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Abstract: A highly sensitive electrochemical biosensor with a signal amplification platform of
electrodeposited gold nanoparticle (AuNP) has been developed and characterized. The sizes of the
synthesized AuNP were found to be critical for the performance of biosensor in which the sizes
were dependent on HAuCl: and acid concentrations; as well as on scan cycles and scan rates in the
gold electro-reduction step. Systematic investigations of the adsorption of proteins with different
sizes from aqueous electrolyte solution onto the electrodeposited AuNP surface were performed
with a potentiometric method and calibrated by design of experiment (DOE). The resulting
amperometric glucose biosensors was demonstrated to have a low detection limit (> 50uM) and a
wide linear range after optimization with AuNP electrodeposition.

1. Introduction

Label free biosensors with potentiometric signal generation and transduction are of great
interest because they would not only significantly decrease the cost and time needed for sample
preparation but also provide an easy-to-use tool to monitor binding events [1-6]. The principle of
potentiometry is measuring the change of surface potential (working electrode) against to constant
surface potential (reference electrode). Nowadays, potentiometric devices such as field effect
transistor (FET) and light-addressable potentiometric sensor (LAPS) are the most trendy and
sensitive electrical biosensors [7-13]. For the fabrication of these biosensors, the process of surface
preparation is critical for stability, sensitivity, and safety in the application of clinical diagnostics [14].

For the determination of the high sensitivity of the biosensor, two major challenges are of key
importance: (i) amplification platform and (ii) amplification process. So far, most of those reported
researches mainly use the method of amplification process that utilizes nanoparticles as labels for
signal amplification because of their unique electronic, catalytic and optical properties [15-17]. For
using metal nanoparticles as the amplification platform, various approaches including self-assembly
or grafting reaction have been achieved [18-20]. But a problem for these methods is that the
preparation of films with more than 25% surface coverage is difficult due to the repulsive force
between surface-confined nanoparticles and free nanoparticles in solution [21]. Sakai et al. purposed
a method of electrochemical deposition which provides an easy and rapid alternative for
preparation of nanoparticle platform in a short time with high AuNPs surface coverage [22]. Among
the nanoparticles, gold nanoparticles (AuNPs) can be easily conjugated with biomolecules and
retain the biochemical activity of tagged biomolecules, rendering AuNPs to be attractive materials
for biorecognition applications. The detectable electron dense core of AuNPs with the high surface to
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volume ratio, and the controllable electrochemical behavior have all made AuNPs been widely used
as sensitive tracers for biomolecular recognition events. [23-25]. Thus, in this work, the AuNPs were
selected to form a thin film on the substrate of electrode with electrodeposited method, to act as an
amplification platform for high sensitivity detection of biomolecules with potentiometric methods.
As we control the size of the nanoparticle, we can monitor protein interaction with the particle of
different size by potentiometer. The systematical study regarding preparation of AuNPs biofilm has
great interests in the application of potentiometric sensor.

In electrodeposition, the size of nanoparticle has substantial effects on protein structure and
stability compared to relatively “flat” supports [25,26]. For the flat substrates with nanoscale
roughness, the effect of AuNPs size on protein interaction has not been widely studied. Here, we
investigate three kinds of proteins of distinctly different sizes, but with similar isoelectric point (pl)
values: Bovine serum albumin (BSA) is a triangular prismatic protein with a size of 14 nm x 4 nm x
4 nm (Mw 66.3 kDa, pl = 4.8); Glucose oxidase (GOx), a dimeric globular protein having overall
dimensions of 6 x 5.2 x 7.7 nm (Mw 160 kDa, pl = 4.2) [27]; and casein proteins involved four types
of proteins, alpha(sl)-casein (38%), alpha(s2)-casein (10%), casein (36%) and kappa-casein (13%),
which form hydrated casein micelles about 100-300 nm in size ( pI = 4.6) [28]. Layers of AuNPs with
different sizes were fabricated to study the influence of the sizes of these three proteins to form the
functional surface on the electrode.

The purpose of this study is to understand how the parameters of electrodeposition for the
preparation of the nanoparticle surface improve the performance of biosensor. AuNPs with
different sizes were directly electrodeposited and compared onto glassy carbon (GC) and indium
tin oxide (ITO) film coated glass slid. The surfaces of the modified electrodes were confirmed using
Atomic Force Microscopy (AFM). The application of AuNPs modified electrodes was demonstrated
for the detection of enzyme activity with electrochemical method.

2. Materials and Methods

2.1. Materials

Gold (III) chloride trihydrate 99.9%, BSA, GOx, and casein were purchased from Sigma-Aldrich
and used without further purification. All solutions were prepared in Milli-Q water (18 QM). A pH
7.4 phosphate-buffered saline (PBS) solution of 0.2 M disodium orthophosphate (Na2HPO4), 0.2 M
sodium dihydrogen orthophosphate (NaH2POs4) was prepared. Before used, the PBS solution was
diluted to 10 mM with Milli-Q water. This PBS solution was used as electrolyte solution for
potentiometric detection, and to prepare various protein solutions, which were stored at 4 °C while
not in use.

2.2. Electrodeposition of AuNPs

The fabrication of AuNPs layer on GC electrode (3 mm dia., CH Instrument) was carried using
electrochemical deposition [29-31]. GC electrode was polished with aluminum oxide powder and
electrochemically polished in 1 M H250s solution to remove any organic binders and contamination
that occurs at electrode surface. ITO electrode was sonicated in acetone, ethanol, and distilled water
(DI water) for 15 min consequently. After cleaning, the GC electrode was immersed into the solution
of HAuCls in H250s4. A cyclic voltammetric mode with the potential range of 1 V to -1 V was
performed for electrodeposition. Then the electrode was quickly taken out, washed with DI water
and dried with a stream of nitrogen. A multimode scanning probe microscope equipped with the
type EV scanner and Nanoscope Illa controller (Digital Instruments, Veeco) was used to image
AuNPs as well as proteins post-treated on ITO surface in AFM.

2.3. Electrochemical Techniques

Potentiometric detection was performed by EMF interface instrument (Malvern, PA, USA) for
monitoring potential change simultaneously in real time. The AuNPs modified GC working
electrode and the Ag/AgCl (1 M KCl) reference electrode were immersed into the PBS solution and
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the signal of potential change was recorded. After the potential signal was stable (less than 1 mV
drift in 10 min), a solution of proteins was added into the solution to check the signal changes for the
characterization of biofilm [32]. The amperometric detection of glucose was performed in an
electrochemical cell filled with 20 mM of 10 mM PBS at room temperature. In steady-state
amperometric experiment, the potential was set at 0.6 V under gentle magnetic stirring [33].

2.4. Atomic Force Microscope Imaging

The AFM instrument was a multimode scanning probe microscope equipped with the type EV
scanner, and Nanoscope Illa controller (Veeco Instruments, Woodbury, NY, USA). Images were
obtained in air at ambient temperature and humidity, within a range of 30-60% relative humidity.
The tapping mode was employed. Image was analyzed by Veeco Instruments software for AuNP
coverage calculation and using MATLAB image processing was performed for AuNP size
quantification with a custom written code. The connected Component Analysis algorithm was
applied in particle size measurement. The procedure of image processing is as follow: The image
was converted to a binary image using Otsu’s thresholding. The closing process with disk
structuring elements of 2 pixels was applied to remove noise included in the AFM image and
enhance the edge. Each individual dot was then detected by using the Connected Component
Analysis algorithm in the Image Processing Toolbox of MATLAB. The small unfilled objects of less
than 4 pixels were subsequently removed. The filling process was required because the intensity of
pixels surrounding the object was non-uniform. The sensitivity of Otsu’s thresholding was
optimized by maximizing average particle size, since exceeding threshold would cause open circle
and reduce the mean particle size, which is shown in Figure S5 of supporting information.

3. Results and Discussions

3.1. Electrodeposition Process

Figure 1 shows the CV plots of the electrodeposition of the AuNPs within different potential
ranges. As seen, on the cathodic-going scan, the cathodic peak appeared at around ca. +0.4 V and is
due to reduction of gold (II) to gold. This peak in the second cycle has shifted to more positive
potential, which means easier electrodeposition of gold on the existing gold particles. With scanning
to more negative potentials, a sharp increase in reduction current at potential more negative than
—0.5 V is attributed to the reduction of water, resulting in the formation of hydrogen gas [34]. On the
anodic-going scan, the peak at ca. +1 V is corresponding to the surface oxidation of the
electrodeposited gold. Our AFM results also confirmed that the AuNPs was successfully deposited
onto the surface of electrode with a quite symmetric distribution. From these results, we found that
the electrodeposition of the AuNPs within different potential ranges exhibit different changing gold
reduction peaks at different potentials. The peaks move towards more negative potential gradually
along with extending of the potential range from1~0Vto1~-04V,1~-0.5Vand 1~-1V (Figure 1).

We then detected the protein adsorption ability of fabricated AuNPs modified GC electrodes by
potentiometric method. The more negative potential applied during the electrodepositing, the more
proteins are binding on the AuNP surface (Figure 1 inset). These results suggest that a low potential
applied in the electrodeposition is essential for the controlled growth of the AuNP. Roustom et. al.
reported that when preparing nanoscale-sized particles deposition onto electrode, nucleation and
growth are the basic process should be involved [35]. If the low potential is above -0.4 V, the gold
becomes hard to be nucleated. At potential more negative than —0.4 V, a nucleation with a sufficient
large overpotential can be achieved to effectively seed the surface with nuclei [30]. So, in the
following cycle, AuNPs can start to grow on the surface of electrode. When the low potential is more
negative, the processed of nucleation and growth may take place simultaneously. In this study, we
applied -1 V potential to increase the growth rate of AuNPs.
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Figure 1. CV plots of AuNPs electrodeposition within different potential ranges. Scan cycle, 2 cycles;
Scan rates, 50 mV s'. Inset: Potentiometric responses of BSA adsorption on the resulting electrodes.

3.2. The Modification of AuNPs Electrode

It is well known that there are three mechanisms to explain the adsorption of protein to AuNPs:
electrostatic interaction of AuNPs and opposite charged proteins; covalent bonding between the
thiols/amine group present within the amino acids in the protein and AuNPs; and hydrophobic
interaction between proteins and AuNPs. Global electrostatic effects may dominate when the
protein is structurally stable and the solid surface is hydrophilic [36]. As BSA, GOx and casein are
negatively charged in the neutral PBS buffer (pH 7.4), and the difference of electrostatic interactions
between proteins and AuNPs can be neglected. Figure 2 shows the potentiometric response of these
three kinds of AuNPs modified GC electrodes. When the AuNPs modified electrodes contact with
proteins solutions, negative shift of the potential were instantly observed and followed a pattern of
stepwise increase upon further titrations. The potential responses were caused by the contribution of
adsorbed proteins. To verify the signal amplification by AuNPs, we compared the potentiometric
response of these three kinds of proteins adsorption on GC and AuNPs modified GC electrodes.
From Figure 2, we can see that there was almost no potential change with non-modified GC
electrode (curves A, B and C). Assumedly small proteins adsorption on GC electrode occurs, or
because of the much worse conductivity and smaller surface area of GC, it hardly sensed any
potential response when protein adsorption occurred. This proves that the AuNPs form an excellent
platform for increased proteins loading, and efficiently improving the charge transfer between
analyte and the electrode surface. The results also indicated that different kinds of proteins have
different bonding behavior with AuNPs, which is size dependent, and the potential change is
corresponded to the amount of protein adsorption [9,33].
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Figure 2. Potentiometric responses to BSA, GOx and casein adsorptions on the_non-modified and
AuNPs modified GC electrodes (1, 10, and 100pg mL™ of BSA, GOx and casein were added in series).
A, GOx; B, BSA and C, casein adsorption of non-modified GC electrodes. D, GOx; E, BSA and F,
casein adsorption on AuNPs modified GC electrodes.

3.3. Deposition of Proteins on AuNP Covered Electrode Surface

For the mechanism of the electrodeposition of the AuNPs, it was confirmed that free gold (III)
ions from solution will be attached to the surface of the electrode via electrostatic interaction first,
then the application of potential to electrode promoted the subsequent reduction of gold (III) ion [37].
The size and quantity of AuNPs electrodeposited on the electrode surface relies on the gold (III) ion
absorbance and deposition time. The concentration of HAuCl, acidity of the solution media, scan
cycles and scan rate also have an effect on the size and film thickness of AuNPs deposited. Here, we
electrodeposited AuNPs films on electrodes by cyclic voltammetry, and controlled the growth of
nanoparticles size and film thickness with these different parameters. Three kinds of proteins,
casein, GOx and BSA, which have different molecular weight with the similar value of pI were used
for the evaluation of the adsorption of the proteins. As all the pls of BSA, GOx and casein are around 4.5,
these proteins have similar negative charges in PBS buffer (pH 7.4). In this part, the change of
potentiometric was measured to value their ability of adsorption on the surface of AuNPs. Our goal
was to understand how the formation of AuNDPs layer affects the adsorption of the proteins.

Figure 3 shows the potentiometric difference due to the electrodeposition parameters of (a)
HAuCls concentration, (b) H25SO4 concentration, (c) scan cycles, and (d) scan rate on the response of
AuNPs modified GC electrode toward to 10 pg mL™ of casein, GOx and BSA adsorption
respectively, 16 cases were performance for each protein. According to the guidance of AuNPs layer
preparation using electrochemical method, the growing conditions are linear to the size of deposited
nanoparticle within the applied range [38]. Interestingly, in Figure 3 we observed the potentiometric
difference is not a direct proportional relationship to all the parameters, which refers the size is not
the main factor for optimal potentiometric. Design of Experiment (DOE) analysis was applied to find
the optimal region of electrodeposition for potentiometric measurement, the description of DOE
work is shown in supporting information. The perspective region of potentiometric difference of
BSA for the adsorption on AuNPs was observed when AuNPs was electrodeposited in the solution
containing 0.5 M HAuCls (Figure 3a A ) and 0.5 M H2SOu (Figure 3b A) with 5 cycles (Figure 3cA) at
the scan rate of 50 mV s (Figure 3d A) (called method 1). In the following, we detected the GOx and
casein adsorption efficiency with different sizes and densities of AuNPs. We found that the
optimization of GOx bonding on AuNPs was observed when AuNPs was electrodeposited in the
solution containing ImM HAuCl: and 0.5 M H2SOs with 2 cycles at the scan rate of 20 mV s (called
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method 2). While for casein bonding, the condition for the maximum bonding is 2 mM HAuCls and 1 M
H2SOs with 15 cycles at the scan rate of 50 mV s (called method 3). The results indicate that different
sizes of proteins have different adsorption abilities to AuNPs as well as suggests optimal conditions
for maximizing responses due to formation of protein biofilm. For example, 1mM HAuCls solution
can generate AuNDPs layer to form maximum GOx coverage according to Figure 3a. The particle size
of AuNPs controls the nanoscale roughness of AuNPs layer on GC electrode in which protein can be
adsorbed in a good condition to form a continuous layer without any additional passive layer, such
as 6-Mercapto-1-hexanol (MCH) [39]. The reduction of potentiometric signal in the condition of
formation of larger AuNPs may be caused by the association change between the AuNPs layer and
proteins due to the increased size of AuNPs. The following AFM results provide more information
of surface morphology and the model of protein adsorption.
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Figure 3. Effect of (a) HAuCls concentration, (b) H2SO4 concentration, (c) scan cycles and (d) scan
rates on the response of AuNPs modified GC electrode toward 10 pg mL™ of BSA (A), GOx (e) and
casein (m) adsorption. The default condition is 1 mM HAuCls, 1 M H2504, 10 scan cycles, and 50 mV/s
scan rate. The condition for maximizing signal response was determined using Design of
Experiments (DOE) in supporting information.

3.4. AFM Results and a Comparative Model

The morphologies of the modified electrodes were investigated by AFM. For the convenience of
AFM operation, AuNPs were electrodeposited on the ITO electrodes with the methods 1, 2 and 3
(described in the previous paragraph). Figure 4 presents the AFM scans obtained over 2 pm x 2 pym
areas and plotted using the same scale in order to facilitate comparisons. The vertical scale ranges
are from 0 to 125 nm (deep red to white). The area of ITO surface was determined using Bearing
analysis and the coverage of AuNPs can be calculated (supporting information) Figure 4a—c show
the coverage of electrodeposited AuNPs of 99%, 99%, and 97% using the methods 1, 2 and 3. We can
see from Figure 4a—c, that films of AuNPs were formed on the ITO surface. The Connected
Component algorithm was used to obtain the mean sizes of the AuNPs [40], which were shown to be
52, 91 and 184 nm for the surfaces fabricated using methods 1, 2 and 3, respectively. The step of
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analysis is also described in supporting information. These results confirm that the sizes of
synthesized AuNPs depended on solution condition, cycles and scan rate. Thus, different AuNPs
sizes could be made by the method of electrodeposition with different parameters. More important
is that the result also suggested the binding of proteins were associated with the sizes of AuNPs. The
sizes of proteins are in the order of Casein > GOx > BSA. It means that the smaller the proteins are,
the easier adsorption on smaller sizes of AuNPs is (Scheme 1). This result also has a good agreement
with Lacerda et al.’'s AuNPs-protein interaction report, which indicated that the binding association
constant of Albumin is optimal in AuNP size of 60 nm and best association for Globulins (~155 kDa,
similar to GOx’s 160 kDa) happens when AuNP size is over 80 nm [41]. After proteins adsorbed on those
AuNP modified surfaces, higher features and bigger particle sizes were also observed (Figure 4d-f). In
Figure 5, the optimal potentiometric response for each protein is plotted as a function of AuNP size
(A), which suggests that the size of protein would affect the sensitivity of potentiometric
measurement. In the same plot, the coverage of AuNP (Hl) shows indifference to the potentiometric
measurement. In the following, GOx was selected to fabricate a biosensor for verify the enzyme
activity and determine the sensitivity of biosensor application.

2.00

00

1.00

1.00

(d) () (f)

Figure 4. AFM scans of AuNPs electrodeposited with (a) method 1, (b) method 2, (¢) method 3 and
protein of (d) BSA, (e) GOx and (f) casein coated AuNPs. The AFM scans area were 2 um x 2 um and
the color scale of the scan range from 0-125 nm.
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Figure 5. The effect of AuNPs size to amperomatric response and AuNP surface coverage.

3.5. Glucose Characterization on GOx-Modified AuNP-Surface

Proteins are highly surface active and they interact with solid-liquid interfaces mainly through
three subprocessed: structural rearrangement in the protein molecule[41,42]; dehydration of parts of
protein and surface hydrophobic effect; and redistribution charged group in the interfacial layer [36]. If
proteins are bound to the solid surface, most of proteins will undergo denaturation of their tertiary
structure and their secondary structure could also be disrupted in some case. We evaluated the
activity of GOx after them adsorbed on the surfaces of AuNPs [33].

GOx can catalyze the oxidation of 3-D-glucose to D-glucono-d-lactone and hydrogen peroxide
which then can be detected by an amperometric method. Figure 6 illustrated a typical steady — state
response of GOx modified GC electrode on successive addition of different concentration of glucose.
It presents a linear response to glucose concentration within the range from 0.05 mM to 8 mM and a
high sensitivity of 2.08 x 10 A-M-cm2 (R = 0.98). The remarkable current increase confirmed that
GOx kept its activity on the AuNDPs surface. These results indicated that GOx largely retains its
native-like structure. The high sensitivity of this detection can be attributed to the AuNPs, which
provide a biocompatible microenvironment to maintain the activity of the protein and greatly
enhance the conductivity.



Biosensors 2019, 9, 50 9o0f 11

1 8m
1.2- .
1.2 4 il : ¥
08 X
1.0 4 E_:m'utsi
=04
084 0% .-
&" U.EI-_ -
4 2mm
.‘__:L.' [] 6 -1 ; 2’3|IJDCVEE [rﬂl'\.l'l[lﬁ : m
1mM
0.4+ 0.5mM
1 0.1mM
0.2 0.05mM T
| T
0.0 1

0 100 200 300 400 500 600
Time (sec)

Figure 6. Amperometric response of the GC/AuNPs/GOx modified upon successive addition of
glucose at the potential of 0.6 V. Inset, current change vs. glucose concentration curve.

4. Conclusion

The preparation of a label-free highly-sensitive biosensor using the electrodeposition of AuNPs
was systematically studied and optimized. The sizes of AuNPs were carefully controlled by
electrolyte conditions; HAuCls and acid concentrations, and scan cycles and scan rates, during the
electrodeposition. AFM imaging was used to confirm the particle sizes and GC surface treatment,
which allowed us to propose a deposition model for protein binding. The adsorption of three model
proteins with different sizes, BSA, GOx and casein, on the surfaces of AuNP modified electrodes
were investigated. It is found that the sizes of the AuNPs played an important role on the
adsorption of the proteins; proteins with different sizes have different surface coverage on AuNPs,
being a size dependent phenomenon. The optimal conditions for the electrodeposition of the
AuNPs were able to maximize the protein binding on the coverage of AuNPs without extra
treatment, such as MCH, as a passive layer.

An application of GOx modified AuNDPs electrodes was demonstrated as optimized biosensing
with the ability to quantitatively detect glucose with alow detection limit (> 50uM) and a wide linear
range. The result presented here are not only significant to basic science research but also important
to understand potential application of these devices as label-free sensing platform.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: A contour
interaction plot of potentiometric response, interaction of HAuCls concentration (mM) and H2SO4 concentration
(M), Figure S2: A contour interaction plot of potentiometric response, interaction of H2504 concentration (M)
and cycle (times), Figure S3: Relationship between predicted and experimental values of potentiometric
response for BSA adsorption, Figure S4: Normal probability plot of residuals vs. predicted (BSA), Figure S5: The
optimization of sensitivity in connected component algorithm for particle measurement in AFM image, b in this
example, Figure S6: The distribution of nanoparticle of method 1 (a), method 2 (b), and method 3 (c) measured
by connected component method and the fitting model is an asymmetric distribution, Figure S7: The bearing
analysis in AFM image for AuNPs coverage, Table S1: The trials of electrodeposition process in the
potentiometric response of BSA adsorption in design of experiments (DOE) analysis, Table S2: Design of the
final parameter for the preparation of AuNPs layer, Table S3: The gold nanoparticle size determined by image
processing in AFM, Table S4: The AuNP coverage.

Author Contributions: conceptualization, K.L.; methodology, Y.W.; software, H-C.C.; validation, Q.Z.;
investigation, H-C.C. and Y.W.; writing—original draft preparation, Y.W.; writing—review and editing, Q.Z.
and H-C.C,, supervision, K.L.; project administration, K.L.

Funding: This research received no external funding



Biosensors 2019, 9, 50 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

Reference

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bratov, A.; Abramova, N.; Ipatov, A. Recent trends in potentiometric sensor arrays— A review. Anal. Chim.
Acta 2010, 678, 149-159.

Bobacka, J.; Ivaska, A.; Lewenstam, A. Potentiometric Ion Sensors. Chem. Rev. 2008, 108, 329-351.

Kimmel, D.W.; LeBlanc, G.; Meschievitz, M.E.; Cliffel, D.E. Electrochemical Sensors and Biosensors. Anal.
Chem. 2011, 84, 685-707.

Wang, Y.; Zhou, Y.; Sokolov, |.; Rigas, B.; Levon, K.; Rafailovich, M. A potentiometric protein sensor built
with surface molecular imprinting method. Biosens. Bioelectron. 2008, 24, 162-166.

Wang, Y.; Zhang, Z.; Jain, V.; Yi, J.; Mueller, S.; Sokolov, J.; Liu, Z.; Levon, K,; Rigas, B.; Rafailovich, M.H.
Potentiometric sensors based on surface molecular imprinting: Detection of cancer biomarkers and
viruses. Sens. Actuators B Chem. 2010, 146, 381-387.

Yu, Y.; Zhang, Q.; Chang, C.C; Liu, Y.; Yang, Z.; Guo, Y.; Wang, Y.; Galanakis, D.K.; Levon, K,
Rafailovich, M. Design of a molecular imprinting biosensor with multi-scale roughness for detection
across a broad spectrum of biomolecules. Analyst 2016, 141, 5607-5617.

Koncki, R. Recent developments in potentiometric biosensors for biomedical analysis. Anal. Chim Acta.
2007, 599, 7-15.

Schoning, M.J.; Poghossian, A. Bio FEDs (field-effect devices): State-of-the-art and new directions.
Electroanalysis 2006, 18, 1893-1900.

Zhang, Q.; Kaisti, M.; Prabhu, A,; Yu, Y, Song, Y.A, Rafailovich, M.H.; Rahman, A.; Levon, K.
Polyaniline-functionalized ion-sensitive floating-gate FETs for the on-chip monitoring of
peroxidase-catalyzed redox reactions. Electrochim. Acta 2018, 261, 256-264.

Palmeri, J.; Manghi, M.; Destainville, N. Thermal denaturation of fluctuating finite DNA chains: The role
of bending rigidity in bubble nucleation. Phys. Rev. E 2008, 77, 011913. d0i:10.1103/PhysRevE.77.011913.
Zhao, B.; Sai, T.; Rahman, A.; Levon, K. Floating-Gate Ion Sensitive Field-Effect Transistor for Chemical
and Biological Sensing. MRS Online Proc. Libr. Arch. 2004, A7.8. doi:10.1557/PROC-828-A7.8.

Zhang, Q.; Majumdar, H.S.; Kaisti, M.; Prabhu, A.; Ivaska, A.; Osterbacka, R.; Rahman, A.; Levon, K.
Surface functionalization of ion-sensitive floating-gate field-effect transistors with organic electronics.
IEEE Trans. Electron Devices 2015, 62, 1291-1298.

Kaisti, M.; Zhang, Q.; Prabhu, A.; Lehmusvuori, A.; Rahman, A.; Levon, K. An Ion-Sensitive Floating Gate
FET Model: Operating Principles and Electrofluidic Gating. IEEE Trans. Electron Devices 2015, 62,
2628-2635.

Vigneshvar, S.; Sudhakumari, C.C.; Senthilkumaran, B.; Prakash, H. Recent Advances in Biosensor
Technology for Potential Applications—An Overview. Front. Bioeng. Biotechnol. 2016, 4, 11.
doi:10.3389/fbioe.2016.00011.

Shipway, A.N.; Katz, E.; Willner, I. Nanoparticle Arrays on Surfaces for Electronic, Optical, and Sensor
Applications. ChemPhysChem 2000, 1, 18-52.

Rosi, N.L.; Mirkin, C.A. Nanostructures in biodiagnostics. Chem. Rev. 2005, 105, 1547-1562.

Le Breton, ].P.; Alozy, E.; Boutin, ].Y.; Duval, A.; Gary, S.; Gontier, D.; Jasmin, S.; Naudy, M.; Reverdin, C.;
Rosch, R; et al. Laser Integration Line target diagnostics first results. Rev. Sci. Instrum. 2006, 77, 10E530.
doi:10.1063/1.2349746.

El-Deab, M.S.; Sotomura, T.; Ohsaka, T. Size and Crystallographic Orientation Controls of Gold
Nanoparticles Electrodeposited on GC Electrodes. |. Electrochem. Soc. 2005, 152, C1-C6.

Saptarshi, S.R.; Duschl, A.; Lopata, A.L. Interaction of nanoparticles with proteins: Relation to
bio-reactivity of the nanoparticle. ]. Nanobiotechnol. 2013, 11, 26.

Deng, Z.]J.; Liang, M.; Toth, I.; Monteiro, M.].; Minchin, R.F. Molecular Interaction of Poly(acrylic acid)
Gold Nanoparticles with Human Fibrinogen. ACS Nano 2012, 6, 8962-8969.

Grabar, K.C.; Smith, P.C.; Musick, M.D.; Davis, J.A.; Walter, D.G.; Jackson, M.A.; Guthrie, A.P.; Natan,
M.]. Kinetic control of interparticle spacing in Au colloid-based surfaces: Rational nanometer-scale
architecture. J. Am. Chem. Soc. 1996, 118, 1148-1153.

Sakai, N.; Fujiwara, Y., Arai, M., Yu, K,; Tatsuma, T. Electrodeposition of gold nanoparticles on ITO:
Control of morphology and plasmon resonance-based absorption and scattering. J. Electroanal. Chem. 2009,
628,7-15.



Biosensors 2019, 9, 50 11 of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Guo, S.; Wang, E. Synthesis and electrochemical applications of gold nanoparticles. Anal. Chim. Acta 2007,
598, 181-192.

Wang, J. Nanomaterial-based amplified transduction of biomolecular interactions. Small 2005, 1,
1036-1043.

Guo, C; Wang, J.; Chen, X,; Li, Y.; Wu, L.; Zhang, J.; Tao, C.A. Construction of a Biosensor Based on a
Combination of Cytochrome c, Graphene, and Gold Nanoparticles. Sensors 2019, 19, 40.

Gagner, J.E.; Lopez, M.D.; Dordick, J.S.; Siegel, R.W. Effect of gold nanoparticle morphology on adsorbed
protein structure and function. Biomaterials 2011, 32, 7241-7252.

Libertino, S.; Aiello, V.; Scandurra, A.; Renis, M.; Sinatra, F. Immobilization of the enzyme glucose
oxidase on both bulk and porous SiO2surfaces. Sensors 2008, 8, 5637-5648.

Horne, D.S. Casein interactions: Casting light on the black boxes, the structure in dairy products. Int.
Dairy J. 1998, 8§, 171-177.

Wang, Y.; Deng, J.; Di, J.; Tu, Y. Electrodeposition of large size gold nanoparticles on indium tin oxide
glass and application as refractive index sensor. Electrochem. Commun. 2009, 11, 1034-1037.

Zhao, Y.; Wu, Y.; Zhang, Y.; Chen, Z.; Cao, X,; Di, J.; Yang, J. Electrocatalytic behavior and amperometric
detection of morphine on ITO electrode modified with directly electrodeposited gold nanoparticles.
Electroanalysis 2009, 21, 939-943.

Wu, SH.; Chiang, H.C.; Chen, K.C; Hsu, C.C.; Tsiang, R.C.C. Morphological and electroluminescent
effects of Au nanoparticles on light-emitting polymers. Nanotechnology 2007, 18, 345702.

Zhang, Q.; Prabhu, A.; San, A.; Al-Sharab, J.F.; Levon, K. A polyaniline based ultrasensitive
potentiometric immunosensor for cardiac troponin complex detection. Biosens. Bioelectron. 2015, 72,
100-106.

Ang, L.F; Por, L.Y.; Yam, M.F. Development of an amperometric-based glucose biosensor to measure the
glucose content of fruit. PLoS One 2015, 10, e0111859.

Moulton, S.E.; Barisci, ].N.; Bath, A.; Stella, R.; Wallace, G.G. Investigation of protein adsorption and
electrochemical behavior at a gold electrode. J. Colloid Interface Sci. 2003, 261, 312-319.

El Roustom, B.; Foti, G.; Comninellis, C. Preparation of gold nanoparticles by heat treatment of sputter
deposited gold on boron-doped diamond film electrode. Electrochem. Commun. 2005, 7, 398—405.

Karnik, R.; Castelino, K.; Majumdar, A. Field-effect control of protein transport in a nanofluidic transistor
circuit. Appl. Phys. Lett. 2006, 88, 123114.

Mohanty, U.S. Electrodeposition: A versatile and inexpensive tool for the synthesis of nanoparticles,
nanorods, nanowires, and nanoclusters of metals. |. Appl. Electrochem. 2011, 41, 257-270.

Etesami, M.; Karoonian, F.S.; Mohamed, N. Electrochemical Deposition of Gold Nanoparticles on Pencil
Graphite by Fast Scan Cyclic Voltammetry. J. Chin. Chem. Soc. 2011, 58, 688-693.

Chiang, H.C.; Levicky, R. Electrochemical Analysis of Ultrathin Polythiolsiloxane Films for Surface
Biomodification. Int. J. Electrochem. 2018. doi:10.1155/2018/4705031.

He, L.; Ren, X; Gao, Q.; Zhao, X.; Yao, B.; Chao, Y. The connected-component labeling problem : A review
of state-of-the-art algorithms. Pattern Recog. 2017, 70, 25-43.

Lacerda, S.H.D.P.; Park, J.].; Meuse, C.; Pristinski, D.; Becker, M.L.; Karim, A.; Douglas, ]J.F. Interaction of
gold nanoparticles with common human blood proteins. ACS Nano 2010, 4, 365-379.

Jordan, B.J.; Hong, R.; Gider, B.; Hill, J.; Emrick, T.; Rotello, V.M. Stabilization of a-chymotrypsin at
air-water interface through surface binding to gold nanoparticle scaffolds. Soft Matter 2006, 2, 558-560.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



