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We developed a simple impedimetric biosensor for the detection of bacterial
lipopolysaccharide (LPS) based on lectin-functionalized gold nanoparticle (AuNP)—graphene (G)
composites. The effects of AuNPs on G were investigated by comparison with the sensing
surface in the absence of AuNPs. The results showed that the AuNPs formed a 3D micro/
nanocomposite on G, which increased the electroactive area from 7.03 x 102 to 1.41 x 10" cm?,
and also increased the heterogeneous electron transfer rate, which can improve the sensitivity
of the biosensor. Concanavalin A (Con A) lectin was used as a molecular recognition element
because of its specific interaction toward the carbohydrate groups in LPS. The increase in
electron transfer resistance was in a logarithmically direct proportion to the LPS concentration
and lowered the detection limit to 600 pg/L. The fabricated biosensor achieved the detection
of LPS with good sensitivity, acceptable reproducibility, and stability. This method may hold
promise for potential applications in glycomic biosensing.

1. Introduction

Lipopolysaccharide (LPS, also known as bacterial endotoxin) is the main constituent of
the outer membrane of gram-negative bacteria and mainly responsible for the integrity of the
membrane and its low permeability, protecting the bacteria from chemical attacks by antibiotics.V
Although LPS can have beneficial effects at low concentrations (for example, stimulating the
immune response), it is toxic at high concentrations and can lead to septic shock and even
death. The development of simple methods to detect LPS is therefore a challenging field of
research.>™® Biosensors have emerged as one of the leading technologies for the detection of
analytes of biological importance, either as stand-alone devices or as part of a biochip that can
detect multiple analytes simultaneously.(s’(’) Extensive efforts have been devoted to the design
of novel biosensors for LPS or bacterial detection, including the employment of novel biological

recognition molecules as well as highly sensitive detectors and detection techniques.”’ "'V
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Electrochemical impedance spectroscopy (EIS) is frequently applied in the construction
of label-free biosensors owing to its sensitivity and simple setup compared with other
electrochemical sensing methods.1%'* Graphene (G), a two-dimensional, single-layer sheet of
sp2 hybridized carbon atoms, has been widely explored in recent years because of its intriguing
properties, such as large surface area, high electrical conductivity, good mechanical flexibility,
chemical inertness, and low cost.">™'” However, G tends to agglomerate or restack owing
to strong m—m stacking and van der Waals interactions,'® which hinder its future application.
Introducing metal nanoparticles (NPs) was initially proposed to separate G sheets.(1%20

Nowadays, it is considered that the dispersion of metal NPs on G sheets also potentially
provides a new way of developing novel catalytic and optoelectronic materials. Gold
nanoparticles (AuNPs) have recently been recognized as one of the most promising and
efficient electrochemical and luminescence catalysts.al’zz) The incorporation of AuNPs and
G always results in promising properties for sensor layers, especially the electrodeposition
of AuNPs on the G surface because of their large surface to volume ratio and promising
catalytic characteristics. We found that the in situ electrodeposition of NPs on a G and Nafion
composite could provide an efficient biosensing surface for LPS detection with highly efficient
electrochemical characteristics. Lectins can specifically bind to carbohydrate moieties and
are particularly interesting candidates for use as molecular recognition elements because of
the ease of their production and intrinsic stability. Several biosensors have been designed on
the basis of the interactions between lectins and glycoproteins.(23’27) Concanavalin A (Con
A) lectin is a carbohydrate-binding protein that specifically recognizes a-D-glucose and o-D-
mannose groups and is one of the most commonly studied lectins that exist as a dimer below
pH 5.5 and a tetramer between pHs 5.8 and 7.0. Furthermore, the biospecific interaction can
prevent the chemical denaturation of the biomolecule without any chemical modification during
the binding of lectin and carbohydrates. As gram-negative bacteria constantly shed LPS into
their environment, it is an attractive target for detection."¥ Utilizing electrochemistry, we have
incorporated this biological interaction into a functional sensor that can help inform clinicians.

The aim of this work was to develop a sensitive biosensor for LPS detection. As shown
in Fig. 1, a label-free EIS biosensor was designed by using the significant effect of AuNPs on
the improvement in electrochemical responses to fabricate a sensing layer as an amplification
platform. Nafion was used here as a membrane matrix to improve the stability of the surface
and prevent G from aggregating. The flowerlike AuNPs were electrodeposited onto the surface
of the modified glassy carbon (GC) electrode with G and Nafion. Then, the recognition
molecule Con A was immobilized by the self-assembly of 11-mercapto-1-undecanoic acid
(MUA) using dithiothreitol (DTT) to block nonspecific interactions. Upon the binding of the
target, the biosensor produces an increased EIS response that is directly proportional to the
LPS concentration. Mannan is a polysaccharide with a strong affinity for Con A that is used
to investigate the feasibility of the fabricated sensing layer. The characteristics and analytical
performance of the biosensor are described.
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Fig. 1.  (Color online) Schematic of impedimetric lectin-based biosensors for the determination of bacterial LPS.

2. Materials and Methods
2.1 Chemicals and materials

G was obtained from Nanjing Xianfeng Nanomaterials Technology Co., Ltd. (Nanjing,
China). Con A from Canavalia ensiformis, type IV (Con A, MW = 104 kDa); bacterial LPS
from Escherichia coli O55:B5; MUA; DTT; and all the carbohydrates used were obtained from
Sigma-Aldrich (St. Louis, USA).

HAuCls was supplied by Sinopharm Chemical Reagent Co., Ltd. (China).
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and Nafion (5 wt%), in a mixture of low-molecular-weight aliphatic alcohols and water
(contains 45% water), were purchased from Sigma Co., Ltd. (China). Potassium ferricyanide
(K3[Fe(CN)g]), potassium ferrocyanide (K4[Fe(CN)g]), MnCl,, CaCl,, potassium chloride (KCI),
and N,N-dimethylformamide (DMF) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (China). Bovine serum albumin (BSA) was obtained from Shanghai Sangon Biological
Engineering Technology and Services Co., Ltd. (China). All reagents were used as supplied
without further purification unless indicated.

Phosphate-buffered saline (PBS: 10 mM, pH 7.4, 10 mM Na,HPO4/NaH,PO4 and 100 mM
KCl) was used as a Con A immobilization and washing buffer. PBS (10 mM) containing 1 mM
CaClp and 1 mM MnCl; was used as a binding buffer. All carbohydrate solutions were prepared
using the binding buffer. Ultrapure water (18.2 MQ cm) (Milli-Q, Millipore) was used in all
experiments.
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2.2 Apparatus and measurements

The morphology of the modified electrodes was characterized by scanning electron
microscopy (SEM; Hitachi S-4800, Japan). A CHI-660 electrochemical workstation (Chenhua
Instruments Co., Shanghai, China) was used for electrochemical measurements. All
electrochemical experiments were performed using a conventional three-electrode system with
a fabricated biosensor or a GC electrode (GCE) as the working electrode, a platinum wire as the
counter electrode, and a Ag/AgCl (sat. KCI) electrode as the reference electrode. All potentials
are reported with respect to the reference electrode.

2.3 Biosensor fabrication

Two milligrams of G was dispersed in 2 mL of DMF in an ultrasonicator for 2 h. Nafion (0.5
wt%) was added to the dispersion and then the solution was dispersed by ultrasonication for 2
h to form a homogeneous suspension. Finally, the dispersion solution containing G (1 g/L) and
Nafion (0.5 wt%) at a ratio of 1:1 (v/v) was obtained.

Prior to use, the GCE was polished using an aqueous alumina slurry (0.3 and 0.05 um) and
then washed thoroughly with deionized water. Then, the electrode was washed thoroughly with
Milli-Q water and dried in a nitrogen stream to obtain a clean surface.

A 5 pL suspension of G and Nafion was drop-cast on a clean GCE and allowed to dry at
room temperature to obtain the G/Nafion/GCE. Next, AuNPs were electrodeposited onto the
G/Nafion/GCE in a 3.0 mM HAuCls and 0.5 M H,SOy4 solution at a constant potential of —0.2
V for 400 s. The as-prepared electrode was denoted as AuNPs/G/Nafion/GCE. The obtained
electrode was rinsed with water and dried for use in the following experiment.

A 10 pL mixture of 1 uM MUA and 10 uM DTT was dropped onto the pretreated
AuNPs/G/Nafion/GCE surface. The electrode was kept in a refrigerator (4 °C) for 14 h to
obtain MUA/AuNPs/G/Nafion/GCE. The modified electrode was activated in 100 pL of a
freshly prepared solution containing 2 mg/mL EDC and 5 mg/mL NHS for 30 min to activate
the carboxylic groups on MUA. The activated electrode was immersed in 100 pL of 1 g/L
Con A solution for 1 h. Finally, 100 pL of 1% BSA was used to block the surface activate
sites for 30 min. After each step, the electrode was rinsed thoroughly with washing buffer to
remove adsorption components. The lectin-based biosensor (ConA/AuNPs/G/Nafion/GCE) was
obtained and stored at 4 °C in PBS (pH 7.4).

2.4 Electrochemical measurements

The fabricated biosensor was immersed in 100 pL of 10 mM PBS containing different
concentrations of mannan solutions for 60 min and then washed with 10 mM PBS.
Electrochemical measurements were carried out in 5 mL of 10 mM PBS containing 5 mM
K;3[Fe(CN)g] and 5 mM K4[Fe(CN)s] at the equilibrium potential of [Fe(CN)s]* 7~ with a 5 mV
sinusoidal excitation amplitude.

The EIS spectra were recorded at 0.2 V (vs Ag/AgCl) within a frequency range from
100 kHz to 0.1 Hz with a sampling rate of 12 points per decade. A Randles equivalent circuit
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[Fig. 3(a)] was chosen for the fitting of the measured EIS results. It consists of ohmic resistance
(Rs), double-layer capacitance (Cy), electron transfer resistance (R.;), and Warburg impedance
(Zw). R and Z,, represent the properties of the electrolyte solution, which affect the resistance
and diffusion of the redox probe. Cg and R.; depend on the dielectric or insulating features at
the electrode—electrolyte interface and are affected by the change in resistance at the electrode
interface. The impedance Z is reported as a Nyquist plot. The concentration of mannan was
quantified by an increase in the electron transfer AR,; = Res; — Rer0, Where Re; 0 and R,;; are the
electron transfer resistances before and after incubation with carbohydrates, respectively.

Cyclic voltammetry (CV) was used to monitor the fabrication of the biosensor.
Voltammograms were recorded from —0.2 to 0.6 V at a scan rate of 0.1 V/s. All electrochemical
experiments were carried out at room temperature (25 £ 1 °C).

3. Results and Discussion
3.1 Characterization of the biosensor

The surface morphologies of (a) GCE, (b) G/Nafion/GCE, and (c) AuNPs/G/Nafion/GCE
were determined by SEM, and the results are shown in Fig. 2. The surface of the bare GCE
is smooth, whereas that of the G/Nafion/GCE is rougher and more crumpled than that of the
GCE, indicating the presence of wrinkled G sheets. The images also show that the suspension
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Fig. 2. (Color online) Typical SEM images of different surfaces: (a) GCE, (b) G/Nafion/GCE, and (c)
AuNPs/G/Nafion/GCE. (d) Cyclic voltammogram of the AuNPs/G/GCE in 0.5 M Nj-saturated H»SOj4 solution at a
scan rate of 10 mV/s. (Arrow shows the reduction of AuNPs).



2922 Sensors and Materials, Vol. 31, No. 9 (2019)

of Nafion and G is uniformly coated on the GCE. AuNPs are shown in Fig. 2(c). Flowerlike
AuNPs are seen as nearly uniform dispersed points on the G/Nafion/GCE surface.

The AuNPs were further characterized by recording the CV response of the
AuNPs/G/Nafion/GCE in a 0.5 M Nj-saturated H,SO4 solution in the potential range of 0-1.6 V
at a scan rate of 10 mV/s. Figure 2(d) shows the characteristic feature of the redox reaction
of Au with two oxidation peaks at approximately +1.1 V (vs Ag/AgCl) corresponding to the
formation of Au oxide and a reduction peak at approximately +0.9 V corresponding to the
reduction of the same oxide.?” These results further verify the formation of AuNPs on the
G/Nafion/GCE.

3.2 Characterization of Con A-based biosensors by CV and EIS

To investigate the fabrication of the Con A-based biosensor, CV and EIS were performed
after each step of the experiment in the solution of the electrochemical probe of ferri/
ferrocyanide (Fig. 3). Electron transfer resistance (AR,;) was used as the signal because AR,; is
the most direct and sensitive parameter that responds to the changes in the electrode interface.
Mannan is a polysaccharide with a strong affinity for Con A, which is used here to further
investigate its feasibility as the sensing layer.

An equivalent circuit [inset of Fig. 3(a)] was chosen to calculate the obtained impedance
data. It includes the following components: the charge transfer resistance R.;, Cg related to
the interfacial double-layer capacity, the diffusion impedance Z,, and the solution resistance
Rs. The R, of the electrode accounts for the diameter of the semicircle in the Nyquist plot. The
Re; of the bare GCE exhibited a relatively low electron transfer resistance (224 (), indicating
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Fig. 3. (Color online) Nyquist plots of the impedance spectra (a) and cyclic voltammograms (b) of different
electrodes in each step. a, Bare GCE; b, G/Nafion/GCE; ¢, AuNPs/G/Nafion/GCE; d, Con A/AuNPs/G/Nafion/GCE; e,
incubated with BSA; f, incubated with 0.05 nM mannan for 60 min. Inset: (a) Randles equivalent circuit used to
model the impedance data in the presence of the redox couple (right-hand corner). The EIS measurements were
carried out in 10 mM PBS (pH 7.4) containing 5 mM K3[Fe(CN)g] and 5 mM K4[Fe(CN)g] and 0.10 M KCI, while
applying an amplitude of 5 mV in the frequency range of 0.1-100 kHz.
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a very fast electron transfer. When G and Nafion were modified on the GCE surface, a large
increase in charge transfer resistance (18520 Q) was obtained. It is worth noting that the Nafion
molecules obstructed the charge transfer and therefore contributed to the increase in semicircle
diameter. After the AuNPs were electrodeposited onto the surface of the G/Nafion-modified
GCE, R, markedly decreased to 90 Q, which demonstrated that AuNPs accelerate the electron
transfer and would be beneficial for the improvement of the biosensor sensitivity.

The introduction of the mixed self-assembled monolayers (SAMs) of the MUA + DTT
binary layer on the electrode and covalently coupled Con A resulted in the R, increase from 90
to 1234 Q. This is attributed to the insulating nature of the formed highly ordered and oriented
SAM of MUA + DTT, which suppresses the penetration of redox species at the electrode
surface.!” Con A was immobilized by the carboxyl group of MUA by carbodiimide chemistry.
Subsequently, after the functionalized electrode was blocked with BSA, R,; increased to 3266 Q.
This result, extracted from EIS measurements, is in good agreement with the results obtained by
CV. These increases are mainly ascribed to the insulating properties of the proteins Con A and
BSA, which prevent the redox species from accessing the electrode surface from the solution.
After the biosensor binds with 0.05 nM mannan, R,; increases continuously, suggesting that G,
AuNPs, and Con A have been successively assembled onto the GCE in sequence and that the
as-designed electrochemical biosensor has been successfully fabricated.

3.3 Effect of the AuNPs electrodeposited on the biosensor

To illustrate the function of AuNPs in biosensor performance, the effective surface area of

the electrodes could also be estimated on the basis of the Randles—Sevcik equation,(29’30)

I, =2.69x10°n>2AD"?Cv'"?, (1)

where I, is the reduction peak current (A), 7 is the electron transfer number, 4 is the apparent
electrode area (cmz), D is the diffusion coefficient of K3[Fe(CN)g] in the solution (cmz/s), Cis
the K3[Fe(CN)g] concentration (M), and v is the scan rate (V/s). By investigating the reduction
in peak current with the scan rate, we calculate the average apparent electrode areas of G/
Nafion/GCE and AuNPs/G/Nafion/GCE as 7.03 x 107 and 1.41 x 107! cm?, respectively.
In contrast to G/Nafion/GCE, the incorporated AuNP composite showed a larger active
surface area, which may be attributed to its 3D network micro/nanostructure.®! Notably, the
electrodeposited AuNPs offered a larger active area than the stacked G sheets. The sufficient
active area of the AuNPs/G/Nafion composite could result from the strong synergistic effects of
the well-dispersed AuNPs and G.

It was also found that the anodic peak potential of AuNPs/G/Nafion/GCE shifted to a more
positive value with increasing scan rate, whereas the cathodic peak potential shifted in the
negative direction. Simultaneously, the peak current increased with the scan rate at higher
sweep rates from 100 to 650 mV/s. The plots of the anodic and cathodic peak currents are
proportional to the square root of the scan rate, showing a diffusion-controlled process (figure
not shown). This result indicated that the rate of electrode reaction is mainly controlled by the
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rate of redox species molecular diffusion from the solution to the modified electrode at a high
scan rate, i.e., K4y[Fe(CN)g] and Ks[Fe(CN)g] are not or weakly adsorptive at the surface of the
modified electrode.

Kinetic parameters for the reaction of K4[Fe(CN)g] and Ki[Fe(CN)¢] at the modified
electrode can be measured from the potential difference between the oxidation and reduction
peaks (AE),) as a function of the scan rate.*?  As shown in Fig. 4, AE, ranges from 0.16 to
0.24 mV and increases at a higher scan rate, indicative of the quasi-reversible kinetics in
the system. Following Nicholson’s working curve, the AE), values can be converted into a
dimensionless kinetic parameter y, which is directly proportional to the reciprocal of the square

root of the scan rate, v 12
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Fig. 4. (Color online) Electrochemistry at the AuNPs/G/Nafion/GCE. (a) Cyclic voltammograms of the modified
electrode in 5 mM K4[Fe(CN)g]/K3[Fe(CN)g] with 0.10 M KCI at different potential scan rates. (b) Plot of the anodic
peak current (i) versus the square root of the potential scan rate (vl/ 2). (c) Peak separation AE, and Nicholson’s
kinetic parameter y versus the reciprocal of the square root of the potential scan rate (v "?). A linear fit is used to
determine £°.
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The standard heterogeneous electron transfer rate constant (ko) can thus be determined
from a linear fit to the y — v ' relationship (Fig. 4). From the slope according to the following
equations, k° was obtained as approximately 4.33 x 10 >s |,

k® =2.18{DpnvF | (RT)]"? exp[-(B°nF | RT)-(E,, , —E, )] 3)
¥ =(—0.6288+0.0021.X) / (1-0.0017.X) @)
X =nAE,(mV) Q)

Therefore, it can be deduced that the composite of AuNPs/G/Nafion may provide not only
an abundance of effective electron transfer pathways but also an accessible surface area for
better self-assembly of MUA through the formation of the Au—S bond.1%3339) These could be
beneficial for the high sensitivity of the biosensor in this work.

3.4 Optimization of the experimental parameters

Experimental parameters, including the Con A concentration during fabrication and the
volume ratio in a mixed suspension of G and Nafion, were optimized. As expected, the Con A
concentration directly affects the surface coverage of the recognition element on the modified
electrode and further affects the sensitivity of the biosensor. Figure 5(a) shows the dependence
of AR, on the Con A concentration. After binding with 0.05 and 0.5 nM mannan, AR,
increases with the Con A concentration and then reaches a peak at approximately 1.0 g/L.. The
peak is attributed to the saturation of the surface coverage of Con A on the modified electrode.
Therefore, to minimize the consumption of Con A, 1.0 g/L Con A was used in the following
experiments.
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Fig. 5. (Color online) Effects of (a) Con A concentration and (b) G percentage in the composite on the response
after biosensor incorporation with 0.05 and 0.5 nM mannan (rn = 3).
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The volume ratio of G in a mixture suspension of G and Nafion is important for the
performance of the biosensor. Hence, the effect of the volume ratio of G in the mixture
suspension on the behavior of the working electrode was investigated. After the biosensor was
bound with 0.05 and 0.5 nM mannan, AR,; was measured at a series of volume ratios of G from
0 to 50%. AR, began to increase with the volume ratio of G. However, from 50 to 100%, R.;
decreased, as shown in Fig. 5B. Given the electron transfer resistance and the specific binding
affinity of mannan and Con A, a 50% volume ratio of G was selected for further experiments.

3.5 Analytical performance of Con A-based biosensors

Under the optimized conditions, the behavior of the biosensor was quantitatively
assessed by measuring the dependence of AR, on the LPS concentration. Figure 6 shows
the Nyquist plots of the faradaic impedance spectra for the biosensor with different LPS
concentrations. Figure 6(b) shows the logarithmic relationship between AR, and the LSP
concentration in the range of 1.0 x 10~ to 1.0 x 10°® g/L. The regression equation was AR, =
17611ogC + 16108 (C is in units of g/L) with a regression coefficient of 0.9890. The detection
limit was calculated to be 6.0 % 10 pg/L on the basis of a signal-to-noise ratio of 3.

The reproducibility of the biosensors was evaluated by assaying five biosensors prepared
separately by the same fabrication procedure. The acceptable reproducibility was obtained
with a relative standard deviation (RSD) of 4.6%. The biosensor for binding mannan was also
investigated. The RSDs for five biosensors prepared separately with the same fabrication
procedure were 4.6 and 4.2% at mannan concentrations of 0.05 and 0.5 nM, respectively. The
results suggest that an acceptable reproducibility was obtained in this work.

Furthermore, the storage stability of the proposed biosensor was also studied. EIS was
carried out to measure the response of the biosensor to 0.5 nM mannan. The biosensor lost
approximately 9.5 and 12.4% of its original response after 10 and 20 days, respectively,
indicating acceptable stability. This might be because G and Au nanocomposites, which
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Fig. 6.  (Color online) (a) Nyquist plots of impedance spectra of the Con A/AuNPs/G/Nafion/GCE interacted with
LPS at different concentrations: a, 1.0 x 10°%; b, 5.0 x 10 % ¢, 1.0 x 10 % d, 5.0 x 10 % e, 1.0 x 10 : £, 5.0 x 10™"; g 1.0
x 107 g/L. (b) Linear relationship between AR,; and LPS concentration.



Sensors and Materials, Vol. 31, No. 9 (2019) 2927

possess a large effective surface area and a strong electrical conductivity, offer a favorable
immobilization platform for molecular recognition elements.

Various carbohydrates were tested to evaluate the selectivity of the biosensor, that is, the
specific binding of the biosensor with mannan and the nonspecific binding with D-galactose,
sucrose, rhamnose, fucose, and cellobiose. The results of electrochemical measurements
described in Sect. 2.4 are shown in Fig. 7. The measured AR./R.; o values were 4.03 for mannan
and only 0.06-0.22 for the other carbohydrates. The difference in AR./R.;o value clearly
indicated the binding affinities of Con A toward the target. Under neutral conditions, each
subunit of Con A contains three binding sites. One is for calcium and manganese cations to
activate the binding site of the protein for carbohydrates, one is for hydrophobic recognition,
and one is specific for the r-mannose or pD-glucose residue, which has an affinity similar to
that between lectin and the carbohydrate ligand. Thus, this might be because the binding
activity of Con A extends only toward the vicinal, equatorial hydroxyl groups present in the
carbohydrate stereochemistry of 3—OH and 4—OH carbohydrates such as mannan, while the
other carbohydrates used as the control do not have groups such as these.1%2>27
Con A rarely binds with control carbohydrates because it has axial 4-OH, thus possessing a

Hence,

fundamentally different stereochemistry.

To estimate the binding strength between lectin and mannan, the binding constant was
calculated. Assuming that the interaction between lectin and mannan was in accordance with
the Langmuir isotherm, binding strengths at all binding sites were the same. The binding
constant (K) of the immobilized Con A with mannan was determined by the proposed EIS
method®” to be 5.9 x 10° M! from the plot of C/AR,; as a function of C representing a
Langmuir adsorption isotherm (where C is the mannan concentration). This value is consistent
with 5.3 x 10° M ! obtained by SPR for yeast mannan and Con A,*® and is slightly lower than
5.2 x 10" M! obtained by ECL for Con A immobilized on SWCNT.”) This large K suggests
that the binding strength between mannan and the surface-confined Con A is significantly

large.*19

Mannan

et,0

AR /R

1

[D-galactose Sucrose Rhamnose Fucose Cellobiose

Carbhydrates

Fig. 7. (Color online) EIS responses of the biosensor to different carbohydrates at a concentration of 0.5 nM for an
incubation time of 60 min. The EIS measurement conditions were the same as those in Fig. 2.
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4. Conclusion

An impedimetric Con A-based biosensor was developed to detect bacterial LPS. The
electrochemically deposited AuNPs that formed a 3D micro/nanocomposite increased not only
the electrocatalytic surface area and the number of immobilized molecular recognition elements
but also the heterogeneous electron transfer rate, which was ascribed to the improved sensitivity
of the fabricated sensor. This method may also hold promise for potential applications in
glycomic biosensing and DNA nanostructure framework construction.
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