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Microtubules sMTsd are important cytoskeletal polymers that play an essential role in cell division
and transport in all eukaryotes and information processing in neurons. MTs are highly charged

polyelectrolytes, composed of hollow cylindrical arrangements of ab-tubulin dimers. To date, there
is little information about electrical properties of MTs. Here, we deposited and dried MTs onto a

gold-plated surface to image their topology by atomic force microscopy sAFMd, and determined
their electrical mapping with surface potential microscopy sSPMd. We found a strong linear
correlation between the magnitude of relative surface potential and MT parameters, including

diameter and height. AFM images confirmed the cylindrical topology of microtubular structures,

and the presence of topological discontinuities along their surface, which may contribute to their

unique electrical properties. © 2009 American Institute of Physics. fdoi:10.1063/1.3212147g

Microtubules sMTsd are important cytoskeletal super-
structures, which are implicated in neuronal morphology and

function, including vesicle trafficking, neurite formation, and

differentiation, as well as other morphological and functional

changes in neurons.
1,2
The structural and functional proper-

ties of MTs depend on their high intrinsic charge density,

showing remarkable biophysical properties based on uncom-

pensated negative electrostatic charges.
3–5

MTs can be

strongly aligned by electromagnetic fields,
6–8
which is due to

their interaction with external ions.
9
The hollow features of

MT structures and their charge distribution may be at the

center of their remarkable behavior as biomolecular transis-

tors, which are capable of amplifying electrical signals
4
and

are strongly dependent on interactions with surrounding di-

valent cations such as Ca2+. Electrical connectivity scou-
plingd by MTs was optimal at a narrow range of Ca2+ con-
centrations, while raising the bathing Ca2+ concentration

increases electrical amplification by MTs.
5
To gain further

insight into the contribution of uncompensated charges to the

MT surface electrodynamic properties, herein we explored

the surface polarization and topological features of preas-

sembled MT structures by surface potential microscopy

sSPMd scanning, and atomic force microscopy sAFMd imag-
ing, respectively.

In SPM scanning, the spatial variations in the potential-

energy difference between the sample and the sensing tip of

an AFM result in variations in the work function.
10,11

Com-

bined with AFM topological imaging, SPM allows the iden-

tification of local charge condensation. SPM has been used to

assess the surface properties of nonbiological materials, par-

ticularly semiconductors and metallic surfaces,
12–17

and more

recently, surface charges in actin filaments.
18
Herein, SPM

mapping and AFM imaging were concurrently conducted on

MTs. To prepare MTs, tubulin was polymerized, as recently

reported.
4
Briefly, an aliquot of tubulin in solution sCatalog

#T238, Cytoskeleton, Denver, COd was mixed with GTP s1
mMd, and incubated for 5 min at room temperature in a

solution containing 80 mM 1,4-piperazinediethanesulfonic

acid sPIPESd, 1 mM MgCl2, 1 mM ethylene glycol tetraace-

tic acid sEGTAd, and pH6.8 with KOH. Paclitaxel sTaxol,
Sigma, 10 mM final concentrationd was also added to stabi-
lize the MTs. MTs were visualized under phase contrast prior

to experimentation. An aliquot of the MT suspension was

deposited onto a gold-coated surface sa kind gift of Dr. John
Thornton, Veeco Metrologyd, which was allowed to settle
onto the surface for 30 min at room temperature. The gold-

plated surface was then gently washed with distilled H2O

and flush dried using a flow of N2. MTs were imaged with a

Model 3100 AFM attached to a NanoScope V controller, a

kind loan from Veeco Metrology sSt. Barbara, CA; see Ac-
knowledgmentsd. Samples were scanned with phosphorus snd
doped Si tips s0.5–2 mm, MESP, Veeco Metrologyd. The
MESP cantilevers have a spring constant skd of 1–5 N/m, and
resonance frequency sf0d between 60 and 100 kHz. The to-
pological, amplitude, phase, and potential signals were si-

multaneously recorded under tapping mode, at a driving fre-

quency of 90 kHz sv1=2pf0d. Typical scanning areas ranged
from 1–20 mm at a scanning rate of 0.5–1 Hz.

Surface potential measurements sSPMd detect the effec-
tive surface voltage of a sample,

10,12,17
such that the feedback

mechanism tracks and minimizes the electric force sensed

from a sample. The concept of SPM can be visualized start-

ing from the energy stored in a parallel capacitor sUd,

U =
1

2CsDVd2, s1d

where C is the capacitance between the AFM tip and the

sample, and DV is the voltage difference between the two.

The force at the tip sFd with respect to the sample is the rate
of energy change with separation distance

12,17

F =
dC

dz
= −

1

2

dC

dz
sDVd2. s2d

In our measurements, DV consists of both dc sVdcd and ac
sVac sin vtd components, where v is the resonant frequency

of the cantilever.

DV = DVdc + Vac sin vt , s3d

squaring DV and replacing Eq. s2d, producesad
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F =
1

2

dC

dz
SDVdc

2 +
1

2
Vac

2D − dC

dz
DVdcVac sin vt

+
1

4

dC

dz
Vac

2 coss2vtd . s4d

The oscillating electric force acts as a sinusoidal driving

force that moves the cantilever. Neither the dc nor 2v terms
contribute to this oscillation. Thus, the amplitude of the elec-

trostatic force F is given by Eq. s5d,

F =
dC

dz
DVdcVac =

dC

dz
DVsVac sin v2td . s5d

Therefore, changes in the capacitive energy will be a func-

tion of dC /dz, which is the derivative of the sample-tip ca-

pacitance. The externally applied potential difference be-

tween the tip and sample DV=Vtip−Vdc is multiplied by the

ac component. dz is the vertical distance between the tip and

the sample, and dC is the capacitance between cantilever tip

and scanning surface. For the SPM, the scanning angle was

0°, with a scanning capacitance microscopy sSCMd lock-in
phase of 290°, and a constant 4 V sVdcd voltage was applied
in tip-biased mode. The AFM tip was driven by a second

frequency-dependent voltage sVac . sin v2td, where v2=2pf2
corresponds to a secondary frequency well isolated from me-

chanical resonance of the microscope head and the cantilever

driving frequency used in AFM imaging. AFM images and

SPM maps were simultaneously acquired and subsequently

analyzed using NANOSCOPE 7.2 software sVeeco Metrologyd.
AFM imaging was conducted in dry, tapping mode, on

preformed MTs deposited on a gold-coated semiconductor.

Long s.3 mmd MT cylindrical structures were detected

fFig. 1sadg, with a predominant 199.6612.2 nm sn=14d di-
ameter, and an average height of 24.661.7 nm fn=14, Fig.
1sbdg. MTs varied both in diameter and height, with a largely
linear correlation between the two parameters fFig. 1scdg.
MTs further assembled into higher-order bundles of larger

diameter sFig. 2d, where the hollow cylindrical structure

fFig. 2sad, red arrowg is clearly observed. SPM mapping of

MTs was conducted as a function of tip distance szd between
100 and 400 nm from the tip to the sample fFigs. 1sdd–1sfdg,
at a constant bias voltage sVdc=4 Vd applied between them.
Surface potential sVtipd as a result of a force differential be-
tween tip and surface decreased with tip distance fFigs. 1sdd
and 1sfdg. A strong linear correlation was observed for all
SPM distances, between tip potential and the diameter or the

height of the MT structures fFig. 1sed, only measurements at
200 nm distance are showng. Interpolation of the Vtip /z rela-

tionship indicated a minimal polarizable MT diameter of

38.4610.5 nm sn=4d fFig. 1sed, leftg. The F /diameter

slopes decreased linearly as a function of tip distance fFig.
1sfdg, that is, the slope intercepted the abscissa, such that it is

FIG. 1. sColord AFM imaging and SPM mapping of MT structures. sad AFM images of MTs under height, amplitude, phase, and perspective modes sleft to
rightd chosen for SPM mapping. sbd Height histogram along the red dotted line in sad shows diameter distribution of MT structures. scd The height and
diameter relationship in MT structure largely follows a linear correlation. sdd SPM mapping of MTs surface potentials shown in sad, at two different tip
distances from the sample s100 and 400 nm, as indicated in the plotsd. sed Experimental data of surface potential were fitted to linear plot profiles of Vtip smVd
vs MT diameter snmd sleftd and Vtip smVd vs MT height snmd srightd, respectively. The data are acquired at a 200 nm tip distance from the sample. The surface
potential is a highly linear function to both diameter and height. The data at other tip distances showed similar linear relationship sdata not shownd. sfd The
slopes of Vtip smVd vs MT diameter snmd were determined at different tip distances to the sample. Each point represents a fitted potential vs diameter slope
at a different distance s100–400 nmd. Interestingly, the slope decreases as a linear function of tip distance.
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consistent with a limiting different surface potential at a dis-

tance longer than 400 nm fFig. 1sfdg.
The topological features of the MT superstructures

would also indicate that the surface of the multilayered poly-

mer presents discontinuities fFig. 2sad white arrows, and
Figs. 2sbd and 2scdg. These unbalanced electrostatic interac-
tions may also lead to regions where surface currents might

be present, as expected from the theorized gate of the bio-

molecular transistor model we recently developed.
4
As a re-

sult, local variations in surface potential might be present to

allow electrodynamic properties. This is in agreement with

recent findings on other cytoskeletal polymers such as

F-actin.
18
We recently found that the mapping of actin sur-

face potential is consistent with periodically uneven charge

distributions, which may underlie their nonlinear electrical

properties.
18
The empirical parameters obtained by SPM, in

combination with the AFM topological features of the MT

structures indicate that there is a strong coupling among lay-

ers of protofilamental MTs with a limiting surface polariz-

ability of about 30 nm diameter polymeric structure fFig.
1sed, leftg. This is in agreement with the fact that the tubulin
monomers, which are clearly observed onto the gold surface,

do not present any voltage difference. The surface disconti-

nuities also suggest that the topological layers are at least 30

nm in height fFig. 2sddg. The SPM data derived from the F /z

slopes also suggest that several Debye lengths are required to

dissipate the gradient. The voltage data and polymeric dis-

continuities about the surface of the MT superstructures may

be the basis of the understanding of the physicochemical

parameters underlying the remarkable electrodynamic prop-

erties of MTs.
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FIG. 2. sColord AFM images of large microtubular structures. sad Cylindrical large MT structures observed on a gold-plated surface. Images represent AFM
height, amplitude, phase and slanted perspective views sfrom left to rightd of a single large MT structure. White arrows sphased point to surface areas with
“holes;” red arrow sphased points to central lumen of the MT bundle. sbd Magnified AFM images of the same MT structures. Red dashed line sphased indicates
region selected to construct a phase histogram scd. sdd Height histograms of a coronal section of the MT complex, showing distribution of diameters, and shape
of the MT superstructure, as shown from cross sections such as that of the right panel sdashed lined. sed Detail of MT structure’s end, showing the four
microtubules forming the hollow compartment in the center.
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