
Application of an atomic force microscopy-based technique.

OOVER THE PAST FEW YEARS, VIRUS
detection techniques have become in-
creasingly important because of the fre-
quent occurrence of new pathogenic
virus strains. At present, there are two
well-established diagnostic techniques
for viruses: immunoassay and DNA-/
RNA-based methods [1]. Immunoassay,

considered the gold standard, uses either
direct immunofluorescent assay or mem-
brane enzyme-linked immunosorbent assay
to first isolate the virus and then charac-
terize it using serological or other molec-
ular biological tools. Typical drawbacks
for immunoassay include poor specific-
ity and low sensitivity. By comparison,

DNA-/RNA-based methods such as
reverse transcription-polymerase chain
reaction assays are much more specific
and sensitive. These methods, however,
are typically very time consuming since
the protocol requires a series of DNA/
RNA isolation, concentration, and gel
electrophoresis.
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An alternative approach in virus detec-
tion can be direct measurement of the
material properties of individual virus
particles. Previously, atomic force micros-
copy (AFM), as shown in Figure 1, has
been demonstrated to be an excellent
characterization tool not only in mea-
suring the topography of nanoscale
biomolecules such as DNA at high reso-
lutions but also in determining the mechan-
ical properties of individual avian influenza
virus particles through nanoindentation
[2]. This article describes the application
of a similar AFM-based technique to deter-
mine the electrical properties of individual
infectious laryngotracheitis virus (ILTV)
particles. Specifically, the ILTV’s electri-
cal properties were measured in the form
of ac impedance spectrum, as the virus
particle was sandwiched between a con-
ductive AFM tip and a conductive indium
tin oxide (ITO) substrate. ILTV is one of
the most contagious viruses that can cause
severe health problems in chicken flocks.
For states like Arkansas, ILTV outbreaks
can lead to significant financial losses in
the poultry industry. It is hypothesized
that the viral electrical properties can be
used to specifically identify ILTV through
impedance spectroscopy. Confirmation of
the hypothesis will be a breakthrough
in the detection, classification, and iso-
lation of ILTV.

MATERIALS AND METHODS

VIRUS SAMPLE PREPERATION

ILTV is a member of a large Herpesviri-
dae family. For the present study, the
United States Department of Agriculture
(USDA) reference strain was purchased
from the National Veterinary Services
Laboratory (NVSL). The stock ILTV
titer, which is defined as plaque-forming
unit per milliliter (pfu/mL), was 105

pfu/mL. Generally, one pfu titer consists
of 103–107 individual virus particles
(termed virion). Thus, the ILTV stock is
estimated to consist of approximately
108–1012 virion/mL. For both inactiva-
tion and fixation of ILTV, 200-lL ILTV
stock was mixed with paraformaldehyde
to become a 4% concentration. To verify
virus inactivation, the ILTV suspension
was used to infect cultured cells, and the

plaque formation was monitored for
virus propagation. The virus sample used
in the present study was confirmed to be
inactive when no live ILTV propagation
was observed.

The preparation procedure of the
AFM samples is as follows. First, 10 3

dilutions of the inactivated stock virus
samples were prepared using deionized
water. Next, each AFM sample was pre-
pared by depositing 100 lL of the virus
suspension on an ITO substrate. The
samples were then allowed to air dry in

optimal environmental conditions in a
biological fume hood.

EXPERIMENTAL SETUP

An Agilent 5500 AFM was used for
electrical characterization work. The AFM
software provides a current sensing AFM
(CSAFM) function under contact mode.
In this mode, an external impedance ana-
lyzer can be connected to the AFM for sig-
nal processing. CSAFM requires a special
10� nose cone containing a preamplifier. A
bias voltage is applied to keep the AFM
probe tip as a virtual ground. For the
study, a current-sensing conductive AFM
probe on a 10-lm scanner was put into
the AFM. The probe consists of a Cr-/Pt-
plated silicon tip with< 25 nm radius and
a spring constant of 0.2þ 50% N/m. The
resonant frequency is 13 kHz.

To carry out ac impedance measure-
ments that require a closed circuit for the
frequency sweep, hookup wires were
attached to the AFM nose cone’s spring
that holds the AFM probe and also to the
virus sample’s conductive surface. This
surface consists of a 1,500-Å conductive
ITO layer that serves as a ground plane
for electrical characterization.

IMPEDANCE MEASUREMENT

Electrical impedance is a term that
describes the opposition of a material/
structure to a sinusoidal alternating cur-
rent. In the present study, a small ac sig-
nal is applied to individual virus particles,
and the corresponding absolute imped-
ance Z and phase angle h of the system
are recorded. Based on this information,
the electrical resistance R and reactance
X of the virus particle are determined by
using the following equations:

R ¼ Z cosðhÞ,
X ¼ Z sinðhÞ:

(a)

(b)

FIGURE 1 AFM-based analysis of biomole-
cules. (a) Topography of a 3,000-bp double-
stranded DNA. (b) An avian influenza virus
particle with an indented top surface created
by an AFM tip.

A high stiffness coefficient will lead to potential
sample damage, while a low stiffness

coefficient will result in poor electrical contact
between the tip and the virus.
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Figure 2 shows a schematic of the
virus–AFM–impedance analyzer experi-
mental setup. In this setup, the particle is
sandwiched between the ITO substrate
and the conductive AFM probe tip. The
impedance analyzer (HP 4192A) sends a
small sinusoidal signal to the virus through
the conductive tip, records the current
response, and computes the impedance
value. Selecting an AFM tip with the
proper stiffness coefficient is critical to
this electrical characterization process. A
high stiffness coefficient will lead to poten-
tial sample damage [see Figure 1(b)],
while a low stiffness coefficient will result
in poor electrical contact between the tip
and the virus.

Impedance data were measured in the
frequency range of 10 kHz to 1 MHz at
increments of 10 kHz. The peak-to-peak
voltage is 1 VAC. PC-based LabView
was used to control the impedance ana-
lyzer through a general-purpose interface
bus (GPIB). A standard LabView pro-
gram was developed to read the GPIB
card from the impedance analyzer.

EQUIVALENT CIRCUIT AND ZV IEW

After the impedance data were recorded,
the information was converted into the

corresponding resistance and reactance
data and plotted using the PC program
ZView. The ZView curve fits the data
with equivalent circuit models of the
measurement system, as shown in Figure
3, and calculates the model’s components
to determine the virus capacitance values
[3]. In Figure 3, the constant phase ele-
ment (CPE1) is a frequency-dependent
component that represents the hardware
elements of the AFM system, including
the AFM tip and leakage current.

As described in [3], ZView is a strong
program for calculating the components
of an equivalent circuit. It consists of
preprogrammed equivalent circuits as
well as an option to create new circuit
models. ZView also allows for imped-
ance data to be inserted as a text file
in resistance and capacitance versus fre-
quency form into an existing plot. There
are curve-fitting options to allow an
equivalent circuit to be fitted to the plot.
The circuit components can be made
constant or variable, and the variable ele-
ments are then calculated.

VIRUS DIELECTRIC

CONSTANT MEASUREMENT

To determine the electrical properties of
the virus, the resistance of the instrument
and CPE must be determined. Imped-
ance measurements were carried out using
a similar experimental setup (Figure 2),
except with the AFM tip touching the
ITO substrate, thus closing the circuit.
The measured impedance data were fit-
ted with the equivalent circuit model
shown in Figure 3(a). The result was
used to calculate R1 and CPE1 of the
equivalent circuit.

An identical procedure was employed
to characterize the virus samples. Using
the experimental setup shown in Figure 2,
impedance measurements were made.
The data were then fitted with the
equivalent circuit model shown in Figure
3(b). Since the values of R1 and CPE1
have already been determined, the curve-
fitting result yields the capacitance C1 of
the virus particle.

In addition to virus particles, the
impedance of polystyrene nanobeads was
also characterized to verify the validity of
the AFM method. For this study, nano-
beads of similar size (diameter� 200 nm)
as the ILTV were chosen as the reference
sample. Based on previous studies, the
dielectric constant of polystyrene beads is
approximately 2.6 [4]. Knowing this value
as well as the capacitance values of the
nanobead and virus, the dielectric con-
stant of the virus can be approximated
by the following equation [5]:

ev ¼
Cv

Cb
eb:

Here, ev is the dielectric constant
of the virus, eb is the dielectric constant
of the nanobead, Cv is the capacitance of
the virus, and Cb is the capacitance of
the nanobead.

EXPERIMENTAL RESULTS
AFM topographical images of the ITO
substrate, polystyrene nanobeads, and
virus samples are shown in Figure 4. As
expected, the ITO surface is determined
to be extremely smooth when compared
with the surfaces immobilized with nano-
beads and viruses. This is an important
criteria for achieving high-resolution

R1 C1CPE1

R1 CPE1

(a)

(b)

FIGURE 3 Equivalent circuit models.
(a) Without and (b) with virus. R1, instrument
resistance; CPE1, constant phase element of
the instrument and its surroundings; C1,
capacitance of the virus.

Virus

Tip

ITO

Impedance
Analyzer 

FIGURE 2 Schematic of the impedance
measurement.

Atomic force microscopy has been
demonstrated to be an excellent

characterization tool not only in measuring the
topography of nanoscale biomolecules but

also in determining the mechanical properties
of individual avian influenza virus particles.
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scans of nanoscale samples. The nano-
bead image displays clusters of well-
defined, round-shaped structures whose
average height corresponds very well to
the vendor-supplied information of 200
nm. In the image, the virus particles appear
as distinct disklike structures. The average
diameter of the disk structures is approxi-
mately 200 nm, which agrees well with
the established structural information of
ILTV. Since the virus particles are inacti-
vated, the height of the disks is only in the
range of tens of nanometers, indicating
that the virus structures have collapsed.
Similar results have previously been ob-
served in the AFM scanning of avian in-
fluenza viruses [2].

Figure 5 demonstrates the absolute
impedance spectra of the ITO substrate,
nanobead, virus, and buffer control, as
measured by the impedance analyzer.
These results are averaged results based
on multiple experimental runs, and the
degree of repeatability is high. The con-
trol, ITO, is shown to possess the lowest
impedance value within the frequency
range examined. The impedance values
of the nanobead, buffer, and virus are
all distinctively higher, with the largest
difference occurring in the low-frequency
range of the spectrum. The average differ-
ence in absolute impedance between the
virus and ITO substrate is more than
30%. It can be observed that the absolute
impedance of the virus is also different
from that of the polystyrene nanobead.

The absolute impedance data were
further processed to generate the corre-
sponding resistance and reactance infor-
mation, which was then inserted into

ZView for curve fitting based on equiva-
lent circuit models. Figure 5 demon-
strates the average capacitance values of
the nanobead, buffer control, and virus
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FIGURE 5 Absolute impedance spectra of ITO substrate, nanobead, virus, and buffer control.

(a) (b) (c)

FIGURE 4 Topographical images measured by Agilent AFM. (a) ITO substrate, (b) polystyrene nanobeads, and (c) ILTV.

The impedance analyzer (HP 4192A) sends a
small sinusoidal signal to the virus through the

conductive tip, records the current response,
and computes the impedance value.
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particle. It is evident that the capacitance
values of the nanobead and virus particle
are significantly different from that of
the buffer control. The average capaci-
tance of the nanobead is about 6.5 nF,
while that of the virus is about 6 nF.

Based on the capacitance results,
the dielectric constant of the ILTV
was calculated using the previously de-
scribed equation. The value was deter-
mined to be approximately 2.4. This is
slightly lower than that of the polysty-
rene nanobead.

CONCLUSIONS
This article investigates the electrical
properties of individual ILTV particles
using AFM and compares these proper-
ties with that of various control materials
to determine the validity of identifying
ILTV based on their unique material
properties. The result indicates that the
absolute impedance of a single ILTV parti-
cle in the frequency range of 10–65 kHz

is about 30% higher than that of the
bare conductive substrate on which the
viral impedance value is measured. By
curve fitting the experimental data with
an equivalent circuit model of the
measurement system, the average capac-
itance of the virus particle is determined
to be approximately 6 nF. By comparing
this capacitance value with that of a
polystyrene nanobead of similar dimen-
sions, the dielectric constant of the virus
particle is determined to be approxi-
mately 2.4.

The current result indicates that it is
indeed possible to identify ILTV based
on its electrical properties when com-
pared with abiological materials of similar
nanoscale dimensions. However, addi-
tional studies will be required to deter-
mine whether it is possible to identify
ILTV among biological materials such
as other virus strains of similar dimen-
sions. With known differences between
ILTV and control properties, an electrical

detection scheme of ILTV can be devel-
oped to provide fast, on-site diagnostics.
Such a system will equip poultry farmers
with the ability to exercise quick response
to ILTV outbreaks and prevent large-
scale financial loss.
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FIGURE 6 Capacitance of nanobead, buffer control, and virus.

Electrical impedance is a term that describes
the opposition of a material/structure to a

sinusoidal alternating current.
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