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Actin Paracrystals Display Double Schottky Diode-Like
Electrical Behavior

Horacio F. Cantiello, Brenda C. Gutiérrez, and María del Rocío Cantero*

Actin filaments are abundant intracellular polymers implicated in cell motility
and contraction. Actin also forms paracrystalline structures under various
conditions, including exposure to lanthanides and other high ionic strength
conditions. Here the electrical properties of purified actin paracrystals induced
by either MgCl2 or GdCl3 are tested. Tight electrically seal-voltage-clamped
crystals display strong rectification with a nonlinear conductance under
symmetrical and biionic conditions, including 20 mm GdCl3/140 mm KCl and
10 mm MgCl2/140 mm KCl. Rectification is observed in symmetrical ionic
conditions with positive-to-negative conductance ratios ranging from 4.18 to
9.00 nS. The current-to-voltage relationships can be fitted with theoretical
double Schottky equations and resemble the behavior of semiconducting
nanotubes. The highly nonlinear electrical properties of paracrystalline actin
arrays may help explain the physiology of actin-rich cellular compartments,
such as stereocilia of the cochlea and neuronal dendritic spines also suggest
potentially relevant nano-technological properties of this protein.

1. Introduction

Actin filaments are essential cytoskeletal proteins that play a vital
role in the contractile response of muscle cells and cellular move-
ments in non-muscle cells. Actin is a highly conserved eukaryotic
protein in most animals, plants, and fungi in multiple, tissue-
specific, and developmentally regulated forms.[1] Filamentous
actin (F-actin) is formed from globular or unpolymerized actin
(G-actin).[2] Any elevation in ionic strength to physiological con-
ditions (e.g., 2 mm MgCl2/100 mm KCl) causes G-actin to readily
polymerize into F-actin in a process thought to involve partial
neutralization of surface charge by cation counterions present as
neutral salts in the intracellular buffer.[3–6] Actin filaments are

H. F. Cantiello, B. C. Gutiérrez, M. del R. Cantero
Laboratorio de Canales Iónicos
Instituto Multidisciplinario de Salud
Tecnología y Desarrollo (IMSaTeD, CONICET-UNSE)
Santiago del Estero 4206, Argentina
E-mail: mcantero@conicet.gov.ar

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202300144

© 2023 The Authors. Advanced Electronic Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/aelm.202300144

linear polyelectrolytes whose charge
density is much higher than expected
by Manning’s condensation theory.[7–11]

This uncompensated charge has several
significant biophysical and biological
consequences, including a role in the
electrostatic control of actin filament
nucleation and elongation, bundling
formation, and the binding and in-
teraction with lipids, actin-binding
proteins and microtubules.[6,7,12–18]

The uncompensated charge may also
explain the nonlinear electrical proper-
ties of F-actin, including its nonlinear
electro-osmotic behavior and its ability
to conduct ionic condensation-based
waves.[10,19,20]

It has long been recognized that
F-actin aggregates into paracrystalline
structures as a result of the stepwise re-
duction of the net negative charge of actin

monomers upon cation binding, where divalent cations are
more effective than monovalent cations in the precipitation
of actin.[21–24] Mg2+-precipitated F-actin paracrystals consist of
regularly packed filaments that retain the double-helical struc-
tures and correlate with the number of Mg2+ bound per mole
of actin monomers.[4,25] MgCl2 and polylysine/KCl form F-
actin paracrystals and single-layered filament rafts.[26,27] The lan-
thanide Gadolinium (Gd3+) also induces crystalline actin sheets
and tubes where the inter-subunit contacts differ from those ob-
served within F-actin.[28–32] The inter-subunit interactions of the
F-actin monomers along the two long-pitch helical strands of fil-
aments are conserved within the crystalline sheets. However, an
unanticipated symmetry-breaking collective counterion mecha-
nism has been found that generates attractions of multivalent
ions on F-actin, such that counterions organize into “frozen”
ripples parallel to the actin filaments, forming charge density
waves.[33] This phenomenon agrees with surface potential mi-
croscopy measurements of actin bundles, where saturation of
accumulated charges was observed, suggesting strong nonlin-
earity and periodicity in charge distribution about the polymer’s
surface.[34]

In the present study, we explored whether actin paracrystals in-
duced by adding Gd3+ or Mg2+ (doping) into a high ionic strength
KCl (140 mm) background solution have electrical properties con-
sistent with semiconducting devices. Voltage-stimulated actin
paracrystals were studied by the patch-clamp technique and be-
haved as semiconductors showing strong rectification that de-
pended on the doped multivalent cation. Mg2+-induced crystals
displayed strongly symmetrical behavior that could be fitted with
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a double heterojunction Schottky diode equation. The present
data indicate that actin filaments form electrically active struc-
tures with strong semiconducting properties that may be impli-
cated in novel intracellular signaling mechanisms.

2. Results

2.1. Actin Paracrystal Formation in the Presence of Different
Cations

Actin crystals were grown spontaneously (Figure 1a) by overnight
incubation in various solutions solely containing either GdCl3
or MgCl2 as initially reported (see Table 1) or the addition of
the salts to an “intracellular” saline solution, as indicated in the
Experimental Section and the Figures.[28–30] Overnight incuba-
tion in an intracellular solution without multivalent cations did
not elicit crystal growth. Actin paracrystals were large and amor-
phous, reaching hundreds of μm in length (Figure 1a). The pres-
ence of actin in the crystals was confirmed by FITC-phalloidin
labeling (Figure 1b).

The electrical activity of actin paracrystals was determined
by the voltage clamp technique (Figure 1c), as reported for
microtubule assemblies.[18,35,37] Control current-to-voltage re-
lationships obtained with the pipette in solution in the ab-
sence of actin are shown for comparison in SupportingInfor-
mation. While the tip resistance of the patch pipette in sym-
metrical saline solution was, on average, 7.70 ± 0.44 MΩ
(n = 8, range 5.7 to 10.0 MΩ), contact with the actin crys-
tals produced an immediate higher-resistance seal in the order
of 320 ± 152.7 MΩ (n = 8), with a range between 12.28 and
1207.7 MΩ.

Gadolinium-grown actin paracrystals patched in symmetrical
KCl solution (patch pipette and bathing chamber) showed highly
nonlinear currents in positive-to-negative potentials (Figure 2a).
Strong rectification was observed under these conditions, with
a rectification r factor of 9.00 (2.70 ± 0.20 nA V−1 vs. 0.30 ±
0.09 nA V−1, n = 12) for positive versus negative biases, respec-
tively. Paracrystals grown in the presence of MgCl2 (Figure 2b)
also showed rectification when patched in a symmetrical KCl so-

lution, with an r = 4.18 (4.60 ± 1.20 nA V−1, n = 31 vs. 1.10 ± 0.60
nA V−1, n = 16), for positive versus negative biases, respectively.

The Gd3+-grown actin paracrystals also showed electrical rec-
tification when patched in symmetrical GdCl3 (20 mm) solu-
tion (Figure 3a), with a rectification r factor of 5.78 (133.1 ±
28.5 nA V−1, n = 8 vs. 23.0 ± 8.7 nA V−1, n = 6), for positive ver-
sus negative biases, respectively. Paracrystals grown in the pres-
ence of MgCl2 (Figure 3b) and patched in the presence of KCl
(140 mm) in the pipette and MgCl2 (100 mm) in the bath solution
showed strong rectification with r = 7.72 (44.0 ± 0.9 nA mV−1, n
= 10 vs. 5.70 ± 0.88 nA mV−1, n = 9), for positive versus negative
biases, respectively.

Interestingly, Mg2+-grown crystals patched in symmetrical
KCl 140 mm solution displayed strongly non-rectifying cur-
rents, which turned into double rectification in the presence
of 10 mm MgCl2 in the solution (Figure 4). Thus, divalent
cations in the solution affected not only the formation of the
paracrystal but also the electrical rectification pattern, sug-
gesting that the voltage-induced addition of external divalent
cations affected the electrical behavior of the crystal structure
(Figure 4).

Actin paracrystals prepared and measured under symmetri-
cal conditions in a solution containing 140 mm KCl and 10 mm
MgCl2 in both the pipette and the bath showed two typical
responses without significant rectification (Figure 4a). First, a
low conductance state was observed with an r of 0.89 (15.0 ±
1.9 nA V−1, n = 13, vs. 17.1 ± 3.4 nA V−1, n = 13) for positive ver-
sus negative biases, respectively. A high conductance state was
also observed with an r of 0.93 (188.4 ± 21.0 nA V−1, n = 23, vs.
202.0 ± 34.9 nA V−1, n = 18) for positive versus negative biases,
respectively (Figure 4b).

2.2. Double Schottky Diode Model of the Actin Paracrystal

To further understand the nature and magnitude of the recti-
fication patterns of the actin paracrystals, an electrical model
was developed that fitted with great accuracy the various experi-
mental conditions (Figures 2–4). The electrical behavior observed
in the current-to-voltage relationships of the actin paracrys-
tals was consistent with a generalized heterojunction model

Table 1. Incubation, experimental conditions, slope conductance, and theoretical reversal potential (Vrev) for patch-clamped actin paracrystals. Values
are the mean from 3–6 experiments.

Condition Incubation
conditions [mm]

Pipette/Bath
Solution [mm]

Negative slope
[nA V−1]

Positive slope
[nA V−1]

Rectification
Ratio [r]

1 500 GdCl3 140 KCla) 0.30 ± 0.09 2.7 ± 0.22 9.00

4 100 MgCl2 140 KCl/
100 MgCl2

5.70 ± 0.88 44.0 ± 0.9 7.72

6 20 GdCl3 20 GdCl3
a) 23.0 ± 8.7 133.1 ± 28.5 5.78

8 140 KCl
10 MgCl2

140 KCla) 1.10 ± 0.60 4.60 ± 1.20 4.18

11 – Low 140 KCl
10 MgCl2

140 KCl
10 MgCl2

a)

17.1 ± 3.4 15.0 ± 1.9 0.88

11 – High 140 KCl
10 MgCl2

140 KCl
10 MgCl2

a)

202.0 ± 34.9 188.4 ± 21.0 0.93

a)
Indicates that both pipette and bath solutions contained the same ionic composition. Control current-to-voltage curves with the pipette are shown for comparison in

Supporting Information.

Adv. Electron. Mater. 2023, 2300144 2300144 (2 of 9) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300144 by C
ochraneA

rgentina, W
iley O

nline L
ibrary on [13/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 1. Paracrystals of purified actin. a) Examples of paracrystalline structures obtained by incubation of purified actin (1 mg mL−1) under different
conditions (Ci), from i = 1 to 8, as indicated in Table 1. DIC, X20, obtained images. b) Fluorescence image of FITC-phalloidin labeled actin paracrystal
incubated under condition 6 (C6) with 20 mm GdCl3 c). As indicated in the Experimental Section, schematics of the electric setup include the patch
pipette that connects to the actin paracrystal in solution to a patch clamp amplifier. The horizontal bar represents 5 μm.

based on the following assumptions.[38–40] Usually, a regular
metal/semiconductor device is described as a diode with two
electrical junctions, an ohmic contact presenting a character-
istic linear current–voltage (I–V) and a rectifying contact con-
trolled by a potential barrier.[40–43] To better approach, our ex-

perimental results include two rectifying contacts, which could
not be explained by the conventional analysis of I–V curves,
such as the barrier model for electron motion in n-n hetero-
junctions devices.[45] More recently, a simple metal-insulator-
semiconductor (MIS) back-to-back Schottky model was applied
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Figure 2. Electrical behavior of actin paracrystals. a) Left. The tracing shows the electrical currents produced by an actin paracrystal prepared in 500 mm
GdCl3 and measured in a symmetrical KCl (140 mm) solution. Applied holding potentials were between ±300 mV. Right. The plot indicates the current-to-
voltage relationship of paracrystals under conditions on the Left. b) Left. The tracing shows electrical currents generated by an actin paracrystal prepared
in KCl 140 mm and 10 mm MgCl2 and measured in a symmetrical KCl (140 mm) solution. Applied holding potentials were between ±300 mV. Right. The
plot indicates the current-to-voltage relationship of experiments under conditions in Left. Data in both panels are the mean ± SEM (filled circles) from
n = 3 and 11 experiments, respectively. The solid line is best fitting to Equation 3 under each condition. Details are indicated in the text, and values for
the negative and positive slopes are shown in Table 1.

to nanowire devices, but the possibility of two different barriers
was not considered.[46]

The effect of phalloidin was tested in the actin-containing KCl
(140 mm) solution, which did not induce actin crystals, to as-
certain whether the actin paracrystalline structure depended on
the alignment of actin filaments in the assembled configuration.
The presence of phalloidin readily formed large 2D-actin sheets
(Figure 5). Patch clamping of these sheets disclosed important
information about the process of voltage-induced rectification,
which initiated as essentially linear (non-rectifying) currents that
self-inhibited in only one direction (reverse bias), suggesting that
negative potential-attraction of divalent cations to the crystal elic-
its the formation of a directional flow of cations through the
structure.

A similar approach was used by Zhang et al. with a back-
to-back model that included two different processes, both
thermionic and field effect emission, for each barrier.[47] Al-
though the assumption of varying transport processes for a sin-
gle device may not be common, a two-Schottky barriers model
has been applied to thin film transistors.[48]

2.3. Curve Fitting

Considering that in our experimental setup the actin paracrys-
tal faces two interfaces in series, including the high ionic
strength saline (both bath and patch pipette) with an AgCl
metal interface for each electrode, the electrical behavior of the
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Figure 3. Electrical rectification of actin paracrystals is cation-dependent. a) Left. The tracing shows the temporal series of electrical currents generated by
an actin paracrystal prepared in 20 mm GdCl3 with the same solution in both pipette and bath (symmetrical conditions). Applied holding potentials were
between ±200 mV. Right. The plot indicates the current-to-voltage relationship of experiments under conditions in Left. b) Left. The tracing shows the
temporal series of electrical currents generated by an actin paracrystal prepared in 100 mm MgCl2. Currents were measured in asymmetrical conditions,
with a KCl (140 mm) solution in the pipette and the incubation solution in the bath (100 mm MgCl2). The applied holding potential was between±250 mV.
Right. The plot indicates the current-to-voltage relationship of experiments under conditions in Left. Data in both Right panels are the mean ± SEM
(filled circles) from n = 8 and 3 experiments, respectively. A solid line is the best fitting to Equation 3 under each condition. Details are indicated in the
text, and values for the negative and positive slopes are shown in Table 1.

crystal was analyzed as having a metal/semiconductor/metal sys-
tem. For this, a back-to-back double Schottky model consist-
ing of two different barrier heights, the Ag0/AgCl/saline/ Actin
paracrystal /saline/AgCl/Ag0 dual interface, was designed, fol-
lowing usual assumptions. Namely, each ideal diode current
should decrease to a minimum value in a single barrier config-
uration. For the presence of two barriers, however, the applied
voltage was thought of as being divided into two contributions
across an equivalent circuit, closing a serial coupling of each el-
ement (barrier 1/actin crystal/barrier 2) such that the current in
each barrier (I1 = -I2) also equaled the total current (I). Thus, the

current I in a metal/semiconductor heterojunction “i” could be
written as:[44]

Ii = F × exp

(
−

qΦBi

kBT

)
exp

(
qV

nkBT

)
×
[

1 − exp
(
−

qV
kBT

)]
(1)

where F is a phenomenological constant that in normal diode be-
havior would include the Richardson constant times the square
of the temperature, which in this case is also thought to be con-
stant, ΦBi represents each Schottky barrier height (i = 1, 2), kB
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Figure 4. Effect of MgCl2 on the electrical behavior of actin paracrystals. a) The tracings show the electrical currents generated by actin paracrystals
prepared and measured in a solution containing 140 mm KCl and 10 mm MgCl2 (symmetrical conditions). As indicated, two typical responses were
observed: a lower (Black tracing) and higher (Red tracing) conductance with applied holding potentials between ±100 mV. b) The plot shows current-
to-voltage relationships for both conductances on the Left (Black and Red circles, respectively). Data are the mean ± SEM (filled circles) from n = 8 and
9 experiments, respectively. The solid line is best fitting to Equation 3. Details are indicated in the text.

is the Boltzmann constant, q is the charge of the electron, and
V, is the holding potential across the preparation. The effective
barrier, following image-force effects, would always result in the
voltage dependence of the barrier height, as follows:[49]

ΦBi
= ΦB0i + Vi

( 1
n
− 1

)
. (2)

Where ΦB0i is the value of each barrier in an ideal Schottky
junction, and Vi is the voltage drop at the junction. The volt-
age dependence in Equation (2) would account for the interface

states, and image-force lowering perturbs the electric field distri-
bution at each metal/semiconductor interface affecting the bar-
rier height. The model included the deviations of the Schottky
barrier height as in either tunneling currents in highly doped
materials or the generation-recombination in the space charge re-
gion, where the ideality factor has an essential contribution to the
current-to-voltage relationship. Electrically speaking, because of
the strong dependence of the bias signal of each Schottky barrier,
the two diodes would be connected in their respective blocking
(reverse bias) directions, where the total current (I) as a function

Figure 5. Electrical behavior of phalloidin-induced actin sheet. Left. Image of actin 2D-sheet induced by addition of FITC-phalloidin to an actin-containing
solution in 500 mm GdCl3 in the bath. DIC, X20, obtained images. The horizontal bar represents 20 μm. Right. Tracing shows the electrical current
generated by the actin sheet in symmetrical KCl (140 mm). While initially linear, the current responds differently upon applying a positive potential
(200 mV), which increases in time, decreasing and becoming strictly non-conducting at a negative potential (200 mV). Data are representative of three
independent experiments. Dashed red lines indicate zero current (Top) or voltage (Bottom).
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Table 2. Fitting parameters obtained with the double Schottky diode
model.

Parameter→ A g d a n R*

↓Condition

1 2.8 1.1 2.4 10.0 3.0 0.9931

4 4.1 0.4 2.3 7.7 1.1 0.9950

6 4.1 0.9 1.4 11.8 1.1 0.9970

8 6.5 -1.8 1.1 0.8 1.0 0.9941

11 high
13.1

0.1 -0.3 5.03 0.8 0.9777

11 low 7.7 0.5 0.4 3.0 1.0 0.9976

of V, across the entire system, will be I1 = −I2 = I, similar to
a condition where both metal–semiconductor–metal interfaces
present a blocking effect, such that the current is written as

I (V) =
I01I02 sinh

(
qV

2kBT

)
I01 exp

(
qV

2kBT

)
+ I02 exp

(
−qV

2kBT

) (3)

Each Ii = F x exp (–qΦΒi/kBT) (where i= 1, 2) can be regarded as
similar to a generalization of the conventional current–to-voltage
dependence in a metal/semiconductor device, representing two
back-to-back Schottky diodes separated by the series resistance.

From the above, the electrical behavior of the actin paracrystal
would behave as follows, when an external voltage (V) is applied
to one terminal, one Schottky junction is forward biased while the
second one is in reverse mode. Equation (3) provides the current-
to-voltage characteristics of a diode with both a Schottky barrier
and an ohmic contact (ΦB1 ≠ ΦB2 = 0). As stated above, setting up
n = 1 (ideal Schottky barriers) Equation (3) gives the current min-
imum (saturation values) for both direct and reverse polarization.
Slight deviations from ideality, such as n = 1.01–1.2, commonly
observed values, will help reproduce the effects of two barriers
(ΦB1 = ΦB2) on current flow through the structure.[44,49,50] As ob-
served in diode heterojunctions, charge neutrality is determined
by the nature of the semiconductor that regulates the charge
transfer between the semiconductor and Fermi-level surfaces.
The current-to-voltage relationships obtained for all experimen-
tal conditions in the present study were fitted with this model
(Figures 2–4). The solid lines represent the best fitting obtained
in each case. Table 2 lists all parameters and coefficients obtained.

In conclusion, by replacing I1 and I2 in Equation 3, we obtain
the following:

I (V) =

[
F × exp

(
− qΦB1

kBT

)]
×
[
F × exp

(
− qΦB2

kBT

)]
sinh

(
qV

2kBT

)
[
F × exp

(
− qΦB1

kBT

)]
exp

(
qV

2kBT

)
+
[
F × exp

(
− qΦB2

kBT

)]
exp

(
−qV
2kBT

)
(4)

and reordering

I (V) = F
exp

(
− qΦB1

kB T

)
× exp

(
− qΦB2

kB T

)
sinh

(
qV

2kB T

)
exp

(
− qΦB1

kB T

)
× exp

(
qV

2kB T

)
+ exp

(
− qΦB2

kB T

)
× exp

(
−qV
2kB T

)

(5)

For simplification, we replaced qΦB1/kbT, qΦB2/kbT, and
q/2kbT with -d, -g, and a, respectively. We also introduced the cor-
rection factor (1+1/n) representing the drop of the voltage in the
junction to obtain:

I(V) = F
exp (−d) exp

(
−g

)
sinh

[
aV

(
1
n
+ 1

)]
exp (−d) exp (aV) + exp

(
−g

)
exp (−aV)

(6)

3. Discussion

Here we demonstrated that paracrystals of purified actin act as
semiconductors and most consistently respond to voltage with
a double Schottky diode-like behavior. The data indicated that
actin filaments aggregate with different cations (doping) to form
electrically-active 3D units with highly nonlinear conductance in
response to voltage bias. This is most evident in the phalloidin-
induced 2D sheets (Figure 5), where the electrical response was
initially linear to become strictly rectifying, consistent with the
doping effect of the transferred ions into the paracrystalline struc-
ture. Several conditions bring about actin crystalline structures,
including interactions with actin-binding proteins, where 3D
co-crystals have been found both in vivo and in vitro.[51] The
present study indicates that actin paracrystals bear a solid func-
tional resemblance to the observed behavior of semiconducting
nanowire- and nanobelt-based devices, and most interestingly,
they follow the current-to-voltage relationship of double Schottky
barrier devices very closely.[52–55] The response obtained in nan-
odevices produced under identical conditions and metallic con-
tacts can differ significantly because the metal/semiconductor
contacts depend largely on interfacial chemistry. The natural sur-
face disorder of the structure can trap charges “spreading” the
interface states into a few nanometers inside the semiconductor.
Like regular metal/semiconductor devices, actin paracrystals be-
haved as diodes, with two electrical junctions: an ohmic contact
and a rectifying contact. The transport properties of the protein
complexes would implicate thermionic emission with the cor-
rections required for two barriers for ion transport like the elec-
tron’s motion in heterojunction devices, including a back-to-back
Schottky model applied to nanowire devices.[45,46] A similar ap-
proach was used by Zhang et al., who considered both thermionic
and field effect emissions for each barrier.[47] The assumption
implies an enhanced tunneling probability as in highly doped
metal–semiconductor barriers. The two Schottky barriers model
has also been applied to thin film transistors to explain the effect
of modified Au contacts on C60 films.[48] The electrical response
of the 2D actin sheets bares a resemblance to this behavior and
suggests that lateral coupling of actin filaments develops asym-
metries upon ion doping, generating the rectifying phenomenon
(Figure 5).

The molecular nature and biological relevance of this electri-
cal behavior remain to be explored but may be relevant because
various cytoskeletal actin structures display paracrystalline be-
havior. Paracrystalline arrays of actin have been identified in sev-
eral biological compartments, including microvilli and the brush
border, stereocilia, and the cuticular plate region of the cochlear
hair cell, where they impart rigidity and stiffness which are es-
sential for their sensory response properties. These structures
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may also have an electrical contribution to cell function yet to
be defined.[56–60]

Paracrystalline structures represent a relevant physical state of
matter by being the “building blocks” of many materials, includ-
ing biopolymers.[61] The possibility of semiconduction by pro-
teins has been observed in many instances. However, the nature
of the conductivity process in semiconductor proteins remains to
be defined. Fuoss suggested an ionic conduction process, while
Evans and later Rosemberg indicated that proteins would be elec-
tronic semiconductors.[62–64] Conversely, King and Medley found
quantitative agreement with electrolysis theory, supporting the
ionic-conduction process.[65] Cardew believed dry proteins would
be electronic semiconductors while wet proteins would be proton
current carriers.[66] Thus far, no information on the semiconduc-
tor properties of proteins such as actin in solution is available.
The details of how charge carrier transport occurs will depend
on the details of the dielectric constant on the activation energy
in the ionic semiconductor. For the case of proteins, the imme-
diate neighborhood of any change in the structure remains to be
defined. The expectation is, however, that an electronic charge
removed from a protein monomer would require work to accom-
plish the change between ionization energy and electron affinity.
The inserted electric charge in a previously neutral dielectric re-
gion will polarize the medium and induce an electrostatic poten-
tial on the charge. The work necessary to separate the two charges
(the electron and the hole, each of which polarizes the medium)
is the semiconduction activation energy for the dry protein. The
effective dielectric constant of the medium will increase by water
absorption of the protein, such that the new activation energy in
the wet state is reduced.

The present study provides evidence for the cation-induced
nonlinear electric behavior of actin paracrystals, which may have
significant physiological consequences for cell signaling by the
actin cytoskeleton. Highly organized actin structures also offer
the possibility of developing protein-based novel electronic de-
vices.

4. Experimental Section
Actin Polymerization: Actin was polymerized as previously

reported.[10] Briefly, actin from rabbit muscle origin (Catalog # A2522
Sigma Aldrich, St. Louis, MO) was dissolved at 1 mg mL−1 in distilled
water per the manufacturer’s recommendation. Actin paracrystals were
obtained by overnight incubating an aliquot of the actin solution in
either 100 mm MgCl2 or 500 mm GdCl3. When indicated, FITC-phalloidin
(Catalog # P5282, Sigma Aldrich, St. Louis, MO) was added to the
patch-clamp chamber to stabilize actin and detect the structures under
study by fluorescence.

Microscopy: Actin structures were viewed with an Olympus IX71 in-
verted microscope connected to a digital CCD camera C4742-80-12AG
(Hamamatsu Photonics K.K., Bridgewater, NJ). Whenever indicated, actin
preparations were also stained with FITC-phalloidin (Sigma Aldrich, St.
Louis, MO) and observed under fluorescence microscopy. Images were
collected on a Dell-NEC personal computer using the IPLab Spectrum ac-
quisition and analysis software (Scanalytics, Viena, VA). Final composite
images were created using ImageJ software (National Institutes of Health,
USA).

Electrophysiology: Electrophysiology of actin paracrystals was con-
ducted as recently reported for sheets of brain microtubules.[35] Unless
otherwise stated, actin paracrystals were voltage clamped under sym-
metrical conditions, with an “intracellular” Ca2+ free solution containing

(in mm): KCl 140, NaCl 5, EGTA 1.0, and HEPES 10, adjusted to pH 7.2 with
KOH, in both the patch pipette and the bathing chamber. An aliquot of the
actin-containing solution was seeded onto a clean glass surface at the bot-
tom of a patch clamping chamber under DIC microscopy. Electrical signals
were obtained, filtered, and digitized with a miniaturized patch-clamp am-
plifier (ePatch, Elements Inc, Cesena, Italy), with ±500 mV and ±200 nA,
voltage and current range, respectively, and a maximum signal bandwidth
response of 100 kHz. Patch pipettes were made from soda-lime capillar-
ies (Biocap, Buenos Aires, Argentina) with a 1.25 mm internal diameter.
Pipette tips were pulled with a pipette puller (PB-7, Narishige Tokyo, Japan)
and fire polished (MF-9, Narishige Tokyo, Japan) to a 3–4 μm tip diameter.
Electrical signals were stored in a personal computer with the software El-
ements Data Reader 3.0 (Elements, Cesena, Italy) and later analyzed with
Clampfit 10 (Molecular Devices, San José, CA, USA). Sigmaplot Version
11.0 (Systat Software Inc, CA, USA) was used for statistical analysis and
graphics.

Statistics: Unless otherwise stated, values were expressed as the mean
± SEM (n = the number of experiments), and comparisons were carried
out as intergroup Student’s t-test, with a significance of p < 0.05.[36]
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