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Abstract—A technique for determination of the dielectric constant of individual hemoglobin molecules is pre-
sented. It is based on modeling the profiles of their images obtained using electrostatic force microscopy. The
obtained values of the static dielectric constant are in agreement with the known literature data. The proposed
method can be adapted to determine the dielectric characteristics of individual molecules of various proteins.
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Sensitivity of electrical and dielectric properties of
proteins to changes in environmental conditions deter-
mines the prospect of their use as an active element of a
biosensor for measuring physical, chemical, biological
or any other parameters that affect the response of the
biosensor in the form of the changes in capacitance,
voltage, resistance or current [1]. To exclude the effects
of collective interaction in an ensemble of molecules on
the processes of polarization and charge transfer in pro-
tein molecules, it is necessary to develop experimental
methods for determining their electrical parameters at
the level of individual molecules. This is important for
better understanding the effect of environmental condi-
tions on aforementioned properties.

The choice of hemoglobin (Hb) as an object of
study in this paper is motivated by the fact that it is well
investigated and often used as a model globular pro-
tein. In addition, Hb is used in biosensors [2].

Electrostatic force microscopy (EFM) is a unique
method for studying dielectric properties of individual
micro- and nanoobjects. This method has a high sen-
sitivity and lateral resolution and represents a powerful
tool for studying the dielectric response and the distri-
bution of the electric field and surface charge density
of submicron size objects. The possibility to use EFM
for quantitative determining the dielectric response of
single bacterial cells with high accuracy and reproduc-
ibility was demonstrated in [3]. The purpose of this
work is to develop an electrostatic force microscopy
technique for determining the dielectric constant of
individual hemoglobin molecules.

To study the dielectric response of individual Hb
molecules, the sample was fabricated as follows. Indi-

vidual protein molecules were deposited from an
aqueous solution of Hb (25 μL) with a concentration
of 70 μg/mL onto freshly cleaved surface of highly ori-
ented pyrolytic graphite (HOPG). After 20 min,
HOPG was washed in a deionized water to remove
unabsorbed protein and dried in air.

EFM measurements of the sample were carried out
using an MFP-3D SA atomic force microscope (Asy-
lum Research, United States) at the Omsk Regional
Center for Сollective Use (Omsk Scientific Center,
Siberian Branch, Russian Academy of Sciences). To
eliminate the influence of the sample surface relief on
the measurement results, a two-pass technique was
used in each scan line on the first pass, the surface
relief was determined using a tapping mode. On the
second pass, the probe tip was removed from the sur-
face at a predetermined distance and rescanning was
performed along the trajectory of the first pass at
applied DC voltage on probe tip.

The recorded signal is the phase shift of the canti-
lever oscillations on the second pass. The surface dis-
tribution of the phase shift forms the EFM image. The
scan height in the second pass was chosen from the
condition of the best signal-to-noise ratio on an EFM
image that is achieved by varying the height of the tip
above sample and the amplitude of cantilever oscilla-
tion. When varying these parameters in the experi-
ment, an optimum lift height of 30 nm was determined
on the second pass.

On the second pass, a constant bias voltage of +3,
+5, +7, −3, −5, and −7 V was applied to the probe.
Later, on the basis of the dependence of the EFM sig-
nal magnitude on the applied voltage, we determined
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Fig. 1. (a) Schematic representation of an EFM experi-
ment and (b) a 3D image of the HOPG surface with
immobilized individual Hb molecules.
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the external contact potential difference (CPD)
between the probe and HOPG [4]. It is necessary to
take the CPD into account to determine the actual
voltage between the probe and the substrate when cal-
culating the theoretical value of the EFM signal and
accurately calculating the Hb dielectric constant.

To eliminate the effect of adsorbate on the dielec-
tric response, all measurements were carried out in a
dry nitrogen atmosphere at relative humidity RH ~
5%. We used ETALON HA_FM conductive cantile-
vers (NT-MDT SI, Russia) with a Pt coating and the
following parameters: resonance frequency ~100 kHz
and tip curvature radius ~35 nm.

Figure 1a shows the scheme of an EFM experi-
ment. A hemoglobin molecule having the form of a
ball with radius r (within the model used) is located on
the HOPG substrate. A tip with curvature radius R is
located at constant height h above the sample, and
constant voltage U is applied between the probe and
the substrate.
TECH
According to [5, 6], the theoretical difference of the
phase shifts characterizing the object under study is
calculated by the formula

(1)
The quantities entering expression (1) are the phase

shift of cantilever oscillations provided by the capaci-
tive probe–substrate coupling,

(2)

and the phase shift determined by the capacitive cou-
pling between the probe and sample,

(3)

where ΔU is the CPD between the probe and sample,
Q = 234 and k = 3.4 N/m are the quality factor and the

cantilever spring constant, respectively, and 

and  are the second-order derivatives of the

correspond capacitances calculated by the formulas

(4)

(5)

Here, ε0 is the electric constant, ε is the dielectric per-
mittivity of a Hb molecule, and y1 and y2 are the limits
of integration along the ordinate axis, namely,

 and , respectively.
The dielectric constant of Hb molecules was deter-

mined using expressions (1)–(5) and fitting the theo-
retical difference of the phase shifts to the experimen-
tally measured value.

Figure 1b shows a 3D image of an HOPG surface
with individual immobilized Hb molecules. The
height of Hb molecules was determined from topo-
graphic images (Fig. 2a), while, to calculate the phase
shift difference between the molecule and the sub-
strate (Fig. 2c), the profile cross section on EFM
images (Fig. 2b) was extracted.

To check whether the contrast of the EFM images
of the Hb molecule is due to capacitive probe–sample
coupling and is not connected with the presence of
free charges on the protein molecule, the dependence
of tanΦ on U2 was plotted (Fig. 3). The strict linear
dependence indicates that the contrast of the EFM
images of Hb molecules is determined only by the
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Fig. 2. (a) Topographic image of the Hb molecule; (b) the
corresponding EFM image at a voltage of +7 V on the
probe. (c) Cross-sectional profile of an EFM image.
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Fig. 3. Dependence tanΦ vs. U2 for an individual Hb mol-
ecule with a diameter of 8 nm.
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probe–sample capacitive coupling, accordingly, equa-
tions (1)–(5) can be used for quantitative calculations.

Based on the profile modeling of the EFM images
of individual Hb molecules, the average value of the
dielectric constant of protein was determined, which,
taking the spread into account, proved to be 2.9 ± 0.9.
According to the literature, the dielectric constant of
proteins lies in the range of 2–4 [7–9], which indicates
the appropriateness of the values obtained.

Thus, this work has shown a method for determin-
ing the static dielectric constant of individual hemo-
globin molecules based on a quantitative analysis of
profiles of their EFM images using the model of electro-
static interaction between an atomic force microscope
probe and a protein molecule. Using the technique
described above, values of the dielectric constant for
individual Hb molecules were obtained that are in accor-
dance with the known literature data for proteins. The
proposed technique can be used to study the dielectric
characteristics of other protein molecules.
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