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ABSTRACT ARTICLE HISTORY

The aim of this work was to analyse the electrostatic potential profile, Received 9 November 2017
various effects of electrolyte concentrations, and the influences of surface Accepted 8 April 2018
charge on a protein bound to a lipid coated Silicon nanowire field effect

4 : - ; ; o : KEYWORDS
transistor (Si-NW FET) biosensor by implementing the modified Poisson- Lipid coated NWFET;
Boltzmann (MPB) model. In this work, we modelled a lipid monolayer- biosensor modelling; protein

coated Si-NW FET for the sensing of proteins, which consisted of variable sensing; MPB modelling
amounts of aspartic acid. The electrostatic potential profile, protein charge

distributions, the response to various electrolyte concentration, and the

impacts of various surface charge were studied by implementing the MPB

model with the Si-NW FET biosensor. Additionally, a comparison between

the use of the MPB and the Poisson-Boltzmann model in studying the

effects of various surface charges was carried out. Taken together, it was

found that the MPB model showed a higher resolution in studying the Si-

NW FET biosensor model when higher concentrations and surface charges

were administered.

1. Introduction

The importance and the use of nanostructures in the sensing of biological and chemical materials has
been a growing area of research, with the previously successful use of biomaterials in combination
with one-dimensional (1D) nanostructures [1]. The use of 1D nanostructures in nanowire fabrication
and the important device applications has been established [2]. Specifically, the use of nanowires in
field effect transistors (FETs) for applications in both chemical and biological sensors has been shown
[3, 4]. Additionally, the sensitivity of a nanowire FET and the electrochemical detection of a nanowire
FET has also been determined [5, 6]. Most recently, there has been the development of the Schottky
barrier nanowire FET model for specific applications in liquid environments [7, 8].

Various enzyme monolayer-functionalized FET biosensors have been classified and analysed
using real-time quantitative methods [9]. Additionally, the detection of peptides with a single
charge has been achieved, and it is now possible to differentiate single charge variations on
analytes, even in physiological electrolyte solutions [10]. Furthermore, in the literature the
incorporation of various lipid membranes and supported lipid monolayers and bilayers into
semiconductor devices has been achieved [11].

Previously, modelling of the distribution of charges of artificial proteins such as the aspartic acid
and the green fluorescent protein has been successfully shown [12]. Therefore, in this work we have
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modelled the distribution of charges from artificial proteins on a lipid coated nanowire FET in an
electrolyte environment.

In electrolyte environments, the Poisson-Boltzmann (PB) model is only sensible if the applied
electric field is reasonably small and it considers ions as point like charge. [13,14,15,16,17].
Additionally, the utilisation of the PB model is not possible in systems with high ionic concentra-
tions or in systems with highly applied electric fields [16]. Therefore, due to the number of
limitations of the PB equation on solid-liquid interfaces, for a more accurate determination of
steric effects on aqueous solutions, the modified Poisson-Boltzmann (MPB) model developed by
Borukhov et al. is used [14,15,16,17]. The MPB model takes into account the steric effects of the
ions, which considers the finite volume of the ions. The modern MPB theory commonly used in
electrolyte environments can be defined as,

. iey(r)
2 sinh (zzT)

— eV2y(r) = —zec™ oy

- 1.2 (ziey(r)
1 + 2vsinh (W)

In equation (1), y(r) is the electric potential forces that act on each ion, ¢;° is the bulk concentration
of the ion 7, z; is the valence number of the ion, e is the proton charge (1.6 x 107 Q), T is the
temperature (°K), k is the Boltzmann constant (1.38 x 1072% J/°K), and € = e&¢,, where ¢, is the
relative permittivity of the solution and ¢ is the dielectric constant of the vacuum. In this work, the
relative permittivity for water, silicon (Si), and silicon dioxide (SiO,) used were 80, 12.1, and 4.2,
respectively. Additionally, the total volume fraction of the positive and negative ions, also known as
the packing parameter, v = (z + 1)a’c™, where a is the effective ion size.

By including the effective ion size a in the MPB equation, the steric effects of the ion are incorporated
and make clear the resolution needed in designing the biosensor. By reducing the finite volume ion size a
to zero in these equations, it changes the equation to the standard PB equation and allows it to be used in
understanding point-like charges without the steric impacts. Furthermore, the molar ionic concentra-
tions M; are expressed as M; = ¢{° 107%/N,, where N, is the Avogadro constant (6.022 x 10%).

In electrolyte environments of higher concentrations, the MPB equation has been shown to be
more useful then the PB equation [15, 16]. Previously, the MPB equation has been implemented
and used successfully in higher surface charges and concentrations [18]. Furthermore, an initial
implementation of the use of the MPB equation in nanowire FET with various finite size ions in
electrolyte environments has been studied [19].

Therefore, in order to further investigate the effects of the MPB model in a nanowire FET
biosensor, we have modelled artificial proteins bound to a lipid monolayer-coated silicon nanowire
(Si-NW) FET biosensor and the electrostatic potential distributions, protein charge distributions,
various electrolyte concentration effects and various surface charges impacts have been analysed in
varying electrolyte environments. Also, the results of this work have been compared to results using
the PB model, to further interrogate the various effects that surface charge has on the system.

2. Methods
2.1 The lipid coated silicon nanowire FET model

To analyse the electrostatic potential profile as well as the effects of electrolyte concentration and
surface charges on the specific protein charge distributions, we subjected our lipid coated Si-NW
FET to a liquid environment and implemented the MPB equation model. A schematic of the lipid
coated Si-NW FET in both three-dimensional (3D) and two-dimensional (2D) is shown in
Figure 1 (a) and (b), respectively, with the channel length of the semiconducting Si nanowire
1000 nm, the diameter 20 nm, and the length of the source and drain contacts 100 nm.
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Figure 1. Schematic representations as both (a) 3D and (b) 2D images of the lipid-coated Si-NW FET model.

A SiO, native oxide layer (3 mm) enclosed the entire nanowire surface. To make the Si
nanowire bio-functionalised and to passivate the SiO, oxide layer, a 2 nm monolayer of
ODTMS (octadecyltrimethoxysilane) was used. The dielectric constant of the ODTMS layer
was defined as ¢ = 1.5 and the assumption that there is no interface charge between the
ODTMS and oxide surface due to the passivation layer was made. The ODTMS layer was
surface-functionalised with a lipid membrane that allowed the specific binding of molecules.
In this study, a 2 nm lipid monolayer consisting of DOGS-NTA (1, 2-dioleoyl-sn-glycero-3-
{IN (5-amino-1-carboxypentyl) iminodiacetic acid]succinyl}) incorporated into two matrix
lipids (DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and cholesterol) was used as
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the lipid membrane, with the knowledge that the use of a lipid monolayer determined
experimentally [10] and the model has been previously examined [12]. Additionally, due to
the insulating property of the lipid membrane, the same parameters of ODTMS were con-
sidered. Furthermore, since the lipid monolayer was noted as very dense, no electrolytes were
considered in this region. For simplicity in this analysis, only a 4 nm layer was considered,
since it has the same dielectric constant &, = 1.5, for both 2 nm of ODTMS and the 2 mm
lipid monolayer. Also, a 1.2 nm diameter of aspartic acid protein was bonded to the top of the
lipid monolayer. We also applied a drain-source voltage of V4 = 0.5 V and a gate-source
voltage of V, = 5 V.

In this study, we implemented the PB model and MPB model in a potassium chloride
(KCl) electrolyte environment to determine the electrostatic potential profile, protein charge
distribution, effects of various concentrations, and the influences of surface charge on the Si-
NW FET biosensor model. Additionally, after modelling and the setting the parameters of the
device geometry, the PB and MPB equations were solved numerically using COMSOL finite
element analysis software.

2.2 Modelling of the protein charge distribution

The focus of this study was the binding of the negatively charged aspartic acid to the lipid
monolayer. The use of biotin-streptavidin is not considered appropriate in this work due to
the known high affinity binding between biotin and avidin, whereas the use of [(N-(5-amino-
1-carboxypentyl) iminodiacetic acid) succinyl] (NTA) is much more advantageous due to the
lipid headgroup binding and the easily reversible immobilisation. In addition, the chelating of
lipids with histidine-tagged (His-tag) proteins and peptides and their subsequent fusion to a
membrane has been previously established [20]. When divalent nickel ions (Ni**) are bound
to the NTA headgroups that comprise the lipid monolayer, this creates surface functionalisa-
tion that permits the coupling of His-tagged proteins or peptides to the membrane [20].

It is well established that artificial protein structures where amino acids have been labelled with
a His-tag have the ability to bind to the NTA headgroup of the lipid monolayer. This histidine
backbone is known to be negatively charged, due to the aspartic acid that carry one negative
charge each for the binding to the tag. Therefore, it is possible to produce hexahistidine-labelled
(His6) peptides with a variable number of attached charged residues. The charge of the aspartic
acids has been altered between taking a single charge (His6Aspl) and up to ten charges
(His6Asp10). For each charge, the variable signal can be distinguished and peptides with higher
charges will result in an increased sensor reaction.

Modelling of aspartic acid volume charge can be calculated as follows [12]:

Volume charge = —z X e X ona/1.2 nm 2)

Where onta = fyra/Anta = 7.7 x 10"2cm™2, fyra is surface density of the DOGS-NTA lipids
(5%), Anra is the approximated headgroup area (0.65 nm?), e is the electron charge density, z is the
number of charges per peptide molecule (z = 1, 2, 3, 4, 5) and the diameter of the protein is 1.2 nm.

The integrated charge density of the protein region of the biosensor changes the magnitudes of
— e onra by increasing the number charges (z) of the aspartic acid units. In this equation, by
changing the z values from 0 to 5 the volume charge is also changed. Therefore, to simplify the
modelling, the aspartic acid residues were considered to be directly bound the lipid-coated Si-NW
FET without any neutral part of the his-tag and from this the charge density of the protein was
assumed the same as the calculated volume charges.
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3. Results and discussion

3.1 Electrostatic potential distribution in the Si-NW FET biosensor coated with a lipid
monolayer

For the investigation into the electrostatic potential profiles, we placed the biosensor model
into an electrolyte environment of KCl at both 100 mM and 1 M concentrations, and the
MPB model is applied only to the KCI electrolyte concentration area. Additionally, we have
taken the effective ion size of K as 1.25 x 107'° m and this is the value used in equation
(1). Initially, the device model was tested in ‘neutral’ conditions of air without any ionic
concentration and the distribution of various electric potentials along the Si-NW channel
into different gate voltages can be seen in Figure 2 (a) and 2 (b), where the applied gate
voltages were from -10 to 10 V at both V4 = 0.5 V and V4 = 0 V, respectively. It was
noted that due to the change of gate voltages the electric potential for the Si-NW channel
dropped. Following on from this, the electric potential profile along the Si-NW axis for
both 100mM and 1M KCI was examined (Figure 2 (c)). As can be seen, if the ionic
concentration level increases as to does the electric potential drop. Taken together, when
there were no ions, the difference in electric potential within the Si-NW was found to be
higher, while it got smaller with increasing ionic concentrations due to the screening effect.
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Figure 2. One dimensional electrostatic potential along the nanowire axis in air environment (a) Vd = 0.5 V, with the gate
voltages =10 V to 10 V. (b) Vd = 0 V, with the gate voltages —10 V to 10 V. (c) Si-NW FET electric potential for 0.1 M and 1 M
KCl, where the source drain voltage was Vd = 0.5 V and the gate voltage was Vg = 5 V.
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Figure 3. Protein charge distribution analysis in 3D model along the nanowire axis (a) Zero protein charge. (b) 5 aspartic acid
protein charge counts. (c) Electrostatic potential characteristics due to the protein charge distribution along the nanowire axis.
(d) An enlarged view of a particular area of the electrostatic potential characteristics (red box (c)).

3.2 Protein charge distributions in the Si-NW FET biosensor

To further understand the influence of the varying protein charge distribution over the Si-NW FET, we
modelled and placed 16 different protein charges with a distance of 5 nm from each other on top of the
lipid monolayer and the volume charge density of the individual protein was calculated using equation
(2). Therefore, we increased the charge density calculated by changing the z value from 0 to 5. In Figure 3,
a 3D view of the Si-NW FET protein charges distribution with both zero protein charges (a) and 5
aspartic acid charges (b) can be seen. Additionally, as noted in Figure 3 (c) the electric potential profile

Electrolyte
3nm Si0,
\ /

sio,

300nm

Aspartic acid
L

| ~(2nm ODTMS and
2nm Lipid mono layer)

/ * 4nm layer

I~ Silicon
Nanowire

|._100nm / I
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(b)

Figure 4. The effect of various concentration of electrolyte solution (KCl) on the aspartic acid charged Si-NW FET biosensor
model. (a) 2 D model of Nanowire FET. (b) Surface view of the applied concentration.
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Figure 5. Electric potential difference in various KCl concentrations with increasing aspartic acid charged counts (a) Effects of
various concentrations on the biosensor model. (b) An enlarged view of the highlighted (red box) area of effects of various
concentrations on the biosensor model. (c) The differences in the electric potential for the same protein charge distribution for
the various electrolyte concentrations. In fig (b) Red dashed line shows the measured point on the electric potential.

due to this protein charge distribution along the length of the Si-NW axis was measured. Furthermore,
when a particular region of the measurement is enlarged, it is clear to see that by increasing the protein
charge distribution, the electric potential drop also increased (Figure 3 (d)).
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Figure 6. (Q)MPB and PB model comparison with increasing aspartic acid protein charge counts with the surface charge
density —0.4 C/m? and 1 M KCl. (b)An enlarged view of the highlighted (red box) from the comparison between the MPB and
PB models.

3.3 Various electrolyte concentration effects on the Si-NW FET biosensor using the MPB
model

In the study of the effects of various electrolyte concentrations including 10 pM, 100 uM, 100 mM,
and 1 M KCl, on the Si-NW FET biosensor model, we considered the 2D model of the Si-NW
FET, with aspartic acid model charges as shown in Figure 4. Since it is a MPB model applied only
for the KCl electrolyte concentration, we considered the effective ion size of K" as 1.25 x 107" m.

As seen in Figure 5, differences between the electric potential due to the increase in the amount
of charge on the aspartic acid model protein is seen with each ionic concentration,10 uM, 100 pM,
100 mM, and 1 M. In the lower concentrations of KCl, the electric potential was found to be
higher and as the concentration level of KCI increased the electric potential reduced. From this,
we can see that in low ionic concentrations the Si-NW FET biosensor model is having a high
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Figure 7. Electrostatic potential difference between the MPB and PB model comparisons with increasing aspartic acid charge
counts with surface charge density of —0.1 C/m? (a, ¢) and —0.4 C/m? (b, d) and 140 mM (a, b) and 1 M KCl (c, d) concentration.

sensitivity to the external protein model charge, with this influence of the model charge on the
electric potential, reduced in higher electrolyte concentrations.

3.4 Comparison between the MPB and PB models, with various surface charges effects, in
the Si-NW FET biosensor

In order to understand the effects of various surface charges on the Si-NW FET biosensor,
we exposed our model to various surface charges from —0.1 to —0.4 C/m> and various
electrolyte concentrations 140 mM and 1 M KCI while increasing the aspartic acid charge
distribution from 0 to 5, in the MPB model. The comparison between MPB and PB models
(full size measurement and an enlarged region (red box)) for the electrostatic potential
profiles of the surface charge density —0.4 C/m? 1 M KCI and increasing aspartic acid
counts 1 to 5 is seen in Figure 6.

As seen in Figure 7, where the electrostatic potential profiles of the varying surface charges and
varying KCl concentrations can be seen, the lower concentration produces a higher electrostatic
potential for both models. Additionally, it was found that when the concentration increases the
electrostatic potential decreases. This provides insight into the higher resolution achieved in using
the MPB model compared to the PB model.
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4. Conclusions

In this work, we have modelled the lipid-coated Si-NW FET bound with an artificial protein
consisting of a number of aspartic acid charges in a KCI electrolyte environment, with the
implementation of the MPB model. A number of facets of this model were studied, including a
comparison between air and the electrolyte environment, the protein charges distribution while
increasing the aspartic acids counts on the lipid monolayer coated Si-NW FET, and the changes to
the electrostatic potential profile with various KCI concentrations. Additionally, the understand-
ing of the effect of various surface charges in various electrolyte environments was developed with
the implementation of both the MPB and the PB models. From this work it can be concluded that
the MPB model provides a higher resolution to the given surface charges and concentrations in
the Si-NW FET biosensor model.
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