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ABSTRACT Impedance spectroscopy is a technique that reveals information, such as macromolecular charges and related
properties about protein suspensions and other materials. Here we report on impedance measurements over the frequency
range of 1 Hz to 1 MHz of a-b tubulin heterodimers suspended in a buffer. These and other polyelectrolyte suspensions show
enormous dielectric responses at low frequencies, due both to the motion of charges suspended in the medium and to an
electrical double layer that forms at each electrode-medium interface. We propose an equivalent circuit model to minimize
electrode polarization effects and extract the intrinsic response of the bulk medium. At megaHertz frequencies, the conductivity
increases with concentration below the critical concentration of ;1 mg/ml for microtubule polymerization, above which the con-
ductivity decreases. This suggests that such measurements can be used to monitor the dynamics of microtubule poly-
merization. Finally, we obtain the net charge number per tubulin dimer of |Z| ¼ 306 in the saline buffer, which, if maintained as
the dimers polymerized, would yield a linear charge density of 3.8 e/Å for the assembled microtubules. These results are
potentially important for fundamental electrostatic processes in biomolecules and suggest the possibility of developing future
bioelectronic applications.

INTRODUCTION

Recent interest in measuring the dipole moment of the a-b
tubulin heterodimer under physiological conditions has spurred

the development of experimental techniques to achieve this

goal. Techniques that include dielectrophoresis and surface

plasmon resonance (1) have been used, the latter providing a

dipole moment that compares favorably to that calculated

(2–4) using the 3.7 Å resolution electron crystallography

structure (5). This interest is driven, in part, by the idea of

using highly dipolar proteins in biological circuit design

(6,7) as well as theories proposing that tubulin may act as a

unit of information called a ‘‘biobit,’’ or perhaps the quan-

tum analog of this, a ‘‘bioqubit’’ (8,9).

In vivo a-b tubulin dimers, whose dimensions are 43 53
8 nm (10), polymerize to form protofilaments, which in turn

combine into tubelike structures known as microtubules.

Each of these hollow structures can be up to several microns

long, and have;25 nm and 14 nm outer and inner diameters.

Microtubules are major components of the cellular cytoskel-

eton and perform numerous functions within the cell. They

play critical roles in mitosis, vesicle transport, cell support,

cell motility, and, possibly, information processing. Moreover,

electrostatic interactions among microtubules and chromo-

somes in the mitotic spindle have been proposed to affect key

processes, including prometaphase, metaphase, and ana-

phase-A (11).

The electrical properties of microtubules and their tubulin

constituents have been widely studied using computational

methods. Baker et al. (12) showed the overall negative elec-

trostatic potential of the microtubules in an aqueous envi-

ronment with small regions of positive potential, especially

in the ‘‘–’’ end or slowing growing end. The ‘‘1’’ end

(highly negative) corresponds to the rapidly growing end

in microtubule formation.

Proteins have a complex three-dimensional structure, as

well as a complex charge distribution. For example, poly-

mers such as F-actin filaments are highly charged with a

linear charge density at pH 7 of one electron charge per 2.5 Å,

along its length (13,14). Another vitally important molecule

is DNA, which in an aqueous environment has one electron

charge per 1.7 Å. Such large charge densities can give rise

to condensed structures such as charge density waves of di-

valent cations (14).

The theory of dielectrics, briefly reviewed below, can be

used in principle to extract the dipole moment and the net

charge of tubulin heterodimers suspended in a polar medium.

The relative permittivity, or dielectric constant e, is a mea-

sure of a system reaction to an applied electric field (15).

The experimental technique used in this study for mea-

suring broadband frequency spectra of the relative permit-

tivity and conductivity is relatively straightforward. By

applying a sinusoidal field and sweeping the frequency over

the desired range, one obtains the complex ratio of the volt-

age and current amplitudes, with phase information included.

Submitted July 15, 2005, and accepted for publication February 3, 2006.

Address reprint requests to John H. Miller Jr., Dept. of Physics and Texas

Center for Superconductivity at the University of Houston, 4800 Calhoun

Rd., Houston, TX 77204. Tel.: 713-743-8257; Fax: 713-743-8201; E-mail:

jhmiller@uh.edu.

Hugo Sanabria’s present address is Dept. of Neurobiology and Anatomy,

University of Texas Medical School, 6431 Fannin, Rm. 7.410, MSB

Houston, TX 77030.

� 2006 by the Biophysical Society

0006-3495/06/06/4644/07 $2.00 doi: 10.1529/biophysj.106.069427

4644 Biophysical Journal Volume 90 June 2006 4644–4650



The frequency dependence of the relaxation processes will

depend on the contribution of the polarizability of the material.

For biological matter, there are several different frequency

ranges within which one can observe these processes, in-

cluding the a-, b-, and g-relaxations. This nomenclature was
first proposed by Schwan in 1957 (16). The smaller the length-

scale of the relaxation process one probes, the larger the fre-

quency is needed to observe its effect. The so-calleda-response
has been found to correlate with the overall membrane po-

tentials of live whole cells in an aqueous suspension (17–19),

whereas the b-response is related to the orientational polariz-

ability of proteins and lipids. At higher frequencies, one probes

smaller molecules such as amino acids and bound water until,

at several GHz, attaining the g-response that is attributed to the
relaxation of individual water molecules.

Experimentally, it is quite difficult to remove parasitic

effects that screen the real information. In this article, we

show experimental results, a method for extracting the in-

trinsic properties of the medium, and an interpretation of the

conductivity spectra observed for tubulin suspensions.

THEORY

Impedance spectroscopy (IS) is one of many techniques used

to study the electrical properties of materials. This method

has been widely used in material science, and also in

studying the electrical properties of biological materials. IS is

gaining renewed strength as a tool complementary to other

techniques used to study the structural and related properties

of proteins. Such well-established techniques include nuclear

magnetic resonance, electron spin resonance, and x-ray

crystallography, all of which provide important data from a

structural perspective. Although IS does not have the

structural selectivity of these methods, it can nevertheless

provide important information about the protein’s charge

dynamics, as related to its structure. This method is ex-

tremely sensitive to polarization interfaces and intermolec-

ular interactions, such as dipole-dipole interactions and

cooperative processes.

The main theory of the dielectric properties of globular

objects in solution is based on Onsager’s theory, where a

polar medium acts as the solvent and another polar substance

is dissolved or suspended in it. In this theory, one considers a

cavity with a permanent dipole moment in the middle. By

solving the Poisson equation with the appropriate boundary

conditions, it can be shown (20) that the local field plays an

important role in the contribution to the field observed by the

molecules. In this case, a function that relates the dipole

moment of the molecules with the dielectric dispersion can be

simplified to

De ¼ ðes � eNÞ ¼ gm
2
NAC

2e0MkT
; (1)

where m is the dipole moment of the protein, NA is

Avogadro’s number, C is the concentration in (mg/ml ¼

kg/m3), M is the mass of the protein (kg/mol), k is the

Boltzmann constant, T the absolute temperature, and g is the
(unknown) Kirkwood correlation factor, which is usually

assumed to be 1. This equation tells us that, by measuring the

low- and high-frequency-limiting dielectric constants, es and
eN, one can calculate the dipole moment of the protein for

given assumptions or g.
One can define the complex relative permittivity (dielec-

tric constant) e ¼ e9 – ie$ as a function of the angular

frequency v ¼ 2pf with the real and imaginary components,

e9 ¼ eN 1
ðes � eNÞ
11v

2
t
2 ; (2)

e$ ¼ vtðes � eNÞ
11v

2
t
2 ; (3)

where t is the inverse of the characteristic Debye relaxation

frequency. In a similar way we have, for the real part of the

conductivity

s9 ¼ ss 1
v

2
t
2ðsN � ssÞ
11v

2
t
2 ; (4)

so that they are related by

ðes � eNÞ ¼ tðsN � ssÞ
e0

: (5)

Thus, by taking either the complex spectrum of the rel-

ative permittivity or the real part of the conductivity one can,

in principle, extract the changes in the relative permittivity

given by Eqs. 1 and 5. This relationship has been widely

used for extracting with high accuracy the electrical dipole

moment for other biomolecules, such as myoglobin, hemo-

globin, DNA, etc. (21–23).

As the conductivity of the solution or suspension

increases, the contribution from the dielectric is screened

by the high concentration of ions, making the extraction of

the dielectric spectrum very difficult. Under such conditions,

it is better to understand the mechanisms involved in the

frequency-dependent conductivity. Using the change in the

high frequency limit of the conductivity (sN) we can extract

information about the charge density per molecule, in this

case per tubulin heterodimer, which is related to the linear

charge density of the polymerized microtubules. Thus, we

can define the ion (charge particle) mobility ui according to

(24)

ui ¼ jZije
ji

; (6)

where the subindex i represents the different types of ions in
solution, ji is the friction coefficient, and |Zi| the amount of

electrical charges per ion i. For the case of an ellipsoid

moving at random, we have (25)

j ¼ 6pha

lnð2a=bÞ; (7)
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where h is the viscosity, and the semiaxes of the ellipsoid

are a and b; for the case of tubulin, they take the values of

a ¼ 2.25 nm and b ¼ 4 nm. Then, one can relate the ion

mobility to the conductivity measurements as

sN ¼ +
i

FjZijuiCi ¼ +
i

FjZij2eCi

ji
; (8)

where F is Faraday’s constant.

For the experiment reported here, sN corresponds to the

measured conductivity at 1 MHz and contains the contribu-

tion of both the solvent (buffer) and solute (tubulin). Then,

we can rewrite Eq. 8 as

sN ¼ sbuffer 1stubulin; (9)

where sbuffer is the measured conductivity of the buffer alone

at 1 MHz, and stubulin will correspond to the contribution to

the conductivity due to tubulin alone. This interpretation

assumes that there is only one population of free dimers in

solution and there is no aggregation effect taking place; see

Results and Discussion for a better description of the use of

this equation.

EXPERIMENT

To perform the impedance spectroscopy of tubulin in a

buffer solution, we used a Solartron 1260 impedance

analyzer (Solartron Analytical, Farnborough, UK) with a

liquid cell with stainless steel electrodes, as shown in Fig. 1.

The spectra were recorded from 1 Hz to 1 MHz. Polar and

nonpolar liquids were used for calibration purposes, for

which the real part of the relative permittivities (e9) are

shown in Fig. 2. It is clear from this data that polar liquids

increase the electrode polarization effects at lower frequen-

cies. Several methods exist to compensate such electrode

polarization effects, which can be thought of as the

appearance of a small diffusive (or double) layer, a few

molecules thick, which screens the electric field and thus

gives an apparent increase in the measured capacitance.

Some of the proposed methods include changing the spacing

between the electrodes and assuming that the additional

impedance due to electrode polarization is independent of

the separation distance (17). This method works best for

separation distances that are large compared to the diameter

of the electrode. For the measurements reported here we are

restricted by the small sample volume, and thus this

technique is not satisfactory.

An alternative method is to consider modeling the double-

layer effect on the circuit, as shown in Fig. 3, where we have

used a constant phase element (CPE) to represent the

polarization impedance Zp. Let us recall that the impedance

of the CPE is written as

Zp ¼ 1

QðivÞp; (10)

where Q can be considered as a measure of the concentration

of ions close to the interface between the electrode and the

electrolyte and p has been called the fractal dimension (26); it

is related to the roughness of the electrode surface (27,28).

Its fractal nature takes into account the porosity of the elec-

trode, which is the main difference as compared to a simple

capacitive layer, corresponding to p ¼ 1. The thickness of

this porous layer contributing to the polarization impedance

is related to the Debye length. Also such power law behavior

can be obtained by assuming a random walk of ions near to

the rough surface of the electrode (29).

For the case of polar molecules, we use Eq. 10 to account

for the large contribution of the polarization effect, thus the

total impedance is given by

ZðvÞ ¼ Rs 1 ivLs 1
1

QðivÞp 1
1

1=Rm 1 ivCm

; (11)

where Rs 1 ivLs corresponds to the cable impedance; the

next term is the CPE polarization impedance described

above; and the last term is the leakage capacitor described by

a pure capacitor Cm ¼ e9e0A/d (with A the surface area of the

electrode and d the separation distance) connected in parallel
with a resistor Rm ¼ i/Gm, where Gm ¼ s9A/d is the con-

ductance.

Using Eq. 11, one can obtain a good fit for the data shown

in Fig. 2, where the measured points are shown by symbols

FIGURE 1 Experimental setup. A Solartron 1260 im-

pedance analyzer was used to sweep the frequency from

1 Hz to 1 MHz. The liquid cell with stainless steel elec-

trodes was 2 cm in diameter, and contained a guard ring

that reduced fringing fields. The separation distance used

in the experiments between the electrodes was 1 mm.
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and their correspondent model fitting shown in solid lines.

The difference between the fitting of polar liquids (water,

glycol, and acetone) and nonpolar (benzene, air) is that,

for nonpolar liquids, the polarization impedance and cable

impedance are neglected. In these cases, the capacitance is

constant, as shown for benzene and air, with good agreement

with the reported values (30). Polar liquids, as well as ionic

solutions, have strong polarization effects at the electrode

interfaces; therefore, the model for them includes all the

terms in Eq. 11. In addition, liquids with large conductivity

impede the measurement of the relative permittivity of the

sample, because most of the contribution to the impedance

will be given by ionic currents.

METHODS

Tubulin was purified from bovine cerebra and rapidly frozen (31). It was

kept at �80�C for further use at a concentration of 6 mg/ml in buffer

solutions composed of 0.1 M MES, 1 mM EGTA, 0.1 mM EDTA, 0.5 mM

MgCl2, and 1 mM GTP at a pH 6.4. The experiment started with the highest

concentration of 2 mg/ml with the initial volume 1.5 ml. We allowed

samples to reach room temperature and then waited 45 min before taking

measurements, allowing time for polymerization that was expected to occur

at concentrations above 1.1 mg/ml. The complex impedance of each

suspension was measured over the frequency range of 1 Hz to 1 MHz, and

then the buffer solution was added and resuspended by pipetting to change

the concentration in steps of 0.1 mg/ml until reaching a final concentration

of 0.1mg/ml.

It is known that the tubulin dimers spontaneously polymerize when their

concentration exceeds a critical concentration of;1.0 mg/ml (10). Also, this

process is reversible and will only depend, for a few polymerization cycles,

on the concentration of tubulin. In addition, studies of the temperature

dependence of polymerization show that, at temperatures below 4�C, mam-

malian tubulin cannot polymerize and form microtubules.

RESULTS AND DISCUSSION

For calibration of the liquid cell we measured a short

terminus, for which one can evaluate the parasitic effect of

the cable impedance (Rs ¼ 0.33 V and Ls ¼ 2 3 10�7 H),

and subtracted it from the data. From the model used we

observed that the conductivity of the buffer was high,

because of the amount of ions in the solution and with

addition of tubulin the conductivity changed drastically.

By fitting the data with the model described by Eq. 11,

as in the case of the calibration data (Fig. 2), we obtained

the exponent in the CPE element, sometimes called fractal

dimension, for each concentration, with a mean value of 0.85

(see Fig. 4). This value is close to the previously reported

of 0.78 for stainless steel electrodes (26), the difference is

attributed only to changes in surface roughness, having in

mind that when p ¼ 1 the surface is considered to be per-

fectly flat. The parameter Q shows an increase with tubulin

concentration (Fig. 5).

In addition, we extracted the real part of the conductivity

versus frequency of tubulin suspensions. This was obtained

after subtracting the constant phase-angle impedance and

other external impedance elements shown in Fig. 6. Here we

observed a relaxation process at ;1 kHz mainly due to the

motion of ions at the electrode interface (H. Sanabria and

J. H. Miller Jr., unpublished work); this relaxation process is

FIGURE 4 Variation of fitted parameter p from Eq. 10 with respect to

changes in concentration, showing that the fractal dimension does not

change considerably.

FIGURE 2 Calibration curves for polar and nonpolar liquids. For non-

polar liquids, we used a simple model, that includes a leakage capacitor to fit

the data with the solid lines (Parallel RC circuit). For polar liquids we fit the

data using Eq. 11 with the constant phase element as a model for the

polarization effect.

FIGURE 3 Circuit model. In this model, we included the cable impedance

as well as the constant phase element to correct for the polarization effect.
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described by Eq. 4. Since the capacitive effects of the sample

were screened by the high conductivity of our solution in this

case, it was better to work with the conductivity spectra in

which we have observed changes with respect to the con-

centration. In addition, Fig. 6 shows the difference in the

conductivity measurements between a buffer solution with

no tubulin and with tubulin at various concentrations. This

difference gives almost a twofold increment in the conduc-

tivity, which is related to the large charge expected of tubulin

dimers.

The increase of the high frequency limit of conductivity

(sN), obtained below the critical concentration of 1.1 mg/ml

shown in Fig. 7 from fitting Eq. 4 to the tubulin solutions, is

due to the fact that tubulin itself is negatively charged, giving

rise to more charge particles in motion in our solution. It

should be noted that the conductivity versus concentration

reaches a maximum near the critical concentration, where

tubulin dimers start polymerizing to form microtubules.

Microtubule polymerization most likely affects the conduc-

tivity of the sample, because the mobility of the microtubules

is smaller than that of the tubulin dimers. In addition, after

they polymerize, they will also enter into an active phase

where microtubules show dynamic instability.

To calculate the net charge per dimer, we can consider

Eq. 8 as the sum of the conductivity of the buffer, which

contains all of the different constituents, plus the conductiv-

ity of the tubulin dimers. This assumption is only valid in the

region where there is no polymerization, because as we have

shown at the critical concentration the conductivity is not

linear.

Solving for |Z| from Eq. 8 the amount of charge per tubulin

dimer is given by

jZj ¼ stubulin6pha

eFClnð2a=bÞ
� �1=2

: (12)

In SI units, the concentration of tubulin used was C ¼
0.011 mol/m3, Faraday constant is 96485.3 C/mol, the

viscosity of the buffer is assumed to be close to that of the

water 1 cP ¼ 0.001 Ns/m2, and the change in the limiting

high frequency of the conductivity from a concentration of

0.1 mg/ml to buffer alone isstubulin¼ sN� sbuffer; 0.24 S/m.

This calculation gives a net charge |Z| ; 306 at pH 6.4,

which is within an order of magnitude, but significantly

higher than the reported value of;�20 at pH 6.5 for no salts

and no intramolecular charge compensation (32). The net

charge obtained when divided by the length of the dimer yields

a linear charge density for the microtubules of ;3.8 e/Å. This

is considering the microtubules to be as one-dimensional

wires, but most certainly all the charge is distributed in a non-

homogeneous manner over the whole surface/volume of the

microtubules yet to be resolved.

In addition, there are several considerations or assump-

tions for which we obtained such a large value for |Z| ; 306

FIGURE 6 Conductivity spectra for tubulin suspensions. The relaxation

frequency observed in the kHz range is mainly due to the accumulation of

ions at the interface. The inset shows, in detail, the frequencies between 1 and

10 kHz.

FIGURE 7 Behavior of s9N as a function of the concentration after

45 min. The maximum point in the trend line is close to the 1.1 mg/ml, which

is the critical concentration at which microtubules start polymerizing. After

polymerizing above this concentration, they exhibit the well-known dynamic

instability.

FIGURE 5 Linear change of the parameter Q with respect to the con-

centration of tubulin in suspension.
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electrical charges per dimer, including the fact that Eq. 12

takes the difference on conductivity from buffer alone and

with a defined concentration. If one follows the quadratic

behavior observed on the fitted curve in Fig. 7, and finds

the limit when there is no tubulin present in solution, the

difference in conductivity is an order-of-magnitude less

stubulin 0.02 S/m, giving an order-of-magnitude less on the

total electrical charges |Z| ; 30.

Also, it is worthwhile to mention that Eqs. 8 and 9 do not

consider the right population statistics of pure tubulin and the

population of microtubules formed—affecting the contribu-

tion to the conductivity of the free dimers, which are the

more mobile inside the solution. Such consideration can only

give us, for the time being, a range of the charge density to be

from 0.3 to 4 e/Å. Obviously, the lower limit gives a better

agreement with the values previously reported (32).

Other factors are present that will affect the expected

charge density; these include enhanced viscosity of the tu-

bulin suspension as compared to that of water (33), which

affects the mobility of the dimers in suspension, as well as

the presence of cations and anions that interact with the tu-

bulin dimers to create a charged shroud surrounding each

isolated dimer. When the dimers polymerize to form micro-

tubules, the areas of the regions in contact with the elec-

trolyte will be greatly reduced, which would tend to greatly

reduce the total charge of the ‘‘shroud.’’ Another factor that

may play a role is a possible preferred orientation of the

dimers when they move in response to an applied field.

CONCLUSIONS

Impedance spectroscopy has been used to obtain electrical

properties such as net charge of tubulin in solution. Recent

the interest on learning more about the dynamics of tubulin

makes this technique very promising, because it is very sen-

sitive to polarization effects, molecular interactions like dipole-

dipole interactions, and cooperative processes.

There are experimental artifacts at low frequencies that

have to be considered, such as electrode polarization, which

screen the information and make the data analysis difficult.

Such effects cannot be removed completely, but can be

reduced using various approaches, some of which include

changing the separation distance of the plates, using four-

electrode techniques or the approach used in this article by

including a constant phase element accounting for a fractal

behavior of the electrodes in the circuit model.

We have shown that the dynamics of polymerization can

be studied using impedance spectroscopy, a technique that

seems promising for future studies of the dynamics of pro-

teins, including the study of conformational changes. Also

we were able to extract a linear charge density for micro-

tubules of 3.8 e/Å, which may be important for fundamental

electrostatic processes and suggests the possibility of develop-

ing future bioelectronic applications.
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