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We present electrophysiological (EP) signals correlated with cellular
cell activities in the adrenal cortex and medulla using an adrenal
gland implantable flexible EP probe. With such a probe, we could
observe the EP signals from the adrenal cortex and medulla in
response to various stress stimuli, such as enhanced hormone
activity with adrenocorticotropic hormone, a biomarker for chronic
stress response, and an actual stress environment, like a forced
swimming test. This technique could be useful to continuously
monitor the elevation of cortisol level, a useful indicator of chronic
stress that potentially causes various diseases.
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Living organisms mainly use nervous and endocrine (hor-
monal) systems to control the body and maintain homeosta-

sis. Both of these systems are normally independent. They
perform unique functions to affect specific body parts. Endo-
crinal signals based on the flow of special chemicals called hor-
mones affect the body chronically and massively. On the other
hand, a neural signal based on electrophysiological (EP) poten-
tial changes of neuron cell membrane affects the body acutely
and locally. For example, when the brain recognizes an external
stress factor, both the neural and hormonal systems simulta-
neously respond through different pathways (Fig. 1A) (1). The
neural signal is transferred to the adrenal medulla, which pro-
duces neurotransmitters called adrenaline to temporarily en-
hance neural and muscular activities under acute response.
Meanwhile, the hypothalamus releases corticotropin-releasing
hormone to the pituitary gland that generates adrenocortico-
tropic hormone (ACTH), which flows into the adrenal cortex,
especially the adrenal zona fasciculata (AZF) cell in the adrenal
gland (2, 3). The adrenal cortex then produces cortisol, a stress
hormone that rebalances the body functions and performances
of the neural and muscular system, as mentioned above (4).
These serial flows of cortisol synthesis from the hypothalamus to
the pituitary gland and adrenal cortex are also called the hypo-
thalamus−pituitary gland−adrenal cortex (HPA) axis. The HPA
plays an important role in long-term stress response. The HPA
axis causes various reactions, such as increased blood pressure
and heart rate, and enhanced immune system, in an organism in
response to stress. However, repeated and chronic stress can
cause malfunctions in the HPA axis (5, 6). Chronic stress in-
volves the accumulation of excessive and unnecessary cortisol
that eventually causes several diseases, such as amnesia (7), de-
pression (5, 6), fatigue (8), anxiety (9, 10), and heart disease (11).
Moreover, failure to control cortisol secretion also indirectly
induces symptoms of autoimmune diseases (12), skin inflamma-
tion (13), type 2 diabetes (14), obesity (15, 16), sexual dysfunction
(17, 18), and chronic pain (19). It is necessary to continuously
monitor the cortisol concentration to prevent such diseases that
are caused by chronic stress.
Although currently applied electrochemical analysis and enzyme-

based analysis (20–23) using body fluids (blood, saline, and urine)

have been widely applied, they still have important limitations for
continuous cortisol detection. Because they require invasive access
to patient’s blood using disposable diagnostic kits, repeated mea-
surement causes stress and pain. Moreover, electrochemical meth-
ods are not capable of real-time measurement, since there is a time
gap between the abnormal cortisol secretion and the measurement
for precise diagnosis (24–26). Recently, it was revealed that the EP
signal induced by ion flux through the cellular membrane was re-
sponsible for the hormone-releasing process in the corresponding
endocrine organs (Fig. 1A and SI Appendix, Fig. S1) (27–30). We
assumed that accurate recording of an electric signal representing
the physiological activities of endocrine cells could be applied to
characterize cortisol change. Because conventional rigid in vivo EP
sensors and devices made of silicon or metals may cause mechanical
mismatch when implanted into soft tissue (31–34), they cannot be
simply applied to the endocrine system, due to the anatomical
characteristics of the adrenal gland and the other endocrine organs
that are located in the deep internal area of the body (35, 36). Such
mechanical mismatch can cause serious damage to the tissue, as
well as cause mechanical failure of the device itself (SI Appendix,
Fig. S2).
Thus, herein we demonstrate a longitudinally implantable

flexible probe that can be used to quantify the relationship be-
tween the cortisol releasing level and EP signals from the adrenal
gland based on flexible EP sensors. We found significant EP
signal change when cortisol was released in ACTH injection, or
an actual stress environment, like a forced swimming test. Our
experiments were done using specially designed flexible EP
probes that could penetrate the adrenal gland. Four electrodes
on the probe are able to continuously measure EP signals in both
the adrenal cortex and medulla area, and they allow us to suc-
cessfully determine the activities of hormonal cells and relative
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change of cortisol hormone level under a stress environment in
in vivo animal model.

Result
Preparation of EP Probe for Adrenal Gland. We fabricated flexible
probes that could be implanted into the adrenal gland of a living
animal (Fig. 1B). The probe contains a sensor with four-channel
electrodes, flexible flat cable (FFC; Elform Inc.), and printed
board circuit connector with four pins for the percutaneous link.
Thin (60 μm) and flexible FFC (∼70 mm length) links were made
between the probe and the connector. The whole probe was
implanted in the abdominal cavity of an animal. Only the metal
pins of the connector were exposed on the skin to transmit data to
the external data acquisition device. The sensor part contains an
arrowhead tip, shaft, and in and out (I/O) pads. The arrowhead tip
helps the probe easily penetrate through the adrenal tissue. Once
it has fully penetrated, the hook of the arrowhead anchors onto
the adrenal capsule, so that the probe can be stuck in the
implanted site (Fig. 1C). All materials used in fabrication had
proven to be biocompatible (37–44). Four metal electrodes with
50 nm of gold (Au) and 20 nm of chromium (Cr) were patterned
on the 5-μm-thick polyimide (PI) substrate using a conven-
tional photolithography technique. Then, a 2-μm epoxy (SU-8 2;
MicroChem) encapsulation layer covered the whole electrode
layer, except for the recording Au electrode window (10 μm ×
10 μm), and the I/O pads (250 μm × 5 mm). These four channels
of gold electrodes were positioned along the shaft (150 μm width)
with 700-μm intervals. The first and fourth electrodes were

designed to have contact with the adrenocortical tissue, while the
other two electrodes were designed to have contact with the
adrenomedullary tissue in ideal implantations (Fig. 1 D and E)
(45, 46). SI Appendix, Figs. S3 and S4 describe the more detailed
information of the probe fabrication and structure.

Implantation of the EP Probe into the Adrenal Gland. For the in vivo
animal test, the probe was implanted into the adrenal gland of an
anesthetized 8-wk-old male rat by dorsal incision (Fig. 1 F and G).
After the probe had fully penetrated the adrenal gland as shown in
the schematic illustration of Fig. 1C and photo image of Fig. 1F, it
was fixed on the adrenal gland capsule by anchoring the arrow-
head tip onto the opposite side of the fibrous capsule layer of the
adrenal gland (Fig. 1F) (47, 48). After the probe was locked, we
mechanically broke the shaft of the shuttle, so that we could
remove the thick shuttle layer simply by retreating backward (SI
Appendix, Fig. S5). Consequently, only the thin and flexible sensor
layer (∼7 μm) remained inside of the adrenal tissue. The flexibility
of the PI material and ultrathin nature of the sensor guaranteed
minimized invasion with smaller biological damage. The four pins
of the connector were exposed from the sutured skin after the
surgery, while the rest of the system was submerged (Fig. 1G).

EP Signal Change in Adrenal Gland by ACTH Stimulation. Before we
collected EP signals from the adrenal gland in vivo, we mea-
sured the EP signals from an enucleated adrenal gland in vitro
(SI Appendix, Fig. S6). We implanted the probe into the enu-
cleated adrenal gland with the saline in a Petri dish. We then

Fig. 1. Schematic of the implanted device on the adrenal gland of a rat. (A) The scheme describing the stress response mechanism. When the brain rec-
ognizes the stress situation, neural and hormonal signals are transmitted from the brain to the lower organs, which represent acute and chronic responses,
respectively. The adrenal medulla and adrenal cortex receive neural and hormonal signal, respectively, and perform the acute and chronic responses to stress.
(B) The device is implanted in the dorsal part of the abdominal cavity (Left). The probe and the connector are linked with a conventional FFC (Right). (C)
Detailed schematics of the sectional view of the adrenal gland and implanted probe. (D) The image of the probe taken by the optical microscope, and the
relative sectional view of the adrenal gland. The four electrodes each have 700 μm of intervals (window size; 10 μm × 10 μm), so that they are able to cover
both the cortex and medulla. (Scale bar in Inset: 50 μm.) (E) Schematic describing the structural information of the probe. (F) Photo image of the probe
(yellow guideline) penetrating the adrenal gland (black dotted circle). The arrowhead tip fully penetrates the adrenal gland. (G) Photo image of the pins of
the connector after implantation. Pin-based connection minimizes the possibilities of inflammation, and enables long-term recording.

Sunwoo et al. PNAS | January 22, 2019 | vol. 116 | no. 4 | 1147

EN
G
IN
EE

RI
N
G

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
13

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806392115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806392115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806392115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806392115/-/DCSupplemental


www.manaraa.com

measured the signal of the adrenal gland as a reference, using a
commercialized data-collecting instrument for about 30 min.
Next, we added 60 ng of ACTH into the saline medium. The
amplitude and frequency of the electric spikes recorded from the
adrenal gland were significantly increased after ACTH addition.
First, we implanted the adrenal probe into the 8-wk-old SD

(Sprague–Dawley) rats, and rehabilitated them for a week. After
the week of recovery, we anesthetized the rats with urethane,
then left them alone for an hour, to avoid the residual stress
effect induced by the handling and preparation. Minimizing the
signal noise from the animal’s physical movement can help
precise measurement of the EP signal. Then we recorded the
reference EP signal (base-level signal without ACTH) for (30 to
60) min. We i.v.-injected 120 ng of ACTH through a catheter,
and observed the EP spike activities in both adrenal cortex (red)
and medulla (blue) after an ACTH injection (Fig. 2 A and B and
SI Appendix, Fig. S7). As described in Fig. 1A and SI Appendix,
Fig. S1, an increase of ACTH concentration in blood can actively
excite adrenocortical cells to increase cortisol secretion, as well
as induce chronic stress-like responses, such as increased glucose
concentration. With this mechanism, we observed that the ad-
renal gland showed increased spike frequencies after ACTH
injection, especially in the cortex. Fig. 2B, Inset shows a single
spike from the adrenal cortex without high-pass filtering. With
quantitative analysis, we counted the number of spikes per
minute and found a significant increase of adrenal cortex activity
after a 180-ng ACTH injection in 11 rats (Fig. 2C). To guarantee
the EP signal was collected from the adrenal gland, we implanted
two identical probes in different organs—adrenal gland and
spleen—and compared signals after ACTH injection (SI Ap-
pendix, Fig. S8). The spleen was chosen as a control since it is
located in the abdominal cavity near the adrenal gland, and also
plays a role in an acute stress reaction, but does not respond to
ACTH. Even after 180 ng of ACTH was injected, the recorded

EP signal from the spleen was still absent. Thus, we concluded
the ACTH-responsible signal is the adrenal cortex-specific.
Based on data of EP signals induced by ACTH (Fig. 2 B and

C), the quantitative relationship between the number of EP
spikes and cortisol exocytosis was obtained (Fig. 2D). We col-
lected blood samples five times per rat at different time points:
before (−30 and 0 min) and after (30, 60, and 90 min) a 180-ng
ACTH injection. Cortisol level measured with an enzyme-based
cortisol sensor was gradually increased after ACTH injection
(20). It was saturated at 125 nM at ∼60 min after ACTH in-
jection, as presented earlier (4). When the cortisol level in-
creases, the blood glucose level also elevates. We measured the
blood glucose level with the commercialized glucose detector
(Accuchek; Roche) during adrenal spike recording. The blood
glucose level was also elevated as the spike frequencies increased
to high after ACTH injection (Fig. 2E). To find a more quanti-
tative relationship between ACTH and EP signals, we injected
saline solution containing various concentrations of ACTH
ranging from 0 to 240 ng and measured EP signals of the adrenal
cortex (Fig. 2F). In the case of normal saline injection (0 ng of
ACTH) as a control experiment, the number of spikes of EP
signal was slightly suppressed compared with that in the ACTH
injection group. This is because saline injection caused dilution
of the ACTH concentration and eventually decreased the ACTH
level in the blood. On the other hand, various doses of ACTH
(60, 120, and 240 ng) caused the increase of spike frequencies as
the ACTH concentration increased. Interestingly, the frequency
of cellular activity (EP signals) of the adrenal cortex was closely
related to the ACTH level in the blood. Fig. 2G shows adreno-
cortical signal changes in the presence of cortisol antagonist,
cycloheximide (49) and ketoconazole (50–52). We gave 1 cc of
saline (control), 50 μg of cycloheximide in 1 cc of saline, and
20 mg of ketoconazole in 1 cc of dimethyl sulfoxide (DMSO) to
each rat group by i.p. injection. Although we injected a sufficient
amount of ACTH (180 ng), EP spikes were not notably detected

A

D E

B

F

C

G

Fig. 2. Signal collected from adrenal gland after ACTH injection. (A) Conceptual schematic of the signal recording. When ACTH binds to AZF cell receptor, ion
exchanges occur within the cell membrane. The probe records the potential changes of the surrounding cells, which represent cellular activities responding to
the ACTH concentration. The collected signal passes through the commercialized head stages, including an amplifier, and is then recorded on the external
device. (B) EP signals from the adrenal cortex (red) and medulla (blue) before and after ACTH injection. The number and amplitude of the spikes increased
after a 180-ng ACTH injection. Inset shows a magnified image of the single spike. (C) The time course changes of the average spike frequencies per minute in
the adrenal cortex before and after ACTH injection for 11 rats. Spk. Freq., number of EP spikes per minute. (D) The stress hormone, cortisol, concentration
measured by an electrochemical sensor with blood sample during ACTH injection. The calculated blood cortisol level is shown. (E) Glucose level, which is
mainly related to the concentration of cortisol change, is measured during ACTH injection. (F) Comparison of average number of spikes per minute after
injection of various doses of ACTH. (G) Comparison of spike frequencies after injecting ACTH with inhibitors. We injected saline only (black), DMSO only (red),
cycloheximide (CHX) in saline (green), and ketoconazole (KZ) in DMSO (blue) into the rat, and compared spike frequencies after the ACTH injection.
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for the cycloheximide and ketoconazole group, while spike fre-
quencies of the control group with the injection of only saline or
DMSO were significantly elevated. Thus, there is an important
relationship between the adrenocortical EP signals we collected
from the flexible implantable probe and quantitative cortisol
secretion. All EP signal data were achieved by multiple trials of
experiment (SI Appendix, Fig. S9).

EP Signal in Adrenal Gland by Acute Stress. We also measured EP
signal change in the whole adrenal gland induced by actual
stress. The probe was implanted into the adrenal gland of male
rats, and they were rehabilitated for 2 wk. After 2 wk of recovery,
we collected the initial EP signal of the adrenal gland as refer-
ence data, as described in EP Signal Change in Adrenal Gland by
ACTH Stimulation. Then the animal was gently placed into a
bath with water level 30 cm from the bottom for a forced swim
test (Fig. 3 A and B and SI Appendix, Fig. S10). After 5 min of
swimming, we anesthetized the rat for EP recording. In-
terestingly, the EP signal was present in both the adrenal cortex
and medulla (Fig. 3 C and D), unlike the ACTH injection cases
(53–55). The blood catecholamine concentration declined slowly
until the animal was fully recovered during the poststimulation

period (54, 56, 57). Also, since the animal was wet and hypothermic,
active hormonal and neuronal signals were still recorded from the
adrenal gland. We also anesthetized rats with the short-lasting an-
esthetic ketamine, and quickly connected the connector for com-
munication. After 2 min of recording, the rats started to wake up,
and freely moved around the cage (Fig. 3 E and F and SI Appendix,
Fig. S11). Thus, we conclude that the probe is also applicable for
identifying both neural and hormonal pathway responses.

Longitudinal Implantation for Chronic Monitoring. For longitudinal
monitoring with chronic implantation, minimized inflammation
and less invasiveness of the tissue and chronic stability of the probe
must be ensured. It is obvious that ultrathin microscale geometry
for minimal invasion and longitudinal interlocking with hook-
shaped structures through the organ are beneficial for long-term
recording. We prepared two animal groups with the adrenal probe.
For one group, there remained an ∼7-μm-thick substrate, after
removing a thick and rigid shuttle. For the other group, we left the
250-μm-thick shuttle among the adrenal tissue. After 2 wk of im-
plantation, the animals were fully recovered in appearance (Fig.
4A), and their survival rate for 2 wk was 98.2% (n = 165). We also
examined H&E stained adrenal gland slices (40 μm in thickness).
Compared with the bare adrenal slice without any implantation
(Fig. 4B, Top) as a reference, adrenal slices with a shuttle showed
massive tissue dissipation induced by mechanical damage, and scar
tissue around the shuttle (Fig. 4B, Middle). However, on the ad-
renal slices without shuttle, the adrenal tissue had fully recovered
without any significant damage (Fig. 4B, Bottom). The quantitative
analysis compared the cross-sectional area of the vacant tissue and
scar tissue between the adrenal group with and without shuttle
among 20 slices of adrenal tissue per group (Fig. 4C). Adrenal
slices at 1 wk (black solid) and 2 wk (red solid) after implantation
(with a rigid shuttle) showed no noticeably different tissue damage.
However, adrenal slices at 2 wk after implantation (blue solid;
without a rigid shuttle) showed negligible damage. Scarring by the
damage can also support this result (black dash, 1 wk implantation;
red dash, 2 wk after implantation with rigid shuttle; and blue dash,
2 wk after implantation without the rigid shuttle; more detailed
statistical data for surgery survive are in the legend of SI Ap-
pendix, Fig. S9). This result shows that removing the shuttle
allows minimized invasion and damage of the adrenal gland,
and is thus suitable for long-term implantation.
We also compared the EP signal and impedance in the first

week and the ninth week after surgery, as the EP signal acqui-
sition quality was reliable for long-term implantation (Fig. 4D).
We observed signal increases after a 180-ng ACTH injection.
The flexible nature of the probe can sustainably work due to
minimized side effects, even with animal movement during im-
plantation. Flexible substrate also helps maintain the low im-
pedance of the electrode (Fig. 4E). The impedance of the
conventional needle-shaped probe increased rapidly at around
(4, 5) wk after implantation, due to the breakdown of the probe
and tissue inflammation. However, the arrowhead anchoring
probe maintained its impedance over 13 wk after implantation.
To find out the overall biocompatibility of the probe, we

implanted the probe on the left, right, and both adrenals, and
compared the weight changes with the control animal (Fig. 4F).
There were no significant differences in weight change between
the four groups. Since the adrenal gland plays an important role
in animal metabolism, this result shows that the probe did not
affect the function of the adrenal gland. We also checked
whether the implanted probe might cause physical or mental
stress to the animal. We monitored animal behavior in an open-
field cage and traced their locomotive motion (Fig. 4G). We set
an open-field cage of (60 cm × 60 cm) in the darkroom, and let
the control rat and implanted rat freely move in the cage. In
comparing the moved distance and average locomotion speed
of the two groups of rats, there was no significant difference
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Fig. 3. Adrenal probe application to the actual stress model. (A and B) Images
of a rat with forced swimming test to apply acute stress. (C) EP signals collected
from the adrenal cortex and adrenal medulla before and after the forced swim.
The adrenal cortex signal after the forced swim (red) is enhanced compared with
the one before the 5 min forced swim. Compared with ACTH injection, EP signal
in the adrenal medulla (blue) is dramatically activated by the acute stress. (D)
The forced-swim mediated signal elevation. The number of spikes per minute
from the adrenal cortex (red) before and after swimming far increased after
swimming, just as the number of spikes per minute of the adrenal medulla
(blue) changed after swimming. (E) The image of a freely moving rat whose
connector was linked to a commercialized head stage to collect the adrenal
gland signal. (F) The signal was collected from the adrenal cortex and medulla
before and after waking up from the anesthesia. Spike frequencies from the
cortex and medulla were both elevated right after waking.
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between the two groups; we then concluded that the probe did
not cause serious damage to the animal (Fig. 4H).

Discussion
We fabricated EP sensors with Micro-Electro-Mechanical Sys-
tems (MEMS) technique to estimate the cortisol hormone
changes and record the adrenocortical cellular activities. The EP
signal in the adrenal cortex in response to elevated blood ACTH
level can be measured. We found that the frequency of the spike
was increased within a few seconds to minutes after ACTH ad-
ministration, especially in the adrenal cortex. Cortisol level and
glucose level in the blood were also increased with ascending
spike frequencies after ACTH injection. Moreover, when we
injected a higher dose of ACTH, the spike frequency greatly in-
creased. These results showed that the probe could be applied to
the quantitative stress hormone exocytosis analysis. Such a probe
is also applicable to an actual stress model, such as a forced swim
test of the freely moving animal. In this case, we found that EP
signals in both the medulla and cortex were elevated.
These results show that the probe could be successfully used to

record real-time activities of adrenocortical cells. These advan-
tages suggest that such probe cannot only be used to study the

adrenocortical system but can also be used to study other hormone
organs. In conclusion, this technique may provide a paradigm for
the diagnosis and treatment of chronic stress-induced diseases and
other adrenocortical hormonal diseases, such as Cushing’s disease
and Addison’s disease. To realize the potential, further research,
including a fully implantable wireless power system and an ultra-
minimized data transmission system, needs to be performed.

Methods
Details of device fabrication, surgical procedure, device implantation, EP
signal measurement, ACTH injection, cortisol and glucose level measurement,
cortisol inhibition, forced swim test, freely moving animal test, open field
behavior test, and histology test are described in SI Appendix, Materials and
Methods. All animal studies were performed in accordance with the Korea
Food and Drug Administration guidelines. All the animal procedures were
approved by the Sungkyunkwan University Institutional Animal Care and
Use Committee (permission no. SKKUIACUC-17-1-4-2).
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Fig. 4. Biocompatibility test for the adrenal probe.
(A) The rat was fully recovered only 2 wk after sur-
gery. Inset shows the magnified image of the pins of
the connector after brief shaving. (B) The microscopic
image of the H&E stained adrenal gland slice and
camera image of the slice with (Middle) and without
(Bottom) shuttle. The image shows the control ad-
renal slice that had not implanted any probe (Top).
We observed a large dissipation of the tissue and scar
around the shuttle (blue dashed box and white ar-
row) remained in the adrenal (Middle). In contrast,
there is no noticeable damage around the remaining
thin (a few micrometers) probe (yellow arrow), and
the penetrated tissue is fully recovered (Bottom). In
the camera image, the SU-8−based shuttle is clearly
observed in the tissue, while there are no noticeable
differences in the bare adrenal gland and adrenal
gland without a shuttle. (C) Cross-sectional area of
the damaged tissue area was measured with com-
puter software. Tissue with shuttle showed a large
dissipated area and scar tissue, while there was no
clear damage in the tissue without shuttle. (D) The
spikes of the adrenal cortex collected for long-term
implantation. There were no significant differences
before and after ACTH injection between 1 wk after
implantation (black) and 9 wk after implantation
(red). (E) Comparison of the impedance of the flexi-
ble arrowhead anchor probe with a conventional
rigid probe. The impedance of the rigid probe in-
creased rapidly around 4 wk after implantation
(black) by the device breakage, while the impedance
of the arrowhead probe was maintained for 13 wk
after implantation (red). (F) The time course animal
body weight changes. The body weights of the
control group (black), left adrenal implant (red),
right adrenal implant (green), and both adrenal im-
plants (blue) show no noticeable differences over
time. (G) Movement tracking of the rat with the
implanted probe in the open-field cage (Left). The
recorded trail of the animal movement within 5 min
in the open-field cage of the control group (Middle)
and the implanted group (Right). (H) Comparing the
moved distance (bar, left axis) and the average ve-
locity (red line, right axis) of the control group and
implanted group of rats in the open-field cage.
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