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Abstract— Regulation, growth and healing in biological
systems involve many interconnected and interdependent
processes that include chemical and electrical mechanisms of
action. Unfortunately, the significant contributions that
electrical events provide are often overlooked; resulting in a
poor transfer of knowledge from science, to engineering and
finally to therapy. Wound site electrical processes can influence
cell migration, fluid transport, cellular signaling events, gene
expression, cell differentiation and cell proliferation; affecting
both form and function at the cell, tissue and organ levels.
Wound healing, and its interrelationships with transport,
regeneration, and growth, cannot be understood or
therapeutically assisted unless both chemical and electrical
activities associated with the healing process are addressed.

I. INTRODUCTION

The confusion and lack of understanding with certain
facets of wound healing can be traced to a chemically
dominated view of the wound healing process [1] at the
molecular, cellular and tissue biology levels. Both plant and
animal tissue display a variety of electrically regulated
processes at wound sites. Physical injury to plant tissue
produces electrical activity similar to that which occurs in
wounded animal epithelial tissues; resulting in measurable 10
to 50 mV electric potential responses [2]. Human and animal
wound healing could be better understood and wound healing
methodology could be much more effective if the structurally
dependent electrical activities associated with wound site
tissues and cells are considered [1], [3], [4] along with
chemical and mechanical mechanisms of action.

Using measured wound healing electrical responses, the
electrical component of the wound healing system response,
associated with chemical and mechanical wound healing
mechanisms, will be developed and related to
electrotherapeutic device and protocol design issues.

II. WOUND SITE ELECTRICAL ACTIVITY: SCIENTIFIC
BACKGROUND AND BASIC MECHANISMS OF ACTION

For both naturally occurring endogenous wound site
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electrical activity, and exogenously applied therapeutic
electric current; the links between immune response, tissue
reconstruction and wound healing in general involve a wide
spectrum of activity. For example, some papers discuss the
bactericidal effects of direct current [5]. Others are concerned
with wound site mechanisms-of-action and relationships
involving the skin epidermal battery, cell lysis, pH gradients,
and the Nernst equation [4], [6]-[9]; where the center of the
wound site has a positive electrical potential compared to the
uninjured tissue at the wound site periphery [7]-[9]. This
positive potential at the center of the wound produces an
electric field that attracts a variety of mobile cells to the
wound site including those of the immune system [8]-[10]. In
this case, cells with a negative surface charge density will be
attracted to regions that are positively charged [8], [10], [11].
From the standpoint of cell mediated immune responses,
when electrical characteristics of a wound site are considered,
Coulomb’s law complements chemotaxis. The more
positively charged wound site will modulate immune
response and inflammation by attracting white blood cells.

The electrically positive wound site attracts fibroblasts
that produce and deliver tropocollagen to support
extracellular matrix reconstruction. Keratinocytes are
attracted to the electrically negative region of the wound
periphery for wound reepithelialization [12]. The electric
field between the positive wound center and the more
electrically negative periphery influences electro-osmotic and
electrophoretic activity at the molecular, cellular and tissue
levels [10], [11].

As shown in Fig. 2, wound site electrical responses
involve processes associated with molecular, cell and tissue
biology in a multi-scale negative feedback system, with
interconnected modular elements that regulate form and
function. Negative feedback serves as a regulator or control
in wound healing to maintain stability. Knowing form and
functional characteristics associated with endogenous
healing process can have positive influences on therapeutic
device design [13].

III. WOUND HEALING MODELING AND DEVICE/PROTOCOL
DESIGN

A. Mathematical Expressions Derived From Endogenous
Wound Healing Data of Current Density vs. Time
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Plots of time varying endogenous wound healing current
densities and electric fields can be used to synthesize block
diagram representations of the wound healing process.

To address the wound healing model, current density
over time (J(t)) obtained from [3], [14], and [15], can be
coupled with the following fourth order differential
equation (1). Coefficients are chosen so that J(t) will closely
match the measured endogenous wound current density
(dotted line in Fig. 1). When accumulated cell/tissue density
from the wound healing feedback path (Fig. 2) subtracted
from the input variable N(t) is zero; tissue cell density is in
equilibrium. Variations in N(t) represent a wound.
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Equation (1) can be converted into a Laplace transform
format, where the output J(t) and the input N(t) are
represented by J(s) and N(s) in Laplace notation, which then
defines the wound healing system structure (block diagram
of Fig. 2). The resulting wound healing system transfer
function is of the form:
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B. Wound Healing Simulation Results

For a unit step input, Fig. 1 shows the graph (solid line)
defined by (1), (2) and (3) that approximates the measured
wound healing current density. Root locus plots associated
with (2) indicate that the wound healing system is operating
with very large gain margins for stability. However, in the

J(t)
(nA / cm?) Endogenous Wound Healing Current Density

1or .

00 05 10 15 20

time (minutes)

Figure 1. The dotted line in the graph represents a plot of current density vs.
time obtained using a customized, non-invasive, tapered vibrating
microelectrode probe to measure current flowing out of a murine corneal
wound site [3], [14]. Even before wounding, there is a very small amount of
current flow from the tissue. The simulation based on (1), (2) and (3) (solid
line in the graph) follows closely the measured data for the wound healing
current density. By varying simulation element gains, the simulation can
duplicate wound healing current density plots for both murine corneal tissue
and human skin tissue.

wound healing system feedback network, the cell signaling
pathway consists of various interconnected first order
equations based on chemical kinetics that can exhibit certain
long term instabilities due to the effects of cross talk between
pathways and nonlinearities [16].

Assuming N(s) is the Laplace input variable for N(t),
representing a unit step function, and taking the inverse
Laplace transform of (2):
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For time and frequency scaling factors of approximately
100, very low values of { and c, and values of d that are
approximately equal to the natural frequency multiplied by
the damping ratio; (3) provides outputs that closely match the
measured wound healing current density shown in Fig. 1. The
block diagram of Fig. 2, synthesized from Fig. 1, (1) and (2),
appears to provide a reasonably accurate representation of the
wound healing system responses.

C. InVitro Implications vs. In Vivo Reality: Impact of
Frequency Response

Research at the in vitro level has shown that DC and time
varying electric fields and electric currents can influence
gene expression [17], cell differentiation and proliferation
[18], [19], production/release of nucleotides [20], DNA
synthesis [21], protein synthesis [20], [21] and protein
transport [20]. The elements of the forward gain portion of
the wound healing control system can respond to time
varying high frequency inputs. However, the characteristics
of the feedback elements limit the feedback path frequency
response for exogenously applied electrical currents at
frequencies beyond 0.5 Hz when the cells are part of a
complete tissue system. In other words, for therapeutic
applications involving exogenously applied currents at
frequencies above 0.5 Hz; in vitro responses for cells in
culture may not accurately reflect natural or relevant wound
healing responses at different frequencies for those same
cells when they are part of an organized tissue system.

D. The Ligand Concept

The interaction between electric fields or electric
current density and cell receptors is often referred to as
“ligandless” or “ligand-independent” receptor activation [22].
That view appears to need an adjustment. A ligand “binds.” It
may be a single molecule or ion. An accumulation of bound
ions can be included in the ligand definition. An electric
ligand model (involving ions bonded to receptors and
molecules in the receptor neighborhood) can be structured
based on data associated with wound site electric field and
electric current density measurements. The influence of ion
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accumulation, represented by an electric current integrator
activating a cell signaling pathway, can then be described and
evaluated.

The wound healing system block diagram derived from
Fig. 1 and (1) and (2), indicates that the electrical equivalent
of a ligand (or electric ligand) can be represented by a
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Figure 2. Using a Laplace transform format for the wound healing system
block diagram, the tissue injury input involves N(s). The system response
associated with wound healing current density is (J(s)). With no exogenous
input, the wound current density (J(s)) is the product of wound tissue
conductivity (o) and the wound electric field intensity (Ex (s)), where Ey (s)
is a function of ApH (s). The Laplace transform block diagram provides a
convenient way to arrange system elements for simulations. In the Laplace
format, a 1 / (s + o) block is a partial integrator producing a delayed output
response. For therapeutic applications, the exogenous (therapeutic) electric
field (Egx(s)) derived from the output of a therapeutic device is shown. The
electric ligand for this model consists of an accumulation and distribution of
charge on cell receptors and the cell membrane due to the integration of the
wound healing current density by the H; / s block.

mathematical integration of wound healing current density
over time and area, and conceptualized by visualizing
charged entities distributed over cell receptors and the cell
receptor neighborhood (or surrounding membrane area).

From the standpoint of multi-scale form and function, as
long as wound current continues to flow; the primary
feedback loop integrator (with a gain of H;) will continue
contributing to cell proliferation and tissue increase until the
cell/tissue accumulation output in the primary feedback loop
reaches a completely healed value set by N(t). At that point,
the desired level of N(t) and the primary feedback loop
accumulated cellular output are equal. They, then, cancel
each other out, which drives the wound healing current to
zero (or to a very low off-set level). The secondary feedback
loop integrator provides a regulating influence in case the
cell signaling pathway behavior becomes aberrant. Reducing
the gain term (H,) deregulates the system, causing the entire
wound healing system to become unstable. In this case, the
wound does not heal and eventually becomes malignant.

From their chemical ligand model, DeLisi and Wiegel
[23] provide a chemical ligand flux expression that, with a
few minor adjustments, is compatible with an electric ligand
concept. Assuming that the ligand flux (or current)
impinging on one 5 nm receptor is independent of any other
receptor, they provide an expression for total ligand flux into
a certain proportion of the exposed receptors (N¢). In the
expression, D represents the ion diffusion constant
(electrically enhanced in this case); which when multiplied
by the unit of charge (e) and receptor radius (s), can
represent total current density response for an electric
ligand:

J. ~4eDsNg L <4 puA /cm? 4)

The wound current density calculated above is within the
range of injury current densities that have been measured
and reported [3], [6], [7], [14], [24]. The value obtained for
J, assumes that, at any instant of time, and assuming some
dissociation, the fractional cell receptor occupancy is less
than 50% and the probability that the free ionic components
of the electric ligand concentration will be intercepted by a
receptor is less than or equal to 20% [23].

E. Mobile Ion Content in Wound Healing Current Density

Using ion sensitive electrodes, some papers describe
wound healing currents in certain tissues as groups of mobile
ions, such as Na®, K™ and CI’, with lesser contributions from
H' [25]. However, at the cellular level, hydrogen ions are
major contributors to current flow in epithelial cells, small
neurons, and neutrophils. Some of these currents are
“surprisingly large.” [26], [27]. At the tissue level; major
contributions to wound current and electro-osmosis from H"
ions are described in wound healing models by Nordenstrom
for tumors [10] and Callejon, Roa and Reina for epidermal
cells [9]. Differences in ion transport mechanisms at various
concentrations indicate that hydrogen ion contributions to
wound site current flow are significant; but may be masked
by extensive use of buffering agents.

F. Thermodynamic Constraints: Noise

Schwan and Foster [28] indicate that a cellular current
density of approximately 1 mA / cm’ coupled with
membrane voltages of — 50 to — 70 mV are necessary to
maintain the basic metabolic rate. Thermally induced
fluctuations across the cell membrane are estimated to be
approximately 1 puV. If a crude approximation is made for a
one-to-one relationship between voltage and current density;
as membrane voltage is scaled down, the thermal noise
current density level associated with the 1 pV membrane
noise voltage would be close to 20 nA / cm’. Normal and
malignant cell proliferation measurements indicate
reproducible results down to current levels of 1 nA and
current densities of 100 nA / cm? [29]. This sets a lower limit
from the standpoints of both measurement capability and
potential therapeutic benefit.

Burst noise levels reported for the ligand — receptor
region of Fig. 2 appear to be “unusually large” [30] with
statistical data indicating signal-to-noise ratios of 4.5 to 20
dB. Also, standard deviations for gene expression can be
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approximately one half of the mean values [30], [31]. With
the wound healing system modeled as a discrete level signal
detection system, signal-to-noise levels for the cell signaling
pathway and gene expression would be quite low (~ 6 dB),
and the resulting gene expression error rate could be close to
1 error in 100. This error rate is not acceptable for
transcription or translation, which require approximately 1
error in 10,000 or better. Various formatting, spatial and
temporal signal processing techniques including encoding,
interconnecting, integrating, and noise reduction feedback
techniques appear to be operating at the molecular biology —
cell signaling pathway level to compensate for the low
signal-to-noise ratios [32].

IV. DISCUSSION

The literature shows that there are significant
inconsistencies with respect to the exogenous applications of
electrotherapy in wound healing. The wound healing model
simulation and published wound healing research results [7],
[15], [10], [33] suggest that electrotherapeutic wound healing
inconsistencies could be significantly reduced if the high mA
current levels often administered to patients with chronic
wounds are reduced to levels closer to naturally occurring
currents and current densities. For better and more consistent
results; response of severe wounds to electrotherapeutic
intervention indicate that exogenously applied wound
healing currents should be decreased from an initial short-
term mA level, to pA [33], [34] and/or nA levels [35] over
the long term; with total treatment times substantially
increased. Considering the location of the exogenous
electrotherapeutic input in Fig. 2, it makes sense that
electrotherapeutic intervention for wound healing should
incorporate the structure, intensities and time frame
associated with naturally occurring wound healing current
density and electric field waveforms [35], [34]. Section III. F
indicates that from a signal-to-noise standpoint, electric
currents specified for device design down to the 10 nA level
are applicable for observable wound healing effects.

Many wound healing protocols call for applied voltage
and current frequencies in the 1 to 100 Hz range and beyond.
Electric fields and electric currents with frequencies in this
range can influence cell proliferation, angiogenesis, cyclic
AMP production, kinase activity, Ca " influx into cellular
cytoplasm, DNA replication and transcription. But Section II1
C indicates that the integrating function in the wound healing
system primary feedback loop may filter out most of the
therapeutic effects of frequencies above 0.5 Hz for cells
accumulating and forming organized tissues. However, direct
currents and naturally occurring low level wound healing
current densities can also stimulate gene expression, enhance
the production or release of ATP, enhance protein synthesis
and have major effects on calcium regulation, the transport
and incorporation of amino acids, and cell proliferation[16],
[17], [19], [20], [21]. There is a noticeable dose-time effect
with exogenously applied electrotherapeutic techniques. And
what seems to work best for severe wounds often involves
low levels of currents, with very low frequencies, applied
each day over long periods of time [35].

The area of wound healing system noise response could
benefit from more follow-on work. The block in Fig. 2 that

appears to be the most susceptible to noise is the cell
signaling pathway. However, preliminary results with noise
simulations indicate that the wound healing system
architecture itself provides significant protection from
pulsed and burst noise levels that are up to ten times higher
than the signal levels. Issues concerning the accuracy of that
level of architecture induced noise protection need to be
addressed further. It will be interesting to evaluate the
parameters that affect the wound healing model’s
coefficients (such as decay rates, transport parameters,
statistical distributions, etc.), incorporate the effect of those
parameters on the model’s coefficients, and determine their
impact on the system’s signal quality as noise levels
increase.

ACKNOWLEDGMENT

Discussions with Bjérn E.W. Nordenstrom MD, PhD,
former head of Diagnostic Radiology, Karolinska Institute,
Stockholm, Sweden, are gratefully acknowledged.
Correspondence with Robert O. Becker, MD, former
Director of Orthopedic Surgery, Veterans Administration
Hospital, Syracuse, New York, is also appreciated and
acknowledged.

REFERENCES

[1] M. Levin, “Bioelectric mechanisms in regeneration: Unique aspects
and future perspectives,” Semin. Cell Dev. Biol , vol. 20, pp. 543-
556, July 2009.

[2] D.C. Wildon, J.F. Thain, P.E.H. Minchin, ef al., Electrical
Signaling and systemic proteinase inhibitor induction in the wounded
plant,” Nature, vol. 360, pp. 62-65, Nov. 1992.

[3] M. Zhao, B. Song, J. Pu, et al., Electrical signals control wound
healing through phosphatidylinositol -3 OH kinase —y and PTEN,”
Nature, vol. 442, pp. 457-460 , July 2006.

[4] C.D.McCaig, A.M. Rajnicek, B. Song, and M. Zhao, “Controlling
cell behavior electrically: current views and future potential,”
Physiol. Rev., vol. 85, pp. 943-978, July 2005.

[5] L. Bolton, B. Foleno, B Means, and S. Petrucelli, “Direct-current
bactericidal effect on intact skin,” Antimicrob. Agents Chemother.
vol. 18, pp. 137-141, July 1980.

[6] D.A. Chakkalakal, R.F. Wilson, and J.F. Connolly, “Epidermal and
endosteal sources of endogenous electricity in injured canine limbs,”
IEEE Trans. Biomed. Eng. vol. 35, pp. 19-30, Jan. 1988.

[7]  R. Nuccitelli, P. Nuccitelli, L. Changyi, ef al., “The electric field
near human skin wounds declines with age and provides a
noninvasive indicator of wound healing,” Wound Repair Regen.,
vol. 19, pp. 645-655, Sept.-Oct. 2011.

[8]  G.D. O’Clock, Electrotherapeutic Devices: Principles, Design and
Applications, Norwood, MA: Artech House, 2007, pp. 24-35.

[917 M.A. Callejon, I.M. Roa, and J. Reina, “A first approach to
bioelectric modeling in wound healing,” in 2011 5" European
Conference of the International Federation for Medical and
Biological Engineering IFMBE Proceedings, vol. 37, pp. 263-266.

[10] B.E.W. Nordenstrom, Biologically Closed Electric Circuits,
Stockholm, Sweden; Nordic Medical Publications, 1983, pp. 112-
199.

3024



[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

M.A. Misereli and D.A. Graham, “Extracellular electric fields direct
wound healing and regeneration,” Biol. Bull, vol. 221, pp. 79-92,
Aug. 2011.

K. Y., Nishimura, R.R. Isseroff, and R. Nuccitelli,”Human
keratinocytes migrate to the negative pole in direct current electric
fields comparable to those measured in mammalian wounds,” J.
Cell Science, vol. 109, 199-207, Jan. 1996

D. Thieffry, “Dynamical roles of biological regulatory circuits,”
Brief. Bioinform., vol. 8, pp. 220-227, July 2007.

B. Reid, B. Song, C.D. McCaig, and M. Zhao, “Wound healing in
rat cornea: the role of electric currents,” The FASEB J., vol. 19, pp.
379-386, Mar. 2005.

G. Talebi, G. Torkaman, M. Firoozabaldi, and S. Shariat, “Effect of
anodal and cathodal microamperage direct current electrical
stimulation on injury potential and wound size in guinea pigs,” J.
Rehab. Res. Dev., vol. 45, pp. 153-159, Jan. 2008.

F. Siso-Nadal, J.J. Fox, S.A. Laporte, T.E. Hébert, and P.S. Swain,
“Cross-talk between signaling pathways can generate robust
oscillations in Calcium and cAMP,” PLoS ONE, vol. 4, doi:
10.1371/journal.pone.0007189, Oct. 2009.

C.W. Huang, H.Y. Chen, M.H. Yen, et al., “Gene expression of
human lung cancer cell line CL1-5 in response to direct current
electric field,” PLoS ONE, vol. 6, €25928. doi:10.1371/journal.
pone.0025928, Oct. 2011.

K.R. Robinson, “The responses of cells to electric fields: a review,”
J. Cell Biol., vol. 101, pp. 2023-2027, Dec. 1985.

M. Lyte, J. Gannon, and G.D. O’Clock, “Effects of in vitro
electrical stimulation on enhancement and suppression of malignant
lymphoma cell proliferation,” J. Natl. Cancer Inst., vol. 83, pp. 116
—119, Jan. 1991.

N. Cheng, H. Van Hoof, E. Bockx, et al., The effects of electric
currents on ATP generation, protein synthesis, and membrane
transport in rat skin,” Clin. Orthop. Relat. Res., Vol. 171, pp. 264-
272, Nov.-Dec. 1982.

G.J. Bourguignon and L.Y. Bourguignon, “Electric stimulation of
protein and DNA synthesis in human fibroblasts,” The FASEB J.,
vol. 1, pp. 398-402, Nov. 1987.

T. Wolf-Goldberg, A. Barbul, N. Ben-Dov, and R. Korenstein, “Low
electric fields induce ligand —independent activation of EGF
receptor and ERK via electrochemical elevation of H(+) and ROS
concentrations,” Biochim.. Biophys. Acta., vol. 1833, pp. 1396-
1408, Feb. 2013.

C. DeLisi and F.W. Wiegel, “Effect of nonspecific forces and finite
receptor number on rate constants of ligand — cell bound— receptor
interactions,” Proc. Natl. Acad. Sci. USA, vol. 78, pp. 5569-5572,
Sep. 1981.

C.M. Illingworth and A.T. Barker, “Measurement of electrical
currents emerging during the regeneration of amputated fingertips
in children,” Clin. Phys. Physiol. Meas., vol. 1, pp. 87 — 89, Jan.
1980.

B. Reid and M. Zhao, Ion — selective self —referencing probes for
measuring specific ion flux,” Comm. Int. Biol., vol. 4, pp. 524-527,
Sep.-Oct. 2011.

T. E. DeCoursey and V.V. Cherney, “Voltage — activated proton

currents in membrane patches of rat alveolar epithelial
cells,” J. Physiol., vol. 489, pp. 299-307, 1995.

3025

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

T. E. DeCoursey and V. V. Cherny, “Potential, pH, and
arachidonate gate hydrogen ion currents in human neutrophils,”
Biophys J., vol. 65, pp. 1590-1598, Oct. 1993.

H.P. Schwan and K. R. Foster, “RF — field interactions with
biological systems: electrical properties and biophysical
mechanisms,” Proc. IEEE, vol. 68, pp. 104-113, Jan. 1980.

G.D. O’Clock, “Studies of the effects of in vitro electrical
stimulation on eukaryotic cell proliferation,” Master’s thesis, Dept.
Biological Sci., MN State Univ., Mankato, Mankato, MN,1991.

Y. Lan and G. A. Papoian, “The interplay between discrete noise
and nonlinear chemical kinetics in a signal amplification cascade,”
J. Chem. Phys., vol. 125, pp. 154901 1-154901 12, 2006.

1.G. Johnston, “The chaos within: Exploring noise in cellular
biology,” Significance, vol. 9, pp. 17-21, 2012.

B.N. Kholodenko, “Cell signaling dynamics in time and space,”
Nat. Rev. Mol. Cell Biol., vol. 165, pp, 165-176, 2006.

P.J. Carley and S.F. Wainapel, “Electrotherapy for acceleration of
wound healing: Low intensity direct current,” Arch Phys Med
Rehabil, vol. 66, 443-446, July 1985.

M. Junger, D. Zuder, A. Steins, M. Hahn, and T. Klyscz,
“Treatment of venous ulcers with low frequency pulsed current
(Dermapulse): Effects on cutaneous microcirculation, Hautarzt,
vol. 48, pp. 897-903, Dec. 1997.

S.M. Kaye and D. Stubbs, “Soft tissue generation of infected
wounds following the use of microcurrent as the sole therapeutic
modality,” Understanding Aging — Biomedical and Bioengineering
Approaches — UCLA Conference Abstract, vol. 1, p. 22, 2008.

K.C. Balakatounis and A.G. Angoules, “Low — intensity electrical
stimulation in wound healing: review of the efficacy of externally
applied currents resembling the current of injury,” Eplasty, vol. 8,
pp- 283-291, May 2008.



