positive correlations between the concentrations of
fasciculin and the inhibition rate. Inhibition rates were proportional
to the fasciculin concentration in the concentration range from 50
to 100 pM (Fig. 3 (b) insert), where a value of about 0.15% pM for the
AChE biosensor sensitivity was obtained from the slope of the
linear fitting. Herein the sensitivity of the biosensor was defined as
S¼DI%/Dc, where DI% represented the change of the inhibition rate
and Dc represented the change in fasciculin concentration
respectively.
Our analysis also showed that such formed biosensor was se-
lective to the detection of fasiculin. Specifically, control experi-
ments performed with common interfering substances (i.e., biotin
and streptavidin [31]; Supporting Information Fig. S2) showed that
the biosensor responded by aminimal shift only when fasiculinwas
contaminated with streptavidin. However, when the interfering
substances were placed by themselves on the user-created
biosensor [32e34] no changes were noted. The minimal shift was
presumably a result of the non-specific binding of streptavidin to
fasciculin due to proximal electrostatic interactions [35]. Such
contaminant binding was however previously shown to be reduced
by increasing ionic strength or decreasing the pH for instance.

Fig. 4 (a) shows the electrode responses before (red) and after
(blue) incubationwith fasciculin, at different AChCl concentrations.
At higher AChCl concentrations the response followed a
MichealiseMenten kinetics, with the apparent Michaelis-Menten
constant (KM,app, which relates to the enzymatic affinity and the
ratio of microscopic kinetic constants) being calculated according
to the Lineweaver-Burk equation [36] as

1
I
¼KM;app

Imax
� 1

c
þ 1
Imax

(4)

where c is the concentration of the AChE and Imax is the maximum
current measured under saturated concentration (Fig. 4 (b)). The
saturated concentration was considered the concentration above
which all of the binding sites for AChE at the electrode interface are
occupied. The saturated current was 26.1 and 20.8 mA, while the



Fig. 3. (a) DPV of Fasciculin/AChE/RGO-SnO2/NPGF electrode incubated with different
concentrations of fasciculin, i.e., 0M (control PBS, black), 10 nM (red), 1 nM (blue), 100
pM (magenta) and 10 pM (olive green) fasciculin respectively. (b) Relationships be-
tween the inhibition rate and fasciculin concentration. Insert: Linear relationship be-
tween the inhibition rate and fasciculin concentration in the chosen range of
concentrations. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. (a) Current intensity response of the AChE biosensor as a function of AChCl
before (red) and after (blue) incubating with fasciculin respectively. (b) The linear part
of the curve (a), which was reported as the calibration curve. (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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KM,app was about 466.2 mM before AChE inhibition and 390.2 mM
after.

The saturated current decreased after fasciculin binding pre-
sumably due to the molecule occupying the bioactive sites of the
AChCl. A decrease in the KM,app also suggested that the fasciculin
was a mixed inhibitor for AChCl [37]. As the non-competitive in-
hibitor, fasciculin was expected to bind to the AChE and cause
changes in the overall 3-dimensional shape of the molecule to lead
in a decrease in its activity [38]. Our results are comparable with
previous analysis that showed that the KM,app of AChE was about
0.2e1.5mM after the AChE was inhibited by polyamidoamine
dendrimers [39] or 0.369mM before inhibition by w. somnifera
root [40], with the authors of the last study also showing the that
KM,app changed with the concentration of the inhibitor (i.e., from
0.425mM at 0.25mg/mL to 0.349mM at 1mg/mL; Supporting
Information Table S1). Moreover, the accuracy of the biosensor
calculated as the percentage of biosensor recovery after a known
added amount of analyte (i.e, biotin) showed that the recovery of
the tested samples was between 105% and 113% (Supporting
Information Table S2), which is deemed to be an acceptable degree
of accuracy [41,42].

4. Conclusions

We designed and fabricated a highly efficient NPGF-based
electrode to be used for detection and inhibition of enzymatic re-
actions of AChE. The high detection capability (8 pM) in only 30min
incubation time make this electrode not only a viable options for
evaluating minimum sample concentrations but further, it elimi-
nates the tedious and laborious labeling processes normally asso-
ciated with fluorescent techniques for fasiculin inhibition
detection. We foresee that the sensitivity limitations inherent to
biosensors could be overcome when “array packed integration” of
multiple biosensors is to be considered to thus extend the potential
of such platforms for other drug-substrates interactions testing.
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