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Electric fields are applied across a charged collagen membrane which supports a gradient in neutral
salt concentration. Experiments over a wide range of concentration have shown that isometric tensile
force densities larger than that of striated muscle can be induced by the applied field. The
experimental results, together with the trends predicted by a theoretical model, suggest that the
forces result from field-induced changes in intramembrane salt concentration which in turn modify
the internal double layer repulsive forces between charged fibrils. Characteristic times for this
electromechanochemical transduction process are examined in terms of the various rate limiting

processes of importance.

INTRODUCTION

Experiments with collagen membranes have been performed
which demonstrate the feasibility of a transduction process
whereby mechanical work is performed at the expense of
chemical energy under the control of an applied electric
field. While the ultimate goal is the design and fabrication
of implantible devices, the experiments have immediate
relevance concerning transduction processes in, and physico-
chemical characterization of, native and synthetic biopoly-
mers at the macromolecular level. Several mechanochemical
energy conversion systems have been studied previously,
including those concerning chemical and thermal melting of
collagen fibres' ™ and charge-mediated dimensional changes
in random-coil poly(carboxylic acid) gels and ribbons*. Our
previous experiments® with oriented, lightly crosslinked
collagen fibres in aqueous media have focused on changes

in isometric force mediated by the lateral repulsion of elec-
trical double layers associated with the charged fibrils.

A new electromechanochemical transduction process,
involving electric fields applied across collagen membranes
which support concentration gradients, is now under investi-
gation. Experiments performed in an isometric configura-
tion over a wide range of pH and ionic strength have shown
that the applied field £ produces changes in tensile force.
It is believed that £y induces changes in the intramembrane
electrolyte concentration which then produce the measured
changes in force, in a manner similar to that previously
observed with collagen fibres®. The experimental results
agree with the trends of a theoretical derivation based on
such a hypothesis. The function of the field Ey is essen-
tially that of a switch to make possible fast, localized con-
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trol of electrolyte concentration and induced tensile forces.
o can lead to several other mechanisms which might induce
tensile forces, such as a purely electromechanical coupling
of an electrokinetic nature, or an induced change in bath pH
due to electrode processes. Experiments have therefore
been devised to distinguish between these phenomena and
that believed to be at work here. A comparison of the
various rate processes and induced force magnitudes asso-
ciated with these differing processes is given, suggesting
the advantages and disadvantages of each as a potential
transduction mechanism. Finally, it has also been found
that the degree of fibril orientation in the specimen is an
important parameter in the determination of the total avail-
able force density.

THEORY

It has been found® that isometric force densities larger
than that of striated muscle® can be induced in oriented
collagen fibres in a homogeneous electrolyte bath either by
varying pH and hence collagen charge, or by varying neutral
salt concentration at constant, non-isoelectric pH. Both
procedures vary the magnitude of lateral repulsion forces, i.e
forces perpendicular to the fibre axis, between the double
layers of the axially oriented, charged fibrils. These lateral
forces are converted by the crosslinked fibril matrix to
changes in axial force density as large as 30—40 kgt/cm?
(see Figures 3—4)°. In order to investigate electric field-
control of such mechanochemical processes, the experi-
mental transducer configuration shown schematically in
Figure 1 was used in the present work. A tubular collagen
membrane of thickness § separates inner and outer baths,
c(z) and c(l) respectively, of equal, non-isoelectric pH but
of two different neutral salt concentrations, e.g. € > Cpe
Thus the membrane contains fixed, dissociated charge
species as well as mobile ions. An electric field Eo can be
applied perpendicular to the tube axis by means of concen-
tric cylindrical platinum electrodes, one inside the collagen
tube and the other surrounding it. Inner and outer electro-
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Figure 1 Schematic representation of specimen mounting and
electrode configuration for isometric electromechanochemical trans-
ducer experiments. Electric field £ directed perpendicular to
cylindrical membrane axis. Inner and outer electrolyte baths are __
continually recirculated from large reservoirs (not shown). With Eg=
0 and c}, = ¢} the same configuration is used to measure isometric
force versus pH or neutral salt concentration. A, Tubular collagen
membrane; B, inner and outer platinum cylindrical electrodes; C,
fixed support; D, strain gauge

lyte are continually renewed (not shown in Figure 1).

With EO = 0, the steady state mobile ion concentration
profile is defined by the physical constraints of the system
and by the limiting boundary concentrations c(l) and cg.
Because the concentration varies smoothly from the inner
to the outer edge of the membrane, the lateral electrical
repulsion forces vary in a similar fashion. Therefore the
axial force per unit radia] thickness will also vary smoothly.
The total equilibrium (EO 0) axial force is then the sum
of the forces per unit thickness from inner to outer edge.

If the application of anﬁ 0 leads to an altered concentra-
tion profile, the force profile and hence total force will
change concomitantly. Such device operation applies for
the case of an induced change in neutral salt concentration
only, with membrane charge unaltered in the process.

The mobile ion concentration profiles inside the mem-
brane are determined by a balance between the competing
processes of ion migration due to Ej, ion diffusion due to
the imposed concentration gradient, and convection of
mobile species in the advent of fluid flow through the
membrane. Solution of such a problem has been widely
investigated with respect to fixed-charge membrane models
and the theory of transmembrane potentials.” '°. The
additional possibility that an applied electric field can cause
an electrokinetic movement of the membrane if it is non-
rigid and deformable must also be included"’, as well as the
possibility of a field-induced convective flow of fluid in
and across the membrane (e.g. electro-osmosis)'**2, The
role of such fluid flow in the determination of intramem-
brane concentration profile has been investigated'? with
respect to a class of rigid membrane phenomena involving
the oscillatory behaviour of pressure and potential drops
and fluid and mobile carrier flow; tensile forces were not of
interest. -

In order to delineate the way in which £ can alter the
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concentration profile in a moving, deformable membrane,
we formulate the problem for the simple case of a uniformly
charged membrane supporting a gradient in the concentra-
tion of a single mono-monovalent electrolyte such as NaCl.
The outer and inner concentrations are the bulk concen-
trations defined as c(l)E C}ro = cl_O and 6(2) Ec,zro = c2_0 res-
pectively, as shown in Figure 1. Though not necessary in
this case'”, it is assumed for simplicity that the diffusion
coefflclents inside the membrane, D, and D _,as well as the
ionic mobilities u, and #_, are constant. For an incremen-
tal volume in the frame of the movable membrane, the con-
tinuity relations for mobile positive and negative species in

the membrane, ¢, and ¢_, are (z4 = [z_}| = 1):
e Loy, (1)
pr F °
De. 1
=+ _v-J )
Dt F

where F is the Faraday constant, J; and J'_are the respec-
tive ion current densities in the membrane frame, and the
convective derivative

¥ being the membrane velocity; the right-hand terms in
equations (1) and (2) involve carrier fluxes in the membrane
frame. In general, additional terms can be added to equa-
tions (1) and (2) to account for chemical reactions in the
membrane which would lead to production or depletion of
the mobile species. Here, we assume for simplicity that
the monovalent electrolyte of interest does not react with
or bind to any groups in the collagen.

The current densities are written, accounting for diffu-
sion, migration and fluid convection with respect to the
movable membrane:

7’+ =—FD,Vc, + FE+—E«|E(?) + FE+(’_;_ Vm) (3)
T =+FD_Vc¢_+Fu_t_EQF) — Fc_(¥ - V) 4

where ¥ is the fluid velocity, and E'is the electric field relat-
ed to the potential ® by E(7) = —V®(F). Note that £ in
equations (3) and (4) is in general the sum of any applied
field EO and the self-field, or diffusion potential field, which
exists if Dy # D_. The effect of convection on E will be
shown to be negligible for the case at hand. Finally, Eis
related to the fixed and mobile charge species by Gauss’ Law:

V- eE® = ps (5)

where € is the dielectric constant (assumed uniform) and pf
is related to the membrane volume fixed charge density o,,
and the mobile species concentrations by:

PAF) = By + FEL(7) — T(P) ©)

Equations (1)— (6) constitute a complete description of the
system if (¥ — ¥y,) is known The problem of a rigid non-
deformable membrane with ¥, = 0 has been examined and
numerical solutions exist for several special cases, e.g. Dy =
D_ with very high current densities only', and” v = 0. The
effect of the change in intramembrane concentration on the
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mechanical properties of the membrane was not of interest.
In the present context, it is illuminating to use a pertur-
bation approach and examine a limiting case which yields
a simple closed form solution. It is apphcable for low and
high current densities, D, # D_, and (¥ — ¥,,,) # 0. To
assemble the system of interest, we consider a membrane
whose fixed charge density is much greater than bulk solu-
tion concentrations which are initially equal, p,,/F > c%) =
cg- A Donnan equilibrium is assumed between membrane
and bulk solutions, and for the case p,, > 0, p,, is balanced
by an equal amount of uniformly distributed mobile nega-
tive ions ¢_q in the membrane. If c(z) were now increased
slightly above CO but remained <p,,/F, and if E0 were
applied across the membrane, then additional mobile ions
would enter or leave in perturbational amounts due to dif-
fusion and migration, provided E0 was much less than inter-
nal double layer fields which are!* ~108 V/cm. Defining
the total intramembrane concentrations as the sum of
equilibrium and perturbation coneentrations C+3’ ¢, (x),
respectively:

T =T oyt % (x) 7)
T, =Gt ) > C4(x) )
c_(x)=cx)<<c_g=p,lF 9)

where ¢, =~ 0 in equation (8) can be interpreted in terms
of Donnan exclusion of co-ions. The equalities in equation
(9) represent the assumed quasi-neutrality condition, which
more strictly is lc, — ¢_|/c_y < 1. This condition is well
justified if membrane thickness is much greater than a
Debye length®® 1/x,

/ 12
5> 1/k = (eRT/Zzl.zeciO)

i

or equivalently, as long as the dielectric relaxation time in
the membrane is much less than the diffusion time across
the membrane. This is the case for all experiments to be
presented here. The quasi-neutrality and perturbation
inequality conditions in equation (9) together simplify the
problem by decoupling Gauss’ Law (5) from equations
(1)—(4), recognizing that the electric field in the membrane
is then approximately constant. The majority carriers
(c_g) effectively shield perturbation minority carriers so
that no unbalanced space charge exists in the membrane
which could give rise to V ‘E. An applied field will not
disturb electroneutrality as long as [Fpl is much less than
internal double layer field strengths. This approach is remi-
niscent of that taken in membrane electrodiffusion prob-
lems'®!7 and carrier flows in semiconductors’®,

The problem is further simplified by focusing on the
positive (minority) ions and recognizing that since ¢, <¢_

and D, and D _ are of the same order of magnitude, the posi-

tive ions are effectively shielded to the extent that the self-
field migration term in equation (3) is negligible compared
to the diffusion term; the self-field acts predominantly on
the swamping amount of negative ions. However, as EO can
be large, the applied field term cannot be neglected in equa-

[2:+(6 ) - E+(0+)] exp [+E0(1

— Ly58/1,) (x — 8)/ V] + ¢, (0%) — ¢, (57 ) exp [—E(1

tion (3). Since the radius of the collagen tube R > &, a one-
dimensional model is well justified; combining equations
(1), (3) and (8) with V> 3/3x, v~ v, Eg~ Eg, the x-
directed field:

D, — — [u s+
Dt ax + [+E0 (x

De, 8 _ dcs
ox

- Vm)] E-}-) (10)

solution of which leads to the desired perturbation profile
of mobile ions ¢_ =~ ¢,. The boundary conditions on the
perturbation concentrations at x = 0% and x = 8, ¢,(0%)
and ¢,(8 ), can be calculated from the rapidly established
Donnan equilibrium'”, where 0% and 8~ are several Debye
lengths from the edges of the membrane:

GO = () ey GB) = (T, (11
where ¢_g is known from equatlon (9). The assumption in
equation (11) that ¢, (07) = CO and ¢, (6%) = c% requires an
adequately stirred system.

At this point the relative importance of the convection
and migration terms in equation (10) must be examined. An
experimental and theoretical investigation'! of electro-
mechanical coupling with collagen membranes in the
absence of a concentration gradient has lead to relations
between measured pressure and potential drops (AP, AV)
across the membrage and _r)nquured total current and mass
flow per unit area J and (v — v,,) through the membrane
which can be cast in the form:

> > >

n.(v— vy Ly Ly AP

> - (12,13)
where ﬁ,?andjare in the +x direction, AV = V2 yl Lyy=

Ly1 =0 for pyy, = 0 and Ly < 0. The relations (12) and
(13) are not significantly altered by the presence of the
perturbation concentration gradient of interest. With AP
constrained to be zero (the experimental constraint imposed
here), fluid flow can still occur via electromechanical coup-
ling due to the imposed Eg. Thus the convection term in
equation (10) can be written in terms of AV(=J/Lyy =
—E(6) through equation (12). The ratio of the magnitudes of
the convection and migration terms in equation (10) is then:

IL12Eq8 ¢4l _ |Lq,81

14

If the ratio in equation (14) is <1, then the convection term
can be neglected. A comparison of the remaining migration
and diffusion terms in equation (10) shows that in the
steady state, migration will totally dominate diffusion only if
|[Egd| > RT/F. For the general case in which the convection
termis included, equation (10) is easily solved in the steady
state, D/Dt = 0. For the cases Eg = 0 and Eg # 0 respec-
tively, using equation (12) in equation (10) with AP = 0:

E+(x) = E+(0+) + [E+(6_) - Z+(0+)]x/<S (15)

- L125/E+)5/VT]

cx) =

{1 —exp [-Eps(1

16
— Lyy8/u)/Vyl} 1o
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Figure 2 Normalized perturbation concentration ¢4(x}/c(0%)
versus x/8 inside a positively charged membrane of thickness §, cal-
culated from equation {16) for the case €+(6 7) = 424+(0%). AB,
|EgS| = 8RT/F; C,D, |EgS| = 2RT/F; E, Eg= 0; B,D, E¢ > 0; A,C, Eq
<0

where V= RT/F is the equivalent thermal voltage ~25.7
mV. Constraints other than AP = 0 can be handled easily
using equations (12) and (13) together. Figure 2 shows the
calculated, normalized concentration profile c4(x)/c+(0%)
corresponding to equations (15) and (16) for the case
L178/uy €1, i.e. neglecting convection, which applies to
the membrane used here (see Discussion). The plots are for
Egd =0, £2V 7, +8V 1, with boundary concentrations
¢+(67) = 4¢4(0"). We note that reversing the polarity of
Eg in equation (16) has the effect of reversing the curvature
of ¢4(x). When L128/%; > 1 the solution (16) is analogous
to that plotted in Figure 2 but with the opposite sign of
curvature. For the special case L128 = u4 the migration and
convection effects cancel; the applied field therefore has no
effect on the concentration profile and the profile (16)
reduces to the linear profile (15) asif Eg=0. For a nega-
tively charged membrane, the curvatures change sign for
each of the respective cases above. Finally, given a model
and prior experimental evidence for the way in which
changes in intramembrane concentration lead to induced
tensile forces in the fibril matrix®, the experimental results
to be presented can be compared with the trends predicted
by the theory outlined above (see Discussion).

EXPERIMENTAL

Collagen tubing (dry radius 10.16 cm and wall thickness
0.0045 cm) was made from a dispersion of hide corium
collagen as described by Lieberman?® and kindly donated to
us by Dr T. Tsuzuki, Devro Inc., Somerville, New Jersey.
The tubing was extrusion cast and plasticized with a solu-
tion of glycerin and carboxymethyl cellulose; no cross-
linking agent was added. Additional impurities (primarily
natural fats) were present in an amount less than 0.5 wt % 2.
Examination of the fibrils prior to extrusion showed no loss
of quaternary structure; after extrusion there was no detect-
able evidence of any fibril orientation in the extrusion direc-
tion® (the direction of the tube axis). All specimens were
presoaked and rinsed several times with distilled water over
a 24 h period to remove the plasticizing agent before use?'.
This tubing was among several samples previously used in
our laboratory for studying electromechanical transduction
properties of collagen!’. Results of experiments with this
tubing!® will be compared to that obtained with an axially
oriented extruded collagen fibre prepared from steer ten-
don??, as described in a previous paper®.
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A length of tubing (15 cm) was clamped around two
PMMA discs, one at each end, as sketched in Figure 1. The
lower disc was fixed to the bottom of a 3 litre vessel and
the top disc was connected to the load cell (Instron Engi-
neering Corp., Canton, Mass.) whose output was displayed
on an Instron chart recorder. The active cylindrical mem-
brane area of ~121 cm? separated inner and outer electro-
lyte baths at 23°C that were continuously pumped from
large reservoirs at a rate fast enough to maintain indepen-
dent, constant bulk concentrations in the face of ion migra-
tion and diffusion across the membrane, and to minimize
the effects of boundary layers at the membrane edges.

The volume of fluid inside the tube was ~120 ml; inner and
outer volumes were maintained constant for all experiments.
The tube was initially stretched a small amount to obtain
100 g total baseline force, from which positive and negative
force increments resulting from various stimuli could be
measured.

In one series of experiments, the large reservoirs were
disconnected and the outer and inner baths of 0.06 M NaC(l
were intermixed and continually recirculated from one to
the other. Successive increments of 1.0 M HCl or NaOH
were then added to the outer bath, each within less than
5 sec, in order to determine the force induced by changes in
pH over a wide range. With recirculation the inner and
outer baths attained equal pH approximately 0.5 min after
each addition of reagent. In this and all other experiments,
the pH was continuously monitored with a Radiometer
digital pH meter PHM-63 which gave reproducible readings
to £0.01 pH units. In another series with the same configu-
ration, increments of 5 M NaCl were added to the bath
which had an initial pH = 2.8 due to HCl, to determine the
effect of neutral salt concentration on measured force. The
initial ionic strength was due to HCl alone. Mixing time
for the attainment of equal inner and outer NaCl concen-
tration was again ~0.5 min. All solutions were prepared
from reagent grade chemicals. The force versus pH and
neutral salt concentration experiments were performed as
material characterizations to determine the maximum force
that could be induced by electromechanochemical trans-
duction for the given ultrastructure and orientation of the
collagen specimen.

Steady electric fields were applied across the membrane
via platinum electrodes as shown in Figure 1, to determine
the effect on measured force. For the chosen configuration
with tube radius much greater than membrane thickness
R > §, the electric field inside the membrane was essen-
tially uniform to a good approximation. Both the d.c. volt-
age applied to the electrodes and the current through the
electrode—electrolyte—membrane circuit were measured.
In all such experiments, the large reservoirs were used to
isolate inner and outer baths so as to maintain specified
NaCl concentration gradients across the membrane. The
three gradients chosen were 0.002 M/0.012 M, 0.012 M/
0.06 M, and 0.06 M/0.2 M, with initial pH ~2.8 for both
inner and outer baths. (The effect of £y with gradients in
pH was not studied.) As finite electrolysis rates could lead
to changes in bath pH, fluid pumping rates were maintained
fast enough so that the maximum such change that could
occur in the vessel (i.e. for the maximum current density
used in the experimental time period of interest) was less
than 0.05 pH units away from the initial pH. Low current
densities were used, the maximum being ~3 mA/cm? in the
membrane. Electrolysis caused negligible problems with the
lowest of the three concentration combinations. However,
with the highest combination, which yielded the highest
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Figure 3 Change in equilibrium isometric force density, referred to
dry specimen cross-sectional area, about an initial stretching force
over an extended pH range. ®0, Data for a single tube specimen
with bath pH first decreased (®) and then increased (O); .0, data
previously obtainedS with an oriented collagen fibre shown for com-
parison; pH first increased, (W) then decreased (O}, lonic strength:
0.06 M (NaCl) at beginning of both experiments; less than 0.066 M
at the end for each

current densities for a given electrode voltage, accumulation
of gas limited the useful measurement time to ~5 min for
each application of a unit step in Eq =J/(—L22)6 = —AV/S.
As J rather than £ or AV was experimentally imposed, the
data are plotted as a function of J.

RESULTS

The results of the force versus pH and neutral salt concen-
tration studies appear in Figures 3 and 4. The data of
Figure 3 represent the changes in force density induced by
successive additions of acid or base, where force density is
the measured force referred to the dry cross-sectional area
of the specimen. The initial stretching force has been sub-
tracted out in Figure 3 and therefore the zero axis corres-
ponds to the absence of a change in force density about the
initial stretch. O, ® Correspond to the collagen tube which
has dry area = 0.046 cm?2. (For comparison, data are shown
(o, ®) corresponding to previous measurements® performed
in a like manner with an oriented collagen fibre having a dry
cross-sectional area of 8.32 x 10~4 cm?.) With the tube
immersed in a 0.06 M NaCl bath, the pH was initially
lowered in steps to about 2.8 (@), then raised in steps to
about 11.45 (0); total ionic strength increased by less than
10% over the entire course of the experiment which is thus
considered as having been performed at approximately con-
stant ionic strength. The change in force density versus
time for all step changes in pH was monotonic. If we
define a ‘characteristic’ time as that necessary for a force to
reach some reference percentage, say 1 — 1/e or 63% of the
asymptotic force level, we observe the following: the
characteristic times were longest (~11 min) at pH values

~4 and 10.5, and gradually became shorter as the pH was
decreased below 4 and increased above 10.5 (as short as
2-3 min). They were shortest and sometimes barely detect-
ible in the neutral pH range. This general behaviour is simi-
lar to that previously found with collagen fibres®. It was
found that the equivalent force densities available with an
oriented fibre were more than an order of magnitude larger
than that with the randomly oriented tube.

The effect of neutral salt concentration at constant
acidic pH is summarized in Figure 4, corresponding to
experiments with the same specimens as those of Figure 3.
These data show the change in force density after successive
additions of NaCl, once again with the initial stretching
force subtracted. In each experiment the initial step was
the adjustment of the acidic pH using HCl and the attain-
ment of the corresponding equilibrium force. The first
data point in each curve refers to this force and the anion
(CI7) concentration due to HCl alone. Subsequent addition
of NaCl with both specimens led to changes in force that
were not monotonic in time; rather there ensued an initial
decrease followed by a slower increase whose asymptotic
value was larger than the previous equilibrium state. This
is clearly seen in Figure 5a, which corresponds to the transi-
tion between the first and second fibre data points of
Figure 4. Similar behaviour was observed with the tube
specimen for points up to ~0.025 M; the characteristic
time for the secondary increase in force was ~2.5—4 min.
After a certain anion concentration was reached (typically
that of the maxima in the curves of Figure 4, ~0.025 M for
the tube and ~0.002 M for the fibre specimens), further
additions of NaCl were accompanied by only the initial,
relatively fast decrease in force with no subsequent slow
increase as before. The force was found to decrease con-
tinuously with increasing anion concentration after this
point (see Figure 4). In this latter region of the curve, the
characteristic time for each decrease in force was typically
50 sec or less for the case of the collagen tube. Approxi-
mately 30 sec of this time was attributable to bath mixing

200

100

Force density (non-oriented tube)(N/cm?)
Force density (oriented fibre)(N/cm?2)

L L L

OO0l (ole]]

. L1

o004 O 02
Concentration of anion {mol/l)

Figure 4 Change in isometric force density due to successive
increments in NaCl at constant pH: O, tube pH = 2.8; 5, fibre5, pH =
293
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Figure 5 (a) Change in force density after a single step increase

in NaCl concentration for an oriented fibre initially in a bath at
pH 2.93 with no neutral salt. Final chloride ion concentration =
0.002 M. (b) Electromechanochemically induced change in force
density in response to a single step jump in J for a low applied J =
0.12 mA/ecm?; ¢} = 0.002 M/c} = 0.012 M NaCl; pH = 2.8

after pipetting of reagent. (The equivalent time for the
fibre was 12 sec including a ~5 sec mixing time.)

The quantitative response of the collagen tube to an
electric field (imposed J) is summarized in Figure 6. Repre-
sentative data are shown corresponding to five experiments
with the same specimen using positive and negative J with
the three concentration gradients chosen. In each experi-
ment, the initial step was the establishment of the con-
centration gradient with both inner and outer baths at the
same pH = 2.8. This resulted in a corresponding equilibrium
force density. A step jump in J was then applied and turned
off after 5 min. This was followed by another turn-on,
turn-off cycle. The data of Figure 6 are the changes in force
density attained after J had been on for 5 min and a new
steady state force had been reached; the initial equilibrium
force density has once again been subtracted. It is impor-
tant to note that a positive force density was induced in all
cases when CO > c(l) and J (or Ep) was positive, £y >0
defined as pointing from outside to inside across the mem-
brane. Reversing the polarity of £y with CO > c(l) reversed
the polarity of the induced force density. For all cases in
which c% < cO, Ey >0 induced negative forces and con-
versely. The characteristic times for the turn-on transients,
that is, the transient change in force after J was turned on,
were in the range of 36—80 sec. With all three concentra-
tion gradients, the turn-on time constant was found to
decrease as the value of the applied J was increased, in some
experiments by as much as 50% for the range of J used. For
each turn-on, turn-off cycle, the turn-off time constant was
invariably longer than the turn-on time constant, in some
cases by a factor of 2 or 3. From a comparison of such
time constants it has been estimated (see Discussion) that
the values of applied |AV] = |Egd| used in these experiments,
corresponding to the current densities used, are in the range
0to ~10RT/F =250 mV.

Fmally in another series of experiments with CO 0.012M
and C =0.002 M NaCl at pH = 2.8 (i.e. the lowest concen-
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tration combination of the three), the applied current was
left on for 30 min for several different values of J. It was
found that typically 6—8 min after turn-on, a slow drift in
force occurred which lowered the force below the level
corresponding to the 5 min ‘asymptotic’ value, as shown in
Figure 5b. As previously mentioned, problems due to
electrolysis prevented equivalent long term measurements
with the higher concentration combinations.

DISCUSSION

A model which would adequately explain the observed
effect of an electric field on tensile forces in collagen can be
constructed on the known internal electrostatic interactions
inherent to collagen in aqueous media with no applied
field**2? the trends predicted by the theoretical treatment
above, and the ultrastructural features?®2* of the collagen
specimens. The tubing films used in the present electro-
mechanical studies have fibril orientation which is random
in the plane of the film, while the fibres can be considered
as having a network of fibrils which are highly oriented in
the direction of fibre axis. In addition, previous experi-
ments'! have shown that the film acts as a permeable mem-
brane through which water and small ions can be trans-
ported. In the range of pH and ionic strength studied, the
tertiary structure of the fibres and films is predominantly
unaltered at 23°C >S5, When bath pH is shifted away from
the isoelectric point, both specimens attain a net primary or
‘fixed’ charge according to well accepted notions>2%, The
exact spatial distribution of mobile counter ions, i.e. the
electrical double layer, depends on the spatial geometry of
the primary charge. With charged fibres in the absence of an
applied electric field, interaction between double layers has
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Figure 6 Representative electromechanochemical coupling data
obtained with a collagen tube in the acidic region supportmg
gradlents in NaCI concentratlon havmg the values o, co 0.002 m/
Co 0.012 M; O, ¢f = 0.012 M/c} 0002 M;m cl= 0.012M/c3 =
0.06 M; A cf 006M/c% 02M 02M/co 0.06 M;
applied current density J is related to Eo by equation {13} of text.
Force density is referred to membrane cross-sectional area and
current density to cylindrical surface area.
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been found to produce repulsive forces which are strongest,
because of the predominantly axial orientation, in the
direction normal to the fibre axis®. These lateral repulsive
forces are converted by the fibril matrix to macroscopic
axial forces. The same repulsive forces exist in the charged
collagen tube, as is evidenced by visible swelling in the
lateral direction when the pH is shifted away from the IEP.
However, because of the one fewer degree of orientation,
one would expect in general that the summed effect of such
repulsive forces would lead to axial macroscopic force
densities smaller than that of a comparable cross-sectional
area of oriented fibres.

That these lateral repulsive forces can give rise to iso-
metric axial forces in the collagen tubing is seen in the data
of Figures 3 and 4; the trends of these data are very similar
to those of the collagen fibres. Thus in Figure 3 an increase
in net positive or negative charge at low or high pH respec-
tively and at constant ionic strength (constant Debye length)
gives rise to an increase in force density independent of the
sign of the charges. The force density induced in the tube
is typically about 25 times less than that of the fibre at a
given pH; the pH of zero induced force density can be con-
sidered a measurement of the JEP for those insoluble
collagen specimens®. Finally, the long characteristic times
associated with changes in tube force density due to step
changes in pH (2—11 min; see Results) can be understood
in terms of the diffusion limited chemical reaction®”?® that
takes place upon addition of HCl or NaOH to the bath.
These experimental times will henceforth be referred to as
yt.

The force density versus anion concentration data show
that two electrostatically mediated events, whose effects
are to produce forces of opposite polarity (direction), can
occur simultaneously. An increase in concentration of a
relatively non-binding or non-reacting salt (e.g. NaCl *) at
constant pH leads to a decrease in internal Debye lengths
at a rate governed by ionic diffusion into the matrix, as
represented by the characteristic diffusion time 7gy¢ ~
82/2D. (The dielectric relaxation time 7, = €/o for reorder-
ing of the ionic atmospheres once diffusion has occurred is
~10-7-10-9 sec which is <rgjgr, where o is conductivity.)
74ifr should theoretically be less than Tg+; for the tubing,
Tqiff is calculated to be ~15-20 sec. The diffusion limited
decrease in 1/k leads at first to a concomitantly fast
decrease in force (e.g. Figure 5a). 1t is well known from
titration studies, however, that such a manifestation of
electrostatic interaction between protein side groups can
lead to a change in dissociation equilibrium for collagen®26%
and other polyelectrolytes® ; in this case the increase in
bath concentration could lead to an increase in the fraction
of groups dissociated®>*. Such an increase in net charge
would in fact lead to the secondary rise in force seen in
Figure 5a and also found with the tube. The fact that the
initial decrease in force is found to occur in a time ~7gj
and that the secondary increase occurs in a time ~ryg+ (see
Results) both for the tube and the fibre supports this view.
Therefore, the initial quick decrease in double layer repul-
sion can be considered the result of a decrease in 1/k at
approximately constant collagen charge, which is followed
by a slow increase in charge at the new, constant 1/«x. This
force vs. time dependence is seen for the tube up to
~0.025 M. Above this concentration, the absence of any
slow secondary change in force suggests that collagen charge
has remained constant even with further addition of salt at
the given bath pH*. The continued occurrence of the

initial decrease in force as additional salt is added shows,
however, that the first electrostatic effect is still present;
this is again supported by the experimental time constants
which are ~74ir. The importance of the various time con-
stants characterizing the physical processes found in the
‘baseline experiments’ of Figures 3—5a is stressed in order
to establish one context in which to examine the electric
field-induced forces. Parenthetically, it appears that such
macroscopic measurements provide significant insight into
the study of certain electrically mediated rate processes
affecting collagen at the ultrastructural level.

In order to interpret the trends of the electromechano-
chemical transduction data of Figure 6, we focus on the
polarity of the induced force as a functlon of the polarity
of E given the relative magnitudes of ‘0 and c%, the magni-
tude of the induced force compared to previously found
electrokinetically induced forces®'!, the time constants
associated with the present Ey- mduced forces, the three
ranges of concentration gradient used, and the force data of
Figures 4 and 5. These trends are compared with those
predicted by the theoretical model presented above. With
respect to the latter, we recall that equation (16) and
Figure 2 have been derived for the case p,,/F > co,c%,
Schlogl'® has given numerical calculations for the case
omlF shghtly less than bulk concentrations, with vm
0,D,=D_ (Eg=0), and large J (or Eq). The trends of
the latter solution are identical with those predicted by
equation (16) in the frame of the membrane, concerning
the way in which intramembrane concentration can be
increased or decreased by £, with or without significant
convection. The actual experiments (Figure 6) fall roughly
between these two limits as p,,/F < 0.1 M for the electrolyte
conditions used?®. In addition, measurements'' on the
collagen tube used here have shown that the ratio in equa-
tion (14) is less than 10~2 (with the assumption that co-ion
mobility is not significantly different from that in bulk
solution®); therefore convection in equation (16) can be
neglected and we will use equation (16) and Figure 2 for
ease of comparison with our experimental data.

All the experiments in Figure 6 show induced force
density polarities which can be interpreted in terms of the
hypothesis that a change in mean intramembrane salt con-
tent leads to a concomitant change in 1/k and hence a change
in lateral repulsion forces and total force density. In quad-
rant | of Figure 6, for example, a positive J induces positive
force; the larger the J, the larger the force. Eguatmn (16)
and Figure 2 predict that a positive £y with ¢ > CO causes
a decrease in mean intramembrane salt content (and there-
fore an increase in 1/k); the larger the Ey the less the mean
salt content. Reversing the polarity of £ conversely leads
to an increase in salt concentration. Such a prediction is in
accordance with the observation of a negative induced force
as seen in all the data in quadrant I of Figure 6. When
CO > CO (quadrants Il and 1V) the polarity of the induced
force versus Eg was found to be opposite that of the pre-
vious cases (quadrants I and IIT). These observations can
also be interpreted in an identical fashion with respect to
Figure 2. This reversal appears to cancel, by itself, the
possibility that the observed forces might be caused pri-
marily by a simple electrokinetic (e.g. electrophoretic)
‘push’ on the membrane, an effect which has been observed
in the past in homogeneous electrolyte baths®'!. Simply
switching the inner and outer baths (i.e. reversing the con-
centration gradient) without changing the sign of p,, would
not lead to a reversal in force polarity for the same £ based
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on an electrokinetic interpretation. Further, the magnitude
of electrokinetically induced force densities has been found
to be less by almost an order of magnitude® than those of
Figure 6, for an equivalent Ey.

The proposed hypothesis is entirely unambiguous in the
case of the 0.06 M/0.2 M data (2, &) of Figure 6, since the
equilibrium force density of curve of Figure 4 (for the
collagen tube) shows an inverse relationship with concentra-
tion in this range. Qualitatively, Eg might be construed as a
means of constraining the total force density to follow a
path defined by this part of the curve. However, such an
argument would not coincide with the observed proportion-
ality of the equilibrium force (cf. Figure 4) in the range
0.002--0.025 M. To reconcile these observations, the
detailed time response of the Eg-induced force in this low
concentration range must be examined (see Figure 5b).

We first note that the initial changes in £p-induced force
for all the experiments of Figure 6, including the low con-
centration ranges, were characterized by time constants
TE, ~ 36—80 sec (see Results), which are roughly on the
order of calculated 74jrr. This in itself is further evidence
that induced changes in intramembrane concentration are
initially at work, as opposed to (for example) diffusion
limited reaction processes which would accompany an Eg-
induced change in pH. The slow reversal in force (with a
time in the range ~7y+) seen in Figure 5b can be inter-
preted once again as a change in dissociation and hence a
slow charging process, in this instance due to the £y
induced change in neutral salt concentration. Such a rever-
sal is in accordance with the interpretation of Figure Sa,
the low concentration data of Figure 4, and the known
charging properties of collagen®. However, the data of
Figure 6 correspond to the 5 min ‘steady state’ force densi-
ties attained before such secondary force reversals are seen
to occur. We conclude that since 7g,~ 7qif < 7+, the data
of Figure 6 with the low ionic strength combinations should
not be interpreted via the long time equilibrium curve of
Figure 4 in the equivalent concentration range, but rather
are consistent with the proposed hypothesis.

The relationship between 7g, and 74yr can be examined
further in the context of the limiting model for electro-
mechanochemical transduction embodied in equation (10).
The full transient solution of equation (10) in the case of
negligible convection (3/d¢ # 0, V' = ¥,,, = 0) has been given
with respect to squid axon electrodiffusion problems'®in
terms of a Fourier superposition with a governing time con-
stant for the establishment of the steady state concentration
profile; the latter can be cast in the form®é:

1
T = Taif T EI\? a7
1+
(nVT)

The characteristic times for Eg-induced forces 7g, should
thus be directly related to the 7 of equation (17) according
to the present hypothesis. Equation (17) thus suggests
that the turn-on time 7g, « 7 (Eg # 0) for force transients
should be less than the turn-off time « r (Ep = 0) = 74js.
This has in fact been observed (see Results). In addition,
equation (17) predicts that TEp should decrease with increas-
ing E, which has also been observed. (Measurements of
L7 are currently in progress to compare the AV predicted
by equation (17) with that calculated from AV =J/L3.)
Therefore, diffusion is not rate limiting for Eg # 0.
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Several additional comments are in order concerning the
data of Figure 6. 1f a highly oriented tube were used in the
present configuration, then force densities ~25 times larger
could be obtained; thus a 4 N/cm? excursion obtained by
switching from +£ to —E|, say, on the curves of Figure 6
would translate to ~100 N/cm2. Second, a curve of force
density versus |Egl should in general be non-linear and
should saturate for high enough Ey, given the known upper
and lower intramembrane concentration limits defined by
c(l) and c(z). This can be seen in the trends of the theoretical
curves of Figure 2. Finally, although the curves of Figure 2
predict antisymmetric concentration profiles for +E and
—Eq about the profile for Eg = 0, the profiles and therefore
forces are in general not symmetric when the conditions
- 1 2 : 13
Pl F > cq» €g are not satisfied .

In conclusion, examination of the trends of electro-
mechanochemical transduction experiments viewed in the con-
text of a theoretical model appear to confirm the feasibility of
such a transduction process, in which an applied E is used
to contro] intramembrane concentration profiles thereby
inducing tensile forces. The isometric force densities
involved are not insignificant by analogy to those of striated
muscle. Characteristic times for the transduction process
can be made much smaller than that observed here by
proper material design, e.g. by using much thinner mem-
branes which could be overlapped so as to maintain suf-
ficient cross-section and therefore significant total forces.
The use of multivalent ions might allow the use of much
smaller concentration gradients as very small amounts can
lead to large changes in force®. The collagen can be chemi-
cally modified, or collagen/glycosaminoglycan composites
or other polyelectrolytes can be used for the purpose of
having a material which is charged at physiological pH?.
Such a transduction process can also be used to make pos-
sible electric field-control of internal concentrations of
salts which have specific effects on the material, e.g. salts
involved in partly reversible denaturation!~3,

The experiments presented in this paper show that elec-
tric field-induced changes in the microscopic structure of a
polyelectrolyte such as collagen can be harnessed to yield,
on the one hand, a macroscopic force and the concomitant
performance of mechanical work. On the other hand, such
changes in membrane architecture at the ultrastructural level
should also manifest themselves in altered hydrodynamic
and ionic permeabilities. Thus the transduction mecha-
nisms of interest here may also have important implications
concerning the possibility of altering transport across poly-
electrolyte membranes by, for example, electrically induced
changes in equivalent pore size. An investigation of such
effects is now in progress.
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