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Abstract: ((The challenge of treating neurological disorders has motivated the development of
implantable devices that can deliver treatment when and where it’s needed. This study
presents a novel brain implant capable of electrophoretically delivering drugs and recording
local neural activity on the surface of the brain. The drug delivery is made possible by the
integration of a microfluidic ion pump (µFIP) into a conformable electrocorticography
(ECoG) device with recording cites embedded next to the drug delivery outlets. The µFIP
ECoG device can deliver a high capacity of several biologically important cationic species on
demand. The therapeutic potential of the device is demonstrated by using it to deliver
1

neurotransmitters in a rodent model while simultaneously recording local neural activity.
These developments represent a signiﬁcant step forward for cortical drug-delivery systems.))

Implantable devices for localized drug delivery have attracted much interest for the treatment
neurological disorders due to the difficulty of systemically delivering drugs across the blood
brain barrier (BBB). Such localized drug delivery also promises fewer side effects compared
to systemic drug treatments as systemically administered drugs often interact with healthy
regions of the body. Implants that do not penetrate the brain are in many cases preferable to
brain-penetrating ones, as the latter cause more tissue damage and increase risk for the patient.
To that end, there have been multiple devices designed for drug delivery within the
intracranial space between brain and skull including gels and tablets that release drugs as they
dissolve and various systems that allow for fluidic injection of drug

[1–3]

. However, fluidic

drug injection systems have been plagued by problems with clogging and reflux [4,5] while the
single-use nature of dissolving implants is not well suited for the treatment of chronic
disorders.
An alternative approach in which drugs are delivered on demand by electrophoresis across an
ion conducting membrane from a fluidic reservoir has shown potential to overcome the above
problems

[6–8]

. Electrophoretic drug delivery offers the advantage of precise spatial and

temporal control of drug delivery while avoiding issues with clogging or reflux. Devices that
electrophoretically deliver drugs have already been used to treat pain[9], cancerous tumours[8],
and seizure like activity

[10–12]

. The recent development of the microfluidic ion pump design

(μFIP) has furthered these efforts by significantly reducing the electric potential needed to
deliver drugs

[13]

. Equally important is the demonstration that such devices can work in tune

with imbedded recording electrodes or other biosensors to optimize the treatment a milestone
that was first demonstrated in vitro[10,14] and then in vivo using a μFIP depth probes with two
recording sites[12]. In terms of cortical drug delivery, the incorporation of recording electrodes
2

for real time analysis of local neural activity would be particularly beneficial as
electrocortigraphy (ECoG) devices are already an established clinical tool for diagnosing
disorders such as epilepsy

[15,16]

Moreover, ECoG devices have quickly evolved in recent

years by taking advantage of ultra-conformable substrates and conducting polymer coatings to
expand the limits of what can be learned from cortical recordings[17,18].
In this work, we combine the design principles from state-of-the-art ECoG devices and
electrophoretic drug delivery devices to present a cortical device that can simultaneously
deliver drugs and record local neural activity. This represents a significant advancement in
cortical devices for neural interfacing as the ability to monitor neural activity in real time can
greatly enhance the efficacy of drug treatment regimens[19,20]. The device design is presented
in Figure 1 with arrows and text marking the primary components including the electrode
pads for connecting to an external recording system, the source and target pads for connecting
to the source and target electrodes of the μFIP as well as the fluidic inlet/outlet for
loading/exchanging the drug solution (see Experimental Section for fabrication details). As
can be seen in the full device picture and the cross section, a microfluidic channel runs length
wise across the device between the fluidic inlet and outlets with the μFIP source electrode
placed at the bottom of the microfluidic channel. The purpose of the microfluidic channel is to
transport the drug in solution to the drug delivery outlets thereby reducing the distance and
hence the applied potential needed to pump the drug across to the tissue where the device is
implanted[13]. The microfluidic channel also serves as reservoir for the drug of interest which
can be readily exchanged using standard microfluidic connections. As shown in the upper left
image of Figure 1, the active area (approx. 3 mm2) features a central region with the μFIP
drug delivery outlets – a grid of 300 holes, 10 μm in diameter, coated with a ca. 6 um thick
polystyrene sulfonate based ion bridge material that selectively transports cations

[11,13]

(see

Experimental). The ion pump outlets are flanked by 32 PEDOT:PSS/Au recording sites each
15 μm x 15 μm thereby enabling high fidelity recordings with excellent signal to noise ratio
3

from the immediate area surrounding the drug delivery outlets. The recording sites are
surrounded by the U-shaped target PEDOT:PSS/Au electrode for the μFIP with a surface area
of approx. 2.5 mm2. The high volumetric capacitance of the PEDOT:PSS coating on the
target and source electrodes significantly increases the drug delivery capacity of the μFIP
relative to standard polarizable electrodes of equivalent area (ie. Au, Pt, etc) [6,21].

Ion bridge
PEDOT:PSS
Gold

Target Electrode
Recording Sites

Ion Pump
Outlets

Parylene-C
Tape
Drug solution

Cross section

Figure 1: Photograph of the electrocortigraphy device with labelled components including a
close up image of the active area featuring the ion pump target electrode, recording sites and
the ion pump drug delivery outlets. A schematic cross section of the device along the central
axis of the active area is also shown.

The drug delivery capacity of the device was explored for the delivery of H+, K+,
acetylcholine and gamma amino butyric acid (GABA). These cations can be selectively
delivered with the PSS based ion bridge and each serves important roles in the brain. For
instance, potassium is an essential ion that determines cell membrane potential and GABA is
an inhibitory neurotransmitter that that regulates communication between brain cells.
Acetylcholine is a neurotransmitter that contributes to many functions including muscle
4

actuation and learning. Local changes or deficiencies in the concentration of each of these
ions has been tied to neurological problems that include Alzheimer’s disease[22], epilepsy[23],
glioblastoma[24] and traumatic brain injury[25]. In order to test the drug delivery capacity in
physiological conditions, the microfluidic channel was loaded with solutions containing the
drug of interest and the active area was immersed into a phosphate buffered saline solution
(see Experimental section). The total charge pumped as a function of time with an applied
potential of 0.5 V between the source and target electrodes is shown in Figure 2. For all
cations, the net charge delivered rises rapidly in the initial seconds of delivery then continues
at a reduced rate as the source and target electrodes become increasingly polarized as is
typical for capacitive based electrophoretic drug delivery devices

[6,13,26]

. The trend in net

charge delivered was found to correlate with the size of the cation with more than double the
amount of charge delivered for the smallest ion (H+) compared to the largest (GABA). This
can be understood by considering that the μFIP current is directly proportional to the ionic
mobility which generally decreases with increasing size of the ionic species

[27,28]

. To put the

drug delivery capacity into context, the net charge was converted to moles of cation delivered
(Fig 2, right y axis) by taking the lower limit of the previously demonstrated pumping
efficiency of 90% for this thickness of PSS based ion bridge

[13]

. For instance, it can be seen

that this device can deliver upwards of 0.5 nmol of GABA in just 30 seconds. In contrast, our
recently reported μFIP depth probe requires 30 minutes of continuous delivery and double the
applied potential to deliver the equivalent amount of GABA[12]. The improvement in drug
delivery capacity/rate for the ECoG device can be explained by the increase in capacitance of
the source/target electrodes as well as the larger surface area for drug delivery. This increased
capacity is likely to be essential to the success of cortical drug delivery as the delivered drug
may need to diffuse further into tissue in order to reach the desired target compared to more
invasive drug delivery devices that penetrate the brain.
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Figure 2: Total charge and number of cations delivered from source to target as a function of
time with an applied voltage of 0.5 V for various physiologically important cations.

Equally important to the viability of this device is the performance of the recording electrodes.
As an initial test, the impedance of the recording sites was measured before and after
operation of the μFIP. The average impedance for the recording sites was 7 kOhm at 1 kHz
(Figure S1) consistent with previous reports of PEDOT:PSS coated recording sites of similar
dimensions[29,30] and no change was observed following operation of the μFIP.
After validating the performance in physiological conditions, the active area of the ECoG
device was implanted on the cortex of an anaesthetized mouse. The purpose of the in vivo
testing was to explore the capability of the device to simultaneously record and deliver drugs
and to perform a preliminary test of the therapeutic potential of cortical drug delivery to
address seizure like events (SLEs) which are characteristic of epilepsy. The implantability
was readily confirmed as the flexible nature allowed for conformal covering of the exposed
cortex with the active area of the device. The ability to record and deliver drugs was also
evident. Representative recordings from recording sites within three distinct regions of the
6

device surrounding the drug delivery outlets are shown in the centre right panel of Figure 3
with the recording site locations noted with red circles/text on the image of the active area. A
green arrow marks the start of a 100 second period of electrophoretic delivery of GABA from
the μFIP (0.5 V applied between the source and target electrodes). The recordings were not
noticeably affected by the operation of the μFIP thereby allowing for continuous recordings
before during, and after, drug delivery. Also, of note is that there are subtle differences in the
time-synchronized recordings of the electrical activity measured by each recording site which
demonstrates the ability of each site to capture local activity. This is most evident in the highresolution clips shown for shorter time scales above and below recording sites A and C
respectively.
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Figure 3: Representative recordings from three different recording sites (circled in red) for an
experiment in an anesthetized mouse before, during, and after injection of 4AP (noted by red
arrow). Green arrow marks the start of electrophoretic delivery of GABA using the ion pump.
The top and bottom panels feature time/frequency plots and high resolution clips of the
recordings on shorter time scales for three critical time ranges (as noted by dashed arrows) for
electrodes A and C.
Beyond showing the ability to record and delivery drugs, the results in Figure 3 hint at the
therapeutic potential of electrophoretic drug delivery for treating epilepsy that is focal to the
cortex. This form of pathology is not uncommon in focal cortical dysplasia one of the most
common causes of drug-resistant epilepsy[31,32]. Considering surgical resection is often the
only treatment option for these patients, a cortical drug delivery device such as the μFIP
ECoG presented here could be of tremendous benefit if it proved effective for seizure control.
Upon implanting the ECoG device, a concentrated dose of 4-aminopyridine (4AP) known to
induce intense seizure like events

[33,34]

was injected into the top layer of the cortex directly

beneath the active area of the device (see Experimental Section). The upper and lower panels
in Figure 3 highlight three regions of the recordings with high resolution clips and
time/frequency analysis for recordings sites A and C. In the first region, both recording sites
show normal physiological activity with sub 4 Hz frequencies consistent with anaesthesia. In
the second region, the effects of the 4AP are evident with the observation of interictal spikes
seen in the time/frequency plots as higher frequency activity. Notably, the interictal spikes on
recording site C are monophasic while they are biphasic with higher amplitude in recording
site A suggesting that recording site A may be in closer proximity to a source/sink point of the
pathology induced by the 4AP injection. Approximately 300 s after the first interictal spikes, a
seizure like event (SLE) was observed marked by continuous high frequency activity (>5 Hz).
The electrophoretic delivery of GABA was then initiated (green arrow) for a period of 100 s.
Roughly 250 seconds after the initiation of GABA delivery, the activity in all recording sites
8

returned to lower frequencies consistent with normal physiological activity under anaesthesia
with no further observations of pathological activity. Control experiments without GABA
delivery using similar doses of 4AP typically resulted in multiple SLE events lasting upwards
of two hours (see Fig S2) which is notably longer than the period of pathological events
observed in the two trials in which GABA was delivered with the μFIP ECoG. This suggests
that electrophoretic delivery of GABA to the cortex may be able to have similar effect on
cortical seizures as it was found to have in the hippocampus

[11,12]

. While these results are

encouraging, further research will be required in order to fully assess the efficacy of
electrophoretic drug delivery for addressing cortical focused epilepsy. To that end, of
particular interest will be to take advantage of the μFIPs ability to readily tune the timing,
location and dosing of drug delivery in order to optimize treatment.
Looking ahead to future applications, in addition to addressing some forms of epilepsy, we
postulate that the μFIP ECoG may find utility as a tool for understanding and treating
traumatic brain injuries (TBIs) and as a component in brain-machine interfaces. For instance,
an implanted μFIP ECoG could provide critical insight into brain activity following a TBI and
offer a means to deliver therapeutic agents as needed. These efforts will be aided by the fact
that the device design presented here can readily incorporate alternative ion bridge materials
to expand the library of deliverable drugs[27,35]. Likewise, the incorporation of additional
backend electronics can enable closed loop feedback and control such that the μFIP can
respond automatically to the input from the recording sites and/or other onboard biosensors
[20,36–38]

. Future research will focus on remaining technological and scientific challenges

including developing new ion bridge materials, validating the long-term efficacy and stability
of μFIP ECoG devices and investigating the therapeutic capabilities in appropriate disease
models. We anticipate these efforts will enable μFIP ECoG devices to be introduced to the
clinic within a decade.
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In summary, we have presented an implantable electrocortigraphy device capable of
electrophoretically delivering drugs and recording local neural activity on the surface of the
brain. The drug delivery is made possible by the integration of a microfluidic ion pump into a
conformable ECoG device with recording cites embedded next to the drug delivery outlets.
The µFIP ECoG device was shown to be capable of delivering a high capacity of several
biologically important cationic species. The therapeutic potential of the device was further
demonstrated by using it to deliver neurotransmitters in a rodent model while simultaneously
recording local neural activity. These developments represent a signiﬁcant step forward for
cortical drug-delivery systems.

Experimental Section
Device fabrication: The μFIP ECoG devices were constructed following previously reported
procedures[13]. In short, the fabrication involved standard photolithography processes to
separately fabricate the top and bottom parylene based layers. In the final steps, the top and
bottom layers were stuck together with the help of 80 µm medical-grade double adhesive tape
(1500 transparent polyethylene, 3M), cut to the shape of the microfluidic channel using a
flatbed plotter (FC2250, Graphtec). The primary difference here versus the fabrication in ref.
13 was inclusion of recording electrodes in the top layer. This was achieved using a custom
designed photolithography mask (Selba) to pattern the interconnects and electrode pads on the
top layer. Connections to the microfluidic inlet/outlet were made using standard rubber
adhesive fluidic connectors with a hole punched to match polyethylene tubing (PE-60, Linton
Instrumentation).
Device characterization: A Keithley 2612A SourceMeter unit with customized Labview
software was used to apply 0.5 V between source and target electrodes while measuring the
current. Solutions for each cationic drug of interest were prepared with a concentration of 10
mM in deionized water and then loaded into the microfluidic channel. The microfluidic
10

channel was flushed with deionized water before and after each drug solution. The device was
operated for at least 300 seconds at 0.5 V after loading each drug solution to ensure residual
ions from were flushed out of the ion bridge prior to measuring the drug delivery capacity for
each drug. For drug delivery capacity measurements, the active area of the device was
submerged in artificial cerebral spinal fluid (ACSF).
in vivo experiments: All protocols have been approved by the Institutional Animal Care and
Use Committee of INSERM. Adult male OF1 mice were used for the experiments. Mice were
entrained to a 12 h light/dark cycle with food and water available ad libitum. All experimental
procedures were performed according to the ethical guidelines of the Institut de Neuroscience
des Systèmes and approved by the local Ethical Committees and Veterinary Offices. Surgeries
and experiments were done under ketamine/xylazine anesthesia (ketamine, 100 mg/kg;
xylazine, 10 mg/kg, body weight). Mice were fixed in a mouse stereotaxic frame (Kopf
Instruments, CA, USA). After a subcutaneous injection of a local pain killer ropivacaine,
craniotomies were performed on the head-fixed anesthetized mice from bregma:
anteroposterior 1.0 mm and mediolateral 1.2 mm; dorsoventral 2.8 mm from the surface).
Skull was opened, dura was removed, a Hamilton syringe for 4-AP injection (250 nl of 25
mM in ACSF) with a borosilicate glass capillary (50-100 µm diamter tip) was lowered
approxiamtely 100 µm into the cortex. The µFIP ECoG was loaded with a 0.05 M solution of
GABA and the active area of the device was placed directly onto the exposed cortex. Fluidic
connections were not maintained during the in vivo experiments. Neural recordings were
made with a 64-channel Neurolynx amplifier (Neurolynx, Montana, USA) using a custom
made ZiF to omnetics connector to connect the recording pads on the EcoG to the headstage.
Time/frequency plots were made using standard MATLAB script.
Statistical analysis: No statistical analysis was performed in this study.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure S1. Impedance of a typical PEDOT:PSS coated recording site in the active area

Figure S2. Representative of 4AP induced SLEs without uFIP treatment.
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