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ABSTRACT

Nano-material integrated microfluidic platforms are increasingly being considered to accelerate biological sample preparation and molecular
diagnostics. A major challenge in this context is the generation of high electric fields for electroporation of cell membranes. In this paper,
we have studied a novel mechanism of generating a high electric field in the microfluidic channels by using an array of semiconductor
nanowires. When an electrostatic field is applied across a semiconductor nanowire array, the electric field is localized near the nanowires
and the field strength is higher than what was reported previously with various other micro-geometries. Nanowires made of ZnO, Si, and
Si–SiO2 and their orientation and array spacing are considered design parameters. It is observed that for a given ratio of the spacing
between nanowires to the diameter, the electric field enhancement near the edges of ZnO nanowires is nearly 30 times higher compared to
Si or Si–SiO2 nanowire arrays. This enhancement is a combined effect of the unique geometry with a pointed tip with a hexagonal cross
section, the piezoelectric and the spontaneous polarization in the ZnO nanowires, and the electro-kinetics of the interface fluid. Considering
the field localization phenomena, the trajectories of E. coli cells in the channel are analyzed. For a given inter-nanowire spacing and an
applied electric field, the channels with ZnO nanowire arrays have a greater probability of cell lysis in comparison to Si-based nanowire
arrays. Detailed correlations between the cell lysis probability with the inter-nanowire spacing and the applied electric field are reported.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028899

I. INTRODUCTION

Microfluidic lab-on-chip (LOC) devices have attracted signifi-
cant attention in recent years due to the lower cost of mass produc-
tion, high efficiency, portability, and small sample volumes. Lysis is
essential for the analysis of intracellular components and similar
constituents from bacteria and viruses. Cell lysis can be accom-
plished using chemical,1–3 mechanical,4–6 thermal,7–9 optical,10,11

or electrical methods.12–18 To have the ability to integrate with a
complex LOC device, the lysis technique should be universal to the
type and property of the sample and should not interfere with sub-
sequent bioassays. Chemical methods require lytic reagents such as
sodium dodecyl sulfate3 that may interfere with downstream analy-
sis. Mechanical methods have high efficiency, but the lysate is
homogenized in the process and hence not suitable for organelle
discrimination. Thermal methods disrupt cell membranes at high
temperatures and are not suitable for studying protein molecules as
they denature when heated. Optical methods require an elaborate
setup. In contrast, electrical lysis uses an electric field for cell lysis,

which is relatively easy to implement and does not affect down-
stream analysis. However, effective electrical lysis of cells in such
devices present several challenges such as the generation of high
electric fields at low voltages without causing electrolysis of flowing
solution, optimal geometry to avoid cell clogging and heat genera-
tion, optimal fields so that the intracellular components are not
affected, effective cell sorting, optimal fluid flow rates, etc. A micro-
device for electrical cell lysis was first designed by Lee et al.18 High
density of sharp Cr/Au microelectrodes with 5 μm separation was
used for concentration of electric fields, and lysis was accomplished
using AC or DC electric fields. To avoid bubble formation at the
electrodes due to high fields, a combination of AC and DC fields
were used by many groups14,19 for electrical lysis. Another design
used special geometry to enhance electric field locally in previously
destined regions of a microfluidic channel.15,17,20 Large metal elec-
trodes patterned at the bottom positioned perpendicularly to the
main channel were used in the combination of AC field for electri-
cal lysis.13 Other research groups have used lower electric fields in
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combination of hypotonic detergent containing high or low pH
buffers to lyse the cells.21–23

The electrical lysis of cells is based on electroporation of the
cell membrane. The cell membrane is a dielectric phospholipid
bi-layered structure, which is permeable to selective ions through
ion channels. When an external electric field is applied, the phos-
pholipid layer is deformed and pores are formed thereby increasing
the permeability of the cell membrane. However, since the electrical
current density in the cytoplasm is less than that in the surround-
ing fluid, electric potential change occurs in the cytoplasm at a
slower rate than in the extracellular space. The difference in the
potential between the extracellular space and in the cytoplasm
results in a voltage drop across the cell membrane. This imposed
transmembrane potential depends on the size and orientation of
the cell, structure, and material of the cell membrane and magni-
tude of the applied electric field. At a sufficiently high field, greater
than a critical value, the transmembrane potential increases, and
the size of pores on the cell membrane increases due to swelling of
cells by electroporation and structure degradation of membrane
proteins. These pores may seal spontaneously or remain open
indefinitely. The coalescence of many stable pores then leads to the
fracture of the cell membrane. The detailed mechanism can be
found in the literature.24

The emergence of semiconductor nanostructures integrated
with microfluidic devices is a natural progression into the next gen-
eration of LOC devices. Their wide range of applications has prolif-
erated into numerous areas such as sensing of proteins,25

tumors,26–29 immunoglobulins,30 disease diagnostics,31 single-cell
mapping,32 energy harvesting,33 manipulation, characterization34,35

and mechanical lysing of biological cells,36 and so on. Nanowire
arrays are increasingly being used in manipulation, transportation,
sensing, etc., of biomolecules. Zheng et al. reported interesting
designs of electrodes such as copper nanowires grown on a copper
foam structure37 and carbon nanotube (CNT) sponge38 for inacti-
vation of virus and bacteria (E. coli) from water at low voltage.
They used a simplified estimation of field enhancement and the
resulting impact on E. coli particles.39

In this paper, we propose a novel method of amplifying the
electric field at low voltage using an array of semiconductor nano-
wires in the microfluidic channel. Due to the difference in the
dielectric permittivity of the nanostructure material from the sur-
rounding fluid medium, the electric field localizes near the nano-
structures. This results in a non-uniform field in the channel. This
can be used for lysing and electro-kinetic transport in the micro-
fluidic channel. In the present paper, we investigate the effect of
geometry, inter-nanowire spacing, and orientation on the electric
field enhancement in the microfluidic channels with vertical nano-
wire arrays of Si, SiO2 coated Si, and ZnO nanowires.
Electro-mechanical coupling interactions in semiconductor nano-
structure along with the diffusive and electro-kinetic migration of
ions in the fluid are taken into account. ZnO nanowires can be
grown with pointed tips similar to the microelectrodes in earlier
designs and possess several useful properties like spontaneous
polarization, piezoelectricity, biocompatibility, and chemical sensi-
tivity. Besides, ZnO nanowires have recently been fabricated in situ
in the microfluidic channel by hydrothermal reaction,40 and its
growth mechanism has been confirmed.41 Si nanowires have the

advantage of well-established fabrication technologies that can be
adopted for device integration. We further analyze the effect of
non-uniform electric field distribution in the channel on the trajec-
tories of biological cells. We define a probability of lysis factor to
estimate the efficiency of the channels in lysing bacterial cells. The
effects of inter-nanowire spacings and the applied electric fields on
E. coli cell lysis are analyzed.

II. MATHEMATICAL MODEL

We propose a multiphysics model to analyze the electric field
distribution in microfluidic channels consisting of the semiconduc-
tor nanowire array. The formulation consistently takes into account
the effect of electro-mechanical coupling in semiconductor nano-
wires with the diffusion and electro-kinetic motion of ions in the
fluid medium. The effect of nanowire geometry, orientation to the
applied electric field, and the inter-nanowire spacing are analyzed.

A. Electric field distribution in the microfluidic
channel due to semiconductor nanostructures

The micro-channel configuration considered for the present
simulation is defined by the length (d0), width (w0), and height
(h0) as shown in Fig. 1. An array of nanowires are considered on
the channel bed such that it makes a continuous row of closely
placed nanowires in x and y directions. The nanowires are assumed
to have the same dimensions with diameter dn, height hn, and the
inter-nanowire spacing ds. An electrolytic solution is present in the
microfluidic channel.

When an electric field is applied across an array of semicon-
ductor nanowires in a fluid medium, the field distribution is influ-
enced by the difference in dielectric permittivity and conductivity
(or resistivity) of different media. At the solid/fluid junction, there
is charge transfer from the fluid to the semiconductor, conduction
in the semiconductor, and charge transfer from the semiconductor
to the fluid region depending upon the energies of conduction and
valence bands and the electrolyte species. Also, for closely packed
nanowires, there are inter-nanowire interactions. Quantum
mechanical tunneling is also important in the nano-regime. For
intrinsic semiconductors at low voltages as in the present case, the
carrier concentration is low and hence electric conduction is small.
For such cases, the electric field distribution in the channel due to
an electric field applied across a nanowire array made up of piezo-
electric semiconductor depends on the electrical permittivity of the
semiconductor and the fluid medium and is governed by Maxwell’s
equation for electrostatics, that is,

∇ � D ¼ ρf , D ¼ ϵE inΩf ,
ρs, D ¼ ϵE þ eεþ Psp inΩs,

�
(1)

where D, ϵ, E, ε, e, and Psp are the electric displacement vector,
the dielectric permittivity tensor, electric field, strain tensor, the
piezoelectric tensor, and the spontaneous polarization, respectively.
Ωs and Ωf denote the semiconductor and fluid domains, respec-
tively. The second and third terms in Ωs are due to piezoelectric
and spontaneous polarization in the semiconductor nanostructure.
ρf is the charge density due to ions in the fluid domain (Ωf ) and ρs
is the charge density due to electrons, holes, and dopants in the
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semiconductor domain. The electric potential f is related to the
electric field as E ¼ �∇f. The strain tensor is obtained by solving
the stress equilibrium equation, which is given by

∇ � σ ¼ 0, σ ¼ cε� eE, (2)

where σ and c are the stress tensor and the elastic tensor, respec-
tively. The strain tensor is expressed as ε ¼ (∇uþ ∇uT)/2, where u
is the displacement field. Charge density ρf in the fluid is the sum
of ion density of the individual ion species and is given by
ρf ¼

P
i ziqai, where zi, and ai are the valency and concentration

of the ith ion species and q is the electronic charge. The charge
density ρs in the nanowire is given by �q(n� pþ Nþ

D�N�
A ), where

n (p) is the electron (hole) density and Nþ
D (N�

A ) is the ionized
donor (acceptor) concentration. The details of computing the elec-
tron and hole densities due to coupled physical field interactions
and quantum confinement in semiconductor nanostructures are
explained in our earlier work.42 In the fluid domain, the concentra-
tion ai of the ith ion depends on the electric field and is governed
by the Nernst–Planck equation that is given by

∇ � �Di∇ai � Diziq
KBT

ai∇f
� �

¼ 0, (3)

where Di is the diffusion coefficient of ith species, KB is the
Boltzmann constant, and T is the temperature. The dielectric per-
mittivity tensor of the fluid also incorporates bound charges of the
cells.43 Furthermore, the charge concentration changes during lysis
due to the release of intracellular components into the fluid. Here,
we are mostly interested in steady-state conditions so that the tem-
poral dependence of field variables are not considered.

Equations (1)–(3) should be solved simultaneously with
appropriate boundary conditions. Any differential equation can be
written as a weighted integral equation by multiplying a weight
function and integrating over the domain. This has been explained
in many finite element textbooks (for example, chapter 2 in
Ref. 44). For building a finite element model, the set of differential
equations should be written in the weighted integral form and then
reduced to the variational/weak form by integrating by parts. The
variational formulation for solving the problem using the finite
element method can be posed as

Ð
Ωs
δf(∇ �D�q[Nþ

D�nþp�N�
A ])dΩsþ

Ð
Ωf
δf(∇ �D�P

α
zαqcα)dΩf

Ð
Ωsδu(∇ �σ)dΩsþ

P
α

Ð
Ωf
δcα∇ � �Di∇ai�Diziq

KBT
ai∇f

� �
dΩf ¼0:

(4)

FIG. 1. (a) Illustration of a microfluidic channel containing nanowire array on the bottom (b) vertical cross section, (c) lateral cross section, (d) a repetitive unit on the
vertical section of the channel, and (e) a repetitive unit on the lateral cross section of the channel. dn, ds, and hn represent nanowire diameter, array spacing, and nanowire
length, respectively.
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The summation runs over the types of ions in the fluid medium.
The applicable boundary conditions corresponding to Eq. (1) are
either electric potential or charge density that should be specified on
the boundaries. At the solid walls of the channel, electric potential
has to be specified. At the channel inlet and outlet, the charge
density should be specified. If we model a small repetitive unit block
of the channel, the boundaries of the block are exposed to a constant
electric field due to applied voltage. In such cases, we use a constant
electric field on the boundaries parallel to the electrodes and periodic
potential on the boundaries perpendicular to the field direction. At
the solid/fluid interface, the stress normal to the solid is continuous
whenever fluid–structure interactions are significant; otherwise, the
stress-free boundary condition is used. At the channel inlet and
outlet, either ion concentration or ion flux should be prescribed. At
the electrodes, the ion flux is related to the current density. At solid
surfaces other than electrodes, the ion flux vanishes.

B. Cell transport and probability of lysis in the
microfluidic channel

Charged particles like biological cells present in the microflui-
dic channel experience force due to the non-uniform electric field
distribution and fluid flow. The fluid flow in-turn is influenced by
the electric field. For simplicity, we limit the present scope of mod-
eling and simulation to the interaction between the nanowire and
the electric field in the microfluidic channel. To the end of this
study, the effect of the forces on the cells is estimated by consider-
ing the cells to be lumped masses. Furthermore, assuming the cell
concentration to be small, the effect of particles on the field is neg-
ligible. Moreover, in the present case where we have a batch flow,
the electric field is in the steady state and the fluid velocity is negli-
gible. Hence, the drag force on the micro-scale particles such as
bacterial cells is insignificant. However, for pulsed electric field, the
force can become significant.

At any instant of time, the particle position x is obtained by

x(t) ¼
ðt
0
v(t0)dt0 þ x0, (5)

where x0 represents the initial position of the particle, t is the time
from initiation, and v is its velocity. The motion of a particle of
mass m in a fixed frame of reference is governed by

FE ¼ m
@v
@t

, (6)

where FE is the net force acting on the particle. The total force on a
particle having radius a and zeta potential ζp can be written as the
sum of electrophoretic and dielectrophoretic forces.45 This is
expressed as

FE ¼ 6πζpϵmE þ 4πϵma
3KCME � ∇E, KCM ¼ ϵp � ϵm

ϵp þ 2ϵm
, (7)

where ϵm and ϵp are the dielectric permittivity of the medium and
particle, respectively. KCM is known as the Clausius–Mossotti (CM)
factor.

The efficiency of the microfluidic channel in terms of lysing
biological cells is estimated by computing a parameter defined by
transport and lysis probability (Lp). The probability of lysis of a cell
under an electric field in the microfluidic channel is estimated as
follows. Consider a cell moving along a path of length s. The total
electric field intensity Etot experienced by the cell during its trajec-
tory is given by

Lp ¼
0, if Etot , Elt ,
1, if Etot . Eut ,

0:01þ Etot � Elt
Eut � Elt

� �
0:99, if Elt , Etot , Eut ,

8>><
>>:

(8)

where Elt (Eut) is the lower (upper) threshold of electric field mag-
nitude. If the total electric field magnitude experienced by a cell
along its trajectory is below the threshold for it to undergo lysis,
the cell remains intact. Hence, Lp is zero. If the field experienced is
very high (. Eut), then the cell gets lysed. In such cases, Lp is taken
as 1. For intermediate field values, the factor Lp is calculated up to
second-order accuracy. For Etot ¼ Elt , Lp ¼ 0:01. For every
(0:01/0:99)(Eut � Elt) increase in Etot to Elt , Lp increases by 0.01.
Hence, for an intermediate value of Etot , Lp is given by
0:01þ (Etot � Elt/Eut � Elt)0:99.

Here, we study the electrical lysis probability of channels
considering E. coli cells as examples. The critical field required
for E. coli lysis is 1 kV/cm,18 which is chosen as the lower
threshold. Based on the size and type of cells, an electric field of
0.6–2 kV/cm46 is typically required for lysis of bacterial cells. A
direct current (DC) of field strength typically in the range of
1–10 kV/cm47 is required for lysis of prokaryotes or eukaryotes.
Another design of microdevice reported a value of 1–10 kV/cm of
field strength using pulsed alternating current (AC) for lysis of differ-
ent variants of bacteria.18 Therefore, an intermediate value (5 kV/cm)
is chosen as the upper threshold. The mean of individual cell lysis
probability gives the total lysis probability. Three repetitions were
performed by releasing a different number of cells randomly in the
simulation domain for statistical validation. The maximum number
of cells released is always less than 0.5 times the simulation volume.
In the present simulations, we neglect the effect of cells on the
electric potential as the cell concentration is below 1014 cells/m3.
The simulations were carried out using COMSOL Multiphysics
software. We have used the parallel sparse direct linear solver
(PARDISO) to solve the numerical simulation problems.

III. RESULTS AND DISCUSSIONS

We investigate the effect of geometry, orientation, and inter-
nanowire spacing on the electric field enhancement in the micro-
fluidic channel. The semiconductor materials of nanowires are Si,
SiO2, and ZnO. ZnO is piezoelectric, whereas Si and SiO2 are not
piezoelectric and hence the piezoelectric terms in Eq. (2) can be
neglected for Si and SiO2 nanowires. So only the Eqs. (1) and (3)
need to be solved simultaneously for the Si and SiO2 nanowires.
We consider a microfluidic channel configuration of dimension
10 × 0.5 × 0.5 mm3 (length × width × height). The spacing between
the electrodes is 0.5 mm. The simulations are carried out for a
repetitive unit in the microfluidic channel considering the two
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cases: (1) the plane perpendicular to the nanowire growth axis
[Fig. 1(e)]; (2) the transverse plane containing the nanowire growth
axis [Fig. 1(c)]. The fluid in the channel is assumed 1mM
phosphate-buffered saline (PBS) with dielectric permittivity of 75.
Only the dominant ions (Na+ and Cl−) are considered with a diffu-
sion coefficient of 1.033 × 10−9 m2/s for Na+48 and 2.09 × 10−9 m2/s
for Cl−.49 For Si ϵr ¼ 11:7, and for SiO2 ϵp ¼ 3:9.50 The material
parameters for ZnO51 are tabulated in Table I. The nanowires are
assumed to be 3 μm in length and 300 nm in diameter, and the
inter-nanowire spacing is varied from 0.3 μm to 20 μm.

To quantify the effect of nanowire on the electric field in the
microfluidic channel, we define the following parameters:

• Electric field enhancement factor (βE) that gives the change in
electric field intensity due to nanowires in the channel. It is
defined as

βE(x) ¼
jE(x, t)j
f0/h

,

which is the ratio of the magnitude of electric field intensity at x
due to the presence of nanowire and magnitude of the applied

electric field (f0/h). Here, f0 is the applied potential and h is the
electrode gap in the channel. A value greater than 1 for βE implies
electric field amplification, whereas a value less than 1 implies elec-
tric field attenuation.

• The inter-nanowire spacing factor Ds = dn/ds (Fig. 1).
• In the case of SiO2 coated nanowires, if dn1 is the diameter of
uncoated nanowire and dsh is the SiO2 shell thickness, then
Cs = dsh/dn1 as shown in figure.

• In the case of ZnO nanowires, its pointedness is defined by angle
α as shown in Fig. 5(b).

A. Lateral electric field interactions with a nanowire
array

A horizontal cross section of the repetitive entity in the microfluidic
channel with Si, SiO2, and ZnO nanowires is shown in Figs. 2(a)–2(c),
respectively, with the electric field applied along the y axis.

On these boundaries, a constant voltage is applied such that
the voltage difference gives rise to an electric field of 1 kV/cm. To
get an electric field of 1 kV/cm, we need an operational voltage of
50 V in the actual channel configuration. For the simulation
domain, the voltage difference applied to maintain the same is in
the range of 70 mV–700 mV for Ds varying from 0.9 to 0.1. On all
the boundaries, we apply zero flux of ions for Eq. (3). Along the x
axis, electric displacement consistent with zero flux condition is
applied as the boundary condition. On the ZnO nanowire surfaces,
we apply stress-free boundary conditions corresponding to the
Eq. (2). The Si and SiO2 nanowires have circular cross sections,
whereas the ZnO nanowires have hexagonal cross sections. The
magnitude of electric field distribution in the channel is shown in
Figs. 3(a) and 3(b), respectively, for SiO2 (Cs = 1/3) and ZnO
(θ = 45°) for Ds = 0.4.

TABLE I. Material parameters for wurtzite ZnO.

Material parameters ZnO Material parameters ZnO

c11 (GPa) 209.7 c12 (GPa) 121.1
c13 (GPa) 105.9 c33 (GPa) 210.9
c44 (GPa) 105 Psp (C/m

2) −0.057
e15 (C/m

2) −0.49 e31 (C/m
2) −0.49

e33 (C/m
2) 0.73 ϵ33 8.91

ϵ11 7.77

FIG. 2. Representative horizontal cross-sectional view of the microfluidic channel containing (a) Si, (b) SiO2 coated Si, and (c) ZnO nanowire array. dn and ds depict the
nanowire diameter and inter-nanowire spacing, respectively. L in (c) is equal to dn/2. A, B, C, D, and O depict the positions where the electric field enhancement is calcu-
lated. The electric field enhancement in the channel for different inter-nanowire spacing is studied for all the three types of nanowires. Also, the effect of different SiO2

coating thickness on electric field enhancement is studied in configuration (b). The effect of nanowire orientation to the applied electric field (indicated by θ) on the field
enhancement is additionally studied in configuration (c).
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As seen in Figs. 3(a) and 3(b), the electric field gets localized
near nanowires. As a result, the field is amplified in some regions
and reduced in other regions surrounding the nanostructure, thus
creating a non-uniform field distribution in the microfluidic
channel. The presence of the Debye layer at the solid/fluid interface
influences the electric field and field localization pattern.
Observation on flat boundaries shows Debye length scales, which
are much smaller than the micrometer length scale shown in Fig. 3.
However, in non-smooth boundaries, it is not straightforward to
compute the Debye length scale without detailed physical factors
included in the simulations. Also there is an inter-nanowire screen-
ing effect present in the contours shown in Fig. 3. We have revis-
ited some of the factors as follows. The structure of the Debye layer
is influenced by the physical/chemical adsorption, orientation of
dipoles, or chemical reaction between the solids and species in the
fluid. This depends on several factors such as surface structure of
the semiconductor, the nature of reactants in the fluid region,
solvent molecules, etc. These are governed by reaction kinetics,
charge transfer mechanisms at the semiconductor/fluid interfaces,
electro-kinetic phenomena in fluids, etc. We have not considered
the adsorption effect. Other effects described above are included.
Adsorption effects need to be additionally considered along with
Poisson’s equation and coupling with the charge equations.
Parameters required for the semiconductors for simulating this is
not available and hence not studied. This can be either obtained
from experiments or first principle studies. In the case of the Si and
SiO2 nanowires, the field is perturbed only close to nanowire surfa-
ces. But in the case of ZnO nanowires, perturbations are spread
throughout the channel as seen from the contour plot of the elec-
tric field in Fig. 3(b). Figures 2(a)–2(c) show the points where βE is
calculated. The vertices of the hexagon have a weak singularity in
the electric field. For the electric field magnitude at these points,

we chose the values of the fields at distance dn/2 or ds/2, whichever
is closest to that point.

The variation of βE with Ds for different Cs and θ are shown
in Figs. 4(a)–4( j).

Higher enhancement is observed for channels with ZnO nano-
wires with nearly 30 times that of the applied field for θ = 45° ori-
entation close to the nanowires. SiO2 coated nanowires with a
better enhancement for intermediate coating thickness (Cs = 1/3)
follow this. For channels with Si–SiO2 nanowires, the field
enhancement at point B is observed only for certain inter-nanowire
spacing. For channels with ZnO nanowires, the field enhancement
is observed only for large inter-nanowire spacing (Ds below 0.06) at
the proximity of nanowires. At points in between the nanowires
(C), the field enhancement increases for Si–SiO2 as the nanowire
packing increases. Whereas for channels with ZnO nanowires, the
field enhancement at C, D, and O are very high only for closely
packed nanowires (Ds greater than 0.6). At points D and O, the
field is attenuated by Si–SiO2 nanowires with lower attenuation for
large inter-nanowire spacing. However, at point D, the field is
slightly enhanced by ZnO up to Ds = 0.06, after which there is
attenuation up to Ds = 0.06. The orientation effects of ZnO nano-
wires on βE is significant only for closely packed nanowires
(Ds greater than 0.6) with maximum enhancement by ZnO arrays
oriented at θ = 45°.

SiO2 coated nanowires amplify the field better than non-
coated ones due to the low permittivity of SiO2. Permittivity is a
measure of the amount of electric flux generated per unit charge in
the medium. The lower the permittivity, the higher the electric flux
and hence better the enhancement. However, in the case of ZnO,
its unique geometry, as well as the piezoelectric reaction, leads to
better amplification of the electric field. The effect of nanowire tips
on field enhancement is studied next.

FIG. 3. Planar view of the electric field intensity (V/m) distribution in the microfluidic channel containing (a) Si–SiO2 (Cs = 1/3) and (b) ZnO (θ = 45°) nanowire array with
the inter-nanowire spacing factor, Ds = 0.4. Ea represents the direction along which the electric field is applied. The color bar represents the electric field intensity in V/m.
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FIG. 4. Variation of field enhancement factor βE with
array spacing factor (Ds) for Si–SiO2 nanowires for differ-
ent SiO2 shell thicknesses (Cs) at points (a) A, (c) B, (e)
C, (g) D, and (i) O. Similarly, the variation of βE with Ds
for ZnO nanowires with different orientations (θ) to the
applied electric field at points (b) A, (d) B, (f ) C, (h) D,
and ( j) O. The points where the electric field enhance-
ment is calculated are shown in Fig. 2.
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B. Transverse electric field interaction with a nanowire
array

We investigate here the electric field concentration in the
transverse plane cutting along the growth axis (z axis) of the
nanowire along with the depth of the nanowire. A vertical cross
section of a unit cell of the microfluidic channel is shown
in Fig. 5.

The electric field is applied opposite to the nanowire growth
direction. On these boundaries, a constant voltage giving rise to an
electric field of 1 kV/cm is applied as the boundary conditions to
the Eq. (1). For the simulation domain across the vertical cross
section, the voltage difference applied to maintain the electric field
of 1 kV/cm is 750 mV. On all boundaries, we apply zero flux of
total ions as boundary conditions for Eq. (3). Along the x axis, an

FIG. 5. Illustration of the vertical cross-sectional view of the microfluidic channel containing (a) Si and (b) ZnO nanowire arrays. The points A, B, C, and D represent the
positions where the electric field enhancement is calculated. dn, hn, and ds depict the nanowire diameter, height, and inter-nanowire spacing, respectively. The effect of
inter-nanowire spacing is studied in all the configurations. Similar to the lateral cross section, the effect of SiO2 thickness is additionally studied in configuration (a). The
effect of nanowire pointedness (α) on field enhancement is also studied in configuration (b).

FIG. 6. Transverse planar view of the electric field magnitude (V/m) distribution in the microfluidic channel containing (a) Si–SiO2 (Cs = 1/3) and (b) ZnO (α = 85°)
nanowire array under an applied electrostatic field. Ea represents the direction along which the electric field is applied. The color bar represents the electric field intensity
in V/m.
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FIG. 7. Variation of electric field enhancement (βE) with array spacing (Ds) for Si–SiO2 nanowire for various SiO2 coating thickness (Cs) at points (c) B and (e)
C. Variation of βE for channels with ZnO nanowire array having various pointedness (α) at points (a) A, (b) D, (d) B, and (f ) C. The points where the electric field enhance-
ment is calculated is shown in Fig. 5.
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electric displacement consistent with zero flux is applied for
Eq. (1). The ZnO nanowire surfaces are stress-free.

The electric field localization due to nanowires in the micro-
fluidic channel is shown in Fig. 6(a) for SiO2 (Cs = 1/3) and
Fig. 6(b) for ZnO (α = 85°) with Ds = 0.4.

As seen from Fig. 6(d), the electric field gets highly concen-
trated at the nanowire tips. Various points where βE is calculated in
the microfluidic channel is shown in Fig. 5. The points A and D,
which are at the nanowire tip and in between the nanowire tips, are
relevant only to ZnO nanowires with pointed tips. There are weak
singularities at the tips and corners of the flat tips of nanowires.
The electric field at these singular points is calculated as described
earlier in Sec. III A.

Figures 7(a)–7(f ) depict the variation of βE with Ds for differ-
ent Cs and α.

Similar to the lateral cross section, higher enhancement is
observed in channels due to ZnO in comparison to Si–SiO2 nano-
wires. The field enhancement due to Si–SiO2 nanowires is nearly
independent of nanowire spacing up to Ds = 0.4, beyond which it
increases slightly with the highest enhancement for intermediate
SiO2 coating thickness. In channels with ZnO nanowires,
maximum field enhancement is observed at the tips which increase
with its pointedness. Additionally, higher enhancement is observed
for largely spaced nanowires. The field attenuates steeply with the
decrease in nanowire spacing at points in between the nanowire
tips (point D) for sharper (larger α) nanowires. At point B, field
enhancement is observed below Ds = 0.02 due to nanowires with
α = 0° and 45°, whereas the field is attenuated due to nanowires

with α = 85°. Beyond this, the field is attenuated at this point irre-
spective of nanowire pointedness. However, the field is enhanced
again for closely packed nanowires. ZnO with α = 45° shows
optimal performance in terms of field enhancement as it shows
lower attenuation for all Ds. For channels with the Si and SiO2

nanowires, the field enhancement is slightly better for intermediate
coating thickness of SiO2 similar to observations in the horizontal
plane. The combined effect of the pointed geometry, piezoelectric,
and spontaneous polarization is responsible for enhancing the elec-
tric field in the case of channels with the ZnO nanowire array in
this plane.

A previous design of micro-channel with the carbon nanotube
array yielded a field enhancement of 1052 with nanowires having the
present aspect ratio. A design with geometrical modifications ampli-
fied the electric field 10 times at the orifice of constriction.17

However, using the present design, the enhancement is 30 times
using the ZnO nanowire array in the plane perpendicular to the
growth axis. This means that the present configuration can effectively
reduce the operating voltage required for biological cell lysis. This has
an additional advantage of reducing bubble formation in the channel
without compromising the generation of a high electric field. An esti-
mate of the lysis efficiency of the channel is carried out in Sec. III C.

C. Cell transport and the probability of lysis in the
microfluidic channel

Probabilistic evaluation of transport and lysis is important to
understand the role of interaction on charged particles like

FIG. 8. E. coli motion trajectories in the microfluidic channel for lateral cross section under an applied electric field (Ea) of 1 kV/cm containing (a) Si–SiO2 (Cs = 1/3) and
(b) ZnO (θ = 45°) nanowire array with array spacing equal to 10 μm at the end of 1 ms. The color bar represents the velocity magnitude of the cells. The solid circles
denote the final position of the cell and the colors of the circle denote the velocity magnitude at the final position. The other end of the trajectory depicts the initial positions
of the cells.
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biological cells present in the microfluidic channel with electric
field distribution due to the nanowire array. The effectiveness of
channels containing a nanowire in terms of lysing bacterial cells is
studied in the present section for inter-nanowire spacing between
5 μm and 20 μm. We model the trajectories of spherical particles
with a 1 μm radius assumed to have the properties of E. coli cells.
The relative dielectric permittivity, mass density, and zeta poten-
tial are 12,53 1160 kg/m3, and −40 mV,54 respectively. The trajec-
tories of E. coli cells at the end of 1 ms in the microfluidic
channel containing SiO2 (Cs = 1/3) and ZnO (θ = 45°) are shown
in Figs. 8(a) and 8(b), respectively, under 1 kV/cm applied electric
field.

The final positions of the cells are shown with circles and the
color bar shows the magnitude of particle velocity in units of m/s
along its trajectory. The particles are initially located at the other
end of the trajectories. We assumed that the cells freeze (retains its
velocity) at the nanowire and simulation boundaries. We observe
that the E. coli trajectory is greatly perturbed in the case of ZnO
nanowire arrays, whereas SiO2 has very little influence and almost
all the cells get deposited on the electrodes. However, in the case of
ZnO nanowire array, few cells are pushed toward the direction per-
pendicular to the applied electric field.

For quantitative purposes, we estimate the transport and lysis
probability (Lp) to estimate the efficiency of the microfluidic
channel. Figures 9(a) and 9(b) depict the variation of Lp with Ds

and applied electric field (Ea), respectively.
Lp of cells in channels containing the ZnO nanowire array is

greater than SiO2 for all cases. A polynomial fit a1D2
s þ a2Ds þ a3

and b1E2a þ b2Ea þ b3 to the simulated data are tabulated in the
Table II. From Table II, it is observed that Lp decreases

quadratically with Ds, whereas it increases linearly with Ea for SiO2

nanowires but quadratically for ZnO nanowires. For very high elec-
tric fields, Lp of Si-based nanowire approaches that of ZnO nano-
wire arrays.

Similar calculations were made for vertical cross sections of
the channels. Figures 10(a) and 10(b) show particle trajectories for
channels with SiO2 (Cs = 1/3) and ZnO (α = 45°) nanowire arrays,
respectively.

Similar to the horizontal cross section, we see that most of the
cells deposit on the electrode for channels with SiO2 nanowire
array. In the case of channels with ZnO nanowire array, cells are
scattered in all directions. The cells that are close to the nanowires
are pushed in the direction perpendicular to the field direction.
The variation of Lp with Ds and Ea are shown in Figs. 11(a)
and 11(b), respectively.

Lp for channels with ZnO nanowire array is greater than SiO2

for all cases. Furthermore, Lp varies linearly with Ds and Ea for
channels with Si–SiO2. For channels with ZnO, Lp varies

FIG. 9. Variation of transport and lysis probability (Lp) of E. coli cells in the microfluidic channel with (a) inter-nanowire spacing and (b) applied electric field. The values of
the constants for the polynomial fit to the simulated data are tabulated in Table II.

TABLE II. Fitting parameters for transport and lysis probability, Lp, of E. coli cells in
microfluidic channels containing Si–SiO2 and ZnO nanowires for lateral cross
section vs inter-nanowire spacing factor, Ds, and applied electric field, Ea. The poly-
nomial fits are represented by a1D

2
s þ a2Ds þ a3 and b1E

2
a þ b2Ea þ b3,

respectively.

a1 a2 a3 b1 b2 b3

Si–SiO2 −3.6411 0.1921 0.0071 … 0.2453 0.2360
ZnO 98.1452 −7.9501 0.3287 −0.0671 0.5270 −0.25719
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quadratically with Ds but linearly with Ea. The nature of the trans-
port and lysis probability trend of micro-channels to Ds and Ea is
linear in transverse cross section except for ZnO, which is quadratic
to Ds. To consolidate, Lp of channels with a nanowire array
decreases with the increase in Ds. Moreover, the lysis probability
increases with the increase in the applied electric field.
Furthermore, channels with ZnO nanowire array are better in
lysing E. coli cells.

Polynomial fits a1D2
s þ a2Ds þ a3 and b1E2a þ b2Ea þ b3 to

the simulated data, similar to horizontal cross section, are tabulated
in Table III.

Overall, the present design using semiconductor nanostruc-
tures is effective in amplifying the electric semiconductors that do
not get corroded, unlike metal electrodes. This is because the
metal electrodes tend to corrode easily when electrolytic fluids are
used. The results show that E. coli cells are attracted to regions of

FIG. 10. E. coli motion trajectories in the microfluidic channel for transverse cross section under an applied electric field (Ea) of 1 kV/cm containing (a) Si–SiO2 (Cs = 1/3)
and (b) ZnO (θ = 45°) nanowire array with array spacing equal to 10 μm at the end of 1 ms. The color bar represents the velocity magnitude of the cells. The solid circles
denote the final positions of the cells and the colors of the circle denote the velocity magnitude at the final position. The other end of the trajectory depicts the initial
positions of the cells.
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greater electric field strengths. The present model and simulation
can help in understanding the role of nanowires in electric field
distribution and its impact on the trajectories of micro-scale and
nano-scale particles like bacteria for a better design. A simplified
model was presented in Ref. 39 for estimating the field enhance-
ment using CNT nanowires. In a previous design, electrodes of
cuprous oxide carbon nanotubes on copper foam37 proposed that
the interaction between the nanowires and bacterial cells are the
reason for disinfecting the water. With the carbon nanotubes on
sponge,38 a field enhancement of 1 × 107V/m was estimated using
simple analytical expressions. The model developed in the present
study has diverse applications, independent of materials and
geometry, and is more accurate in terms of obtaining electric field
distribution. This can give better insights into future implementa-
tion of devices that involve nanostructure arrays for cell
manipulation.

IV. CONCLUSION

In conclusion, a microfluidic channel containing a semicon-
ductor nanowire array for electrical cell lysis has been analyzed. We
have studied the effect of nanowire geometry, size, and orientation
on the electric field for the ZnO, Si, and SiO2 arrays. The results
show that such type of nanostructured microfluidic configuration
using a semiconductor nanowire array is highly effective in ampli-
fying the electric field strength. It is observed that for a given diam-
eter to inter-nanowire separation ratio, the amplification of the
electric field intensity in the case of ZnO nanowires is higher com-
pared to that in the case of Si or SiO2 nanowires. The combined
effect of nanowire geometry, piezoelectric, and spontaneous polari-
zation in a ZnO nanowire array is responsible for better enhance-
ment. The optimum enhancement in ZnO is given by nanowires
oriented at θ = 45° to the electric field in the plane perpendicular to
the growth direction. The field enhancement at the nanowire tips
increases as the pointedness increases. An intermediate coating
thickness of SiO2 yields better enhancement in comparison to non-
coated nanowires. The effect of Si and SiO2 nanowire is negligible
on the trajectories of biological cells, whereas the ZnO nanowire
array greatly influences the cell trajectories. The channels with the
ZnO nanowire array have a greater probability of lysing cells. The
lysis probability of the channel decreases as inter-nanowire spacing
decreases except for ZnO in the vertical plane, whereas the lysis
probability increases with the applied electric field.
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