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Abstract—One of the principal challenges for the long-term implantation of biosensors is that the normal physiological response
of the body creates a fibrotic capsule of scar tissue surrounding
the implanted sensor (the foreign body response). This dense, collagenous capsule isolates the device from the local environment,
causing a time-dependent degradation of the signal. We utilize this
degradation or change to an electrical signal as an indicator of the
physiological responses to the implantation of the biomaterial device. We thus track the foreign body response electronically, an
important analytical method for our program that aims to reduce
the foreign body response. We applied electrical impedance spectroscopy (EIS) to track changes of the electrical signal behavior
over time between micro-electrode arrays. We have performed experiments both in vitro and ex ova. In vitro, we used a reservoir of
phosphate buffered saline into which selected proteins were introduced that adsorb onto the electrode surface. Three proteins were
studied and each was found to affect the EIS results differently. We
have investigated the foreign body response ex ova using the chick
chorio-allantoic membrane (CAM) model. Following implantation
of the electrode array the chick CAM exhibited a response similar
to the mammalian foreign body response. We report that the electrical signal degrades with tissue growth during the healing and
remodeling following the traumatic implantation of the electrode
needle through the ectoderm side of the CAM tissue.
Index Terms—Biosensor, chorio-allantoic membrane, electrical
impedance spectroscopy, foreign body response, implanted medical device, wound healing.
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rounding the implanted sensor. This tissue acts to isolate the device from the local environment being sensed, causing a degradation of the signal. We hypothesize that this degradation or
change in electrical signal character is itself an indicator of the
physiological responses to the implantation of the foreign body
and can be interpreted to track the progression of this response.
A. Electrical Impedance Properties of Biological Tissues
A broad historical review of the development of tissue
impedance measurement methods has been compiled by
McAdams and Jossinet [1]. Electrical impedance characteristics of biological materials were described in the classic
chapters by Swan et al. [2], [3]. Grimes and Martinsen [4] and
Webster [5] discuss further advanced developments in electrical
impedance measurement techniques for biological tissues and
provide some experimental data for comparison.
Proteins are very small compared to biological cells and
extremely tiny compared to biological tissues, thus they have
much less influence on biological electrical impedances than
the larger mentioned structures. It is probable [4], [6] that below
a threshold electrical signal frequency (about 0.5-MHz) proteins have little reactance (complex impedances). Impedance
properties of various proteins do vary at frequencies above
about 0.5 MHz. Proteins are large molecules with complex
shapes which often have electrically charged regions at their
surfaces. Because they are composed largely of carbon, oxygen,
and hydrogen, the typical protein molecule is intrinsically a
poor conductor of electricity. The electrical conductivity of
proteins also varies because the structure of a protein can vary
according to its orientation, association with other adjoining
molecules, partial denaturing, and variations in internal structural conformations which affect the external charged regions.
The electrical impedance spectroscopy (EIS) method tracks
the changes in magnitude and phase versus frequency between
a small sinusoidal input voltage and its output measured across
a medium. This method has been developed by McDonald [7]
and other investigators to sense very small changes in coatings on electrodes. We have chosen to use EIS to measure the
impedance changes over time in between conductive sites on an
implanted micro-electrode device [8] as the wound caused by
electrode implantation surgery heals. Our intention is to correlate chronological EIS data to the time-dependent physiology
of wound healing. The early stages of wound healing involve
thin or single layers of adsorbed proteins and migrating monocytes. These stages are followed by the formation of a growing
collagen-rich fibrous capsule. The impedance variations during
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these stages are very small. We chose the EIS method due to its
ability to discriminate very small changes in impedance.
Other researchers are using alternate sensor methods to track
wound healing and the foreign body response to implanted biomaterials in situ. Ho [9] et al. used a conductance meter to measure the electrical capacitance of skin scar tissue (wound healed)
as compared to natural skin. Ho’s measurements actually measured the water content of the tissues. The water content of scar
tissue varies as compared to healthy tissue. Alikacem et al. [10]
used magnetic resonance relaxometry to study tissue healing responses to coated polymer surfaces. This method cannot be used
for metallic or ferromagnetic materials due to the induced currents caused by the high magnetic fields utilized.
Duan et al. [11] have reported that various biological structures have predictable frequency-dependent effects on electrical
impedance. Fig. 1 illustrates the frequency dependence of electrical impedance in biological structures. The frequency range
shown spans 0.01 Hz to 10 MHz. In the current investigation
we explore the spectrum from 0.1 Hz to 100 kHz. We are most
interested in the intermediate frequency range from 100 Hz to
100 kHz, which Fig. 1 indicates can be shifted up or down when
electrode size changes. In particular, note that tissue response
and implanted position are dominant at frequencies from 10 to
10 Hz.
Impedance measurements were carried out using a potentiostat configured to the electrodes as illustrated in Fig. 2. For the
initial in vitro investigations the electric potential of the working
micro-electrode (W) was compared with a standard calomel
electrode (R). The standard calomel electrode (SCE) is a glass
tube of 1-cm diameter by 5 cm long. A 1-cm platinum mesh
screen was used as the counterelectrode (C). A sterile buffered
saline solution at pH 7.2 in a reservoir served as the electrolyte.
For the in vitro experiments with adsorbed proteins and all ex
ova experiments an adjacent 320- m diameter iridium site (R)
was utilized as a quasi-reference electrode. Iridium was chosen
because it has a negligible effect on the electrical circuit between the counter and working electrodes and is charge neutral.
The size and shape of the quasi-reference electrode can be configured for the desired implantation location.
Tait [6] and others have written guides for the electrical modeling and understanding of coatings on metals. The instrument
arrangement shown in Fig. 2 allows evaluations and comparisons of actual electro-chemical cells.
We use the electro-chemical cell circuit model shown in
Fig. 3 for our measurement. Values for the capacitive and
resistive elements can be quantified from actual impedance test
results. Using the mathematical software MatLab (Mathworks,
Inc., Natick, MA) we can simulate the response of the circuit
with the circuit element values determined from experiment.
When compared, the model behavior should match the form
of the actual data. These simulations are reported later in this
paper.
II. MATERIALS AND METHODS
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Fig. 1. Dominant effects upon electrode impedance (EI) vary with frequency.
Primary and secondary factors which influence EI are shown in region of frequency where they dominate behavior of bioelectrode impedance characteristics. Modified from Duan et al. [11].

Fig. 2. Three electrode test cell schematic for EIS investigations. Note that
counterelectrode (C) can be configured either as a platinum-mesh screen or as
another micro-electrode site on probe tip. Note also that reference-electrode (R)
can be either a standard calomel electrode or electrode site adjacent to working
electrode (W).

A. Sensor
We have selected micro-electrode arrays [8] as the biosensor
for this investigation. These were designed for deep cortical implantation into mice or rats for the purpose of neural interface

investigations. These micro-devices were originally developed
at the Center for Neural Communication Technology (CNCT)
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Fig. 3. General circuit model for electrode in solution with coatings (modified from Tait [6]). Two capacitive elements are shown: coating and electrical
double-layer. Three resistances are shown: Faraday-surface, coating-medium,
and electrolytic solution.
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Fig. 5. Arrangement of selected electrode sites on micro-device for three electrode EIS method. Three sites may be either a horizontal row across both shanks
(blue) or in vertical column (red) on a single shank.
reference electrode,
working electrode,
counter electrode.

W=

C=

R=

Fig. 4. Arrangement of electrodes on device surface. Lower image shows magnified details of region within box on upper image. A—optical image of device
showing twin shanks each containing eight electrode sites in a double tetragonal array. B—image from scanning electron microscope showing details of
four iridium-metal electrode sites and conductive traces.

(University of Michigan, Ann Arbor). The microelectrode arrays used in this project were obtained from NeuroNexus Technologies, Inc. (Ann Arbor, MI), a commercial company which
fabricates the sensor devices to the specifications of the CNCT.
The micro-needle arrays are manufactured on a silicon wafer
using standard microfabrication techniques. The electrodes are
composed of iridium-oxide patterned onto flat 15- m thick needles of silicon (Fig. 4). Each electrode site has a surface diameter
of approximately 18 m (320 m area). There is a distance of
35 m between nodes. The conductive traces from each site to
the outside world are composed of boron-doped silicon.
Fig. 4 shows that the electrode array is configured on twin
needles. Each needle contains eight electrodes arrayed as two
tetrodes. In total, there are 16 arrayed sites. The electrode metallization process yields a conformal coating of iridium on the
electrode sites. Fig. 4 reveals the morphology and compositional
regions of the iridium electrodes.

Fig. 6. EIS plots of clean electrode surfaces in 7.2-pH balanced saline reservoir. A—magnitude of impedance versus frequency. B—phase shift versus frequency.

The iridium metal surface of each electrode is activated (oxidized) prior to use. The formation of an activated surface is due
to the creation of a porous, hydrated, multilayer iridium-oxide
structure. This IrO structure has a relatively large effective surface area for charge transfer which permits measurable saturation currents without causing electrolysis of the solution.
B. Measurement of Changes in Electrical Signal
We have applied the technique of EIS to track the changes
of the electrical signal response over time as the electrode needles become encapsulated. A sinusoidal voltage was applied between the counterelectrode and working electrode while mea-
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Fig. 7. Device positioned with biosensor implanted into chick chorio-allantoic
membrane at day 7.

107

Fig. 8. Transmitted light view of material control electrode within viable ex
ova chorio-alantoic membrane at nine days following implantation (gestation
day 16). Note fibrous structure surrounding electrode shank.

suring the resulting current between these electrodes. A third
electrode provides a potential reference between the electrodes
and the medium. This medium could include a salt solution
and/or protein serum, biological fluid, or developing tissue. As
the properties of the medium change, this is reflected in the electrical impedance spectrogram.
C. In Vitro Trials of Biosensor
The purpose of the saline reservoir trials was to verify that
changes due to the foreign body response were detectable with
EIS, specifically that the sensor and instrumentation were capable of measurements that allowed differentiation between anticipated changes in the bioelectrode environment.
Experiments were performed in vitro using a reservoir of
phosphate buffered saline (PBS) at 7.2 pH with the controlled
addition of three selected proteins. We selected collagen and
fibronectin because these proteins are involved in the wound
healing process. We selected egg white (mixed proteins with
a major component of albumin) because in the ex ova model
the electrodes are exposed to this protein serum. The base-line
impedance spectrograph for clean electrodes in fresh PBS is
shown in Fig. 6.
A PerkinElmer model 263 potentiostat (PerkinElmer Company, a division of AMETEK Princeton Applied Research, Oak
Ridge, TN) was used to electrically control and measure the
electrode system shown in Fig. 2. For signal measurement a
Princeton Applied Research model 5210 lock-in amplifier is
used. These instruments are operated by a LabView program
(Texas Instruments, Dallas, TX) running on a laboratory PC
computer (Dell Computers, Inc., Dallas, TX) through a general purpose interface bus (GPIB). In addition, SineStat software
(PerkinElmer, Inc.) is used for data collection and graphical representations.
Repeated experiments were conducted with the twin needle
probe surfaces coated by adsorption for 60 min with either
Type-1 collagen (0.1 mg/ml), egg white (1%) or fibronectin
(0.1 mg/ml) within the reservoir previously filled with saline.
Five trials were carried out for each system. Between trials,
probes were thoroughly cleaned with mildly agitated detergents
(SDS, Tide), solvents (methyl-alcohol and hexane), and electric

Fig. 9. Ultra-thin 0.7-m cross-sectional slice of electrode within chorio-alantoic membrane following nine days of implantation (gestation day 16). Note
fibrous structure surrounding fractured black electrode material. Stained with
1% toluidine blue.

potential methods ( 2.8 V for 3 min, 2.2 V for 3 min).
Prepared electrodes were stored in fresh deionized water
(18 Mohm) to prevent dehydration of the porous iridium-oxide
activated surface.
D. Circuit Model and Mathematical Simulation
For the circuit of Fig. 3, the Laplace transform of the
impedance is given by (1), as shown at the bottom of the next
is the complex angular frequency from the
page, where
Laplace transform and
solution resistance;
coating resistance;
coating capacitance;
surface resistance;
electric double layer capacitance.
At high frequencies (large values of ), the impedance be. If the time constant of the coating
is much
comes
larger than the time constant of the electric double layer
,
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Fig. 10. Comparison of experimental data (top) and simulated data (bottom) for impedance behavior from 1 Hz to 100 kHz. Left, magnitude versus frequency.
Right, phase versus frequency. Experimental data is from “clean electrode” shown in Fig. 6.

then in the frequency range around
the impedance is approximately
. This is generally the case because typand
. The final resistance can
ically
be determined at low frequencies (dc), where the impedance
,
, and
. The two capacibecomes the sum of
tance values may be approximated from the frequency at which
the corresponding capacitive reactance and consequently phase
and
angle is at its peak. This occurs at radial frequencies
for the electric double layer and coating, respectively. Because
is typically much larger than
the capacitance
values are approximately equal to
(2)

The values determined from the experimental data are reported
in Section III.
E. Simplified In Vivo Model
The foreign body response was investigated using the healing
process of the chick chorio-allantoic membrane (CAM) ex ova
as the model living system. Fresh fertilized eggs (Hyline
Farms, Puyallup, WA) were incubated at 39 C for 3.5 days
then cracked and emptied into clean, warm Petri dishes. These
were covered and incubated for 4 days of additional gestation.
On the seventh day, under sterile conditions, the sensor device was positioned on a small stand set within a 1-l Pyrex glass
warm flask. The electrode probe tip was inserted into the CAM

(1)
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Fig. 11. EIS plots of impedance magnitude and phase between electrodes
coated with: Collagen, 3 Egg white,  Fibronectin, and Clean.

by visual guidance with efforts to position the probe tip approximately 1.5 cm from the umbilicus–abdominal junction of the
chick.
Following implantation of the electrode array probe tip, the
chick CAM continues to develop. The region wounded by insertion of the probe tip begins to heal. It develops the common
physiological stages closely resembling the normal mammalian
foreign body response.
After implantation of the electrode probe into the CAM membrane, we performed EIS measurements periodically during the
following days of further ex ova incubation. Gestation periods
have been extended to more than 220 hours post-implantation
with viable CAM and functional electrodes ( day 16).
Nonfunctional electrode probe tips were obtained for use as
material controls for implantation and destructive histological
comparison models. Implantation methods were identical to the
methods utilized during active electrode implantation.
At day 16, histological examinations were performed on subjects with the CAM containing electrodes (Fig. 9). First, the tissues are fixed with a spray mist of 10% formalin solution. This
formalin mist is effective at both rapid fixation of the ovum as
well as for intermediate time tissue storage. The tissue is microdissected and floated off onto a urethane sponge transfer block.

Fig. 12. Graphs in A and B show frequency spectrum from 100 Hz to 100 kHz.
Graphs in C show frequency region of greatest biological interest from 750 Hz
to 75 kHz.

The tissue is ethyl-alcohol dehydrated and then exchanged with
xylene followed by impregnation with Epon A.2 Resin (Hexion
Specialty Chemicals Company, Columbus, OH). The resin is
thermally cross linked at 60 C and becomes rigid and tough
enough to permit surface shearing to 0.7- m thickness by utilizing a diamond-edged histological preparation system. The
thin sections are mounted upon glass slides and stained with 1%
toluidine blue.
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Fig. 14. Phase shift of impedance at 1000 Hz versus time.

B. Analysis of In Vitro EIS Trials
The in vitro EIS trials with probes coated with fibronectin,
egg white, and collagen displayed distinct frequency responses
as shown by the Bode plots in Fig. 11. The comparison between
the three protein coated electrodes and the base-line impedance
spectrograph for clean electrodes in Fig. 6 reveals different
characteristic response curves. The data shown for clean and
coated (3) were obtained on the same electrode device. (There
are subtle EIS behavior variations between devices from the
same manufacturer.)
C. Analysis of Ex Ova Healing of Chick CAM

Fig. 13. Overlays of response from days 4, 35,

6, 7, and 8.

III. RESULTS AND DISCUSSION
A. Circuit Model and Mathematical Simulation
Using the method outlined in Section II-D and the experimental data shown in Fig. 6 (clean electrode), we can estimate
component values for the general circuit model to be

pF
m
nF.
Fig. 10 shows a comparison of the experimental EIS data with
the simulated output of the general circuit model using the estimated values above. The simulated output results directly from
the Laplace transform equation and plots were obtained using
Matlab software. The two sets of magnitude and phase plots
contain differences revealing that the actual bioelectrode system
is more complex than the general circuit model shown in Fig. 3.
These differences may be attributed to higher order complexity
in the biosensor circuit and nonlinear behavior in the actual
system.

The graphs in Fig. 12(A) and (B) show the EIS phase shift for
a clean electrode and immediate post-implantation. The graph
in Fig. 12(C) shows the frequency region of greatest biological
interest. Greatest interest means that the frequency region (as
shown in Fig. 1) has principle factors that are biologically influenced at the scale appropriate to wound healing and the foreign
body response. Data from repeated implants
in the
chorio-allantoic membrane (CAM) of fertilized chicken eggs ex
ova confirm that EIS behavior shows a predictably changing response of decreasing phase shift for frequencies from 750 Hz to
30 kHz (Fig. 13) during the time ( day 3) following the initial
post-trauma period.
The graphs in Fig. 13 show that both the phase shift and
impedance decline with time. We attribute this decline to an
increase in the coating capacitance. For the circuit model in
Fig. 3, this trend can occur when an increasing coating capacitance dominates over changes in other circuit components. This
is analogous to the impedance trends reported by Grill and Mortimer [12] for time-dependent changes in resistivity during the
early period of encapsulation tissue growth.
The observed impedance trend can be attributed to the increased collagen observed in the histological controls and with
the observed collagen-rich structures surrounding the implanted
probe needle shown in Fig. 8 (white tissues). This tissue growth
occurs during the healing and remodeling of the CAM following
the (relatively) traumatic implantation of the electrode needle
through the ectoderm side of the tissue.
Analyzing the phase shift at a single frequency, 1 kHz, over
eight days can be seen in Fig. 14.
Histological examination of samples of membrane tissues
with implanted probe tips confirmed that the chick CAM wound
healing processes adjacent to the implanted probe are similar
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to the mammalian foreign body response. The CAM tissues
showed ectoderm hyperplasia and had monocyte activation
with giant cell formation adjacent to the implanted probe tip.
A collagen-rich extra cellular matrix was observed in 0.7- m
sections stained with 1% toluidine blue.
D. Future Work
Future ex ova experiments will include utilizing the four-electrode impedance measuring method first developed by Schlumberger. Also, we will quantify the amount of each protein per
unit area coating the electrode surfaces so that the importance
of both protein type and total protein level can be assessed. In
addition, experiments are planned where the electrode array will
be coated with substances such as tetraglyme or dexamethasone
which are believed to alter the foreign body response. We will
compare the electrical signal sensitivity behavior of the coated
electrodes to uncoated electrodes.
Upon completion of these ex ova experiments, we will track
in vivo electrical signal changes by placing the electrode array
within the subcutaneous musculature tissue of a small rodent
animal model which also allows a longer duration of study. The
initial pilot study in vivo trials of the biosensor using a SpragueDawley rat for subcutaneous intramuscular implantation of the
electrode array are currently underway.
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E. Conclusion
We have demonstrated that an implantable array of
micro-electrodes can be utilized as a biosensor to distinguish the change in its environment caused by the growth
of a foreign body capsule in an ex ova CAM wound healing
model. Future work will quantify this biosensor data permitting
further comparison to the physiological response. We are also
transforming the in vivo model from the ex ova CAM to a small
rodent mammal model.
The development of a novel type of biosensor providing a
tool for assessing the biocompatibility of various coatings and
surface treatments may stem from this work. Problems common
to many in vivo sensors could be addressed with this versatile
new tool.
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