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Abstract

Fully comprehending brain function, as the scale of neural networks, will only be possi-
ble with the development of tools by micro and nanofabrication. Regarding specifically silicon
microelectrodes arrays, a significant improvement in long-term performance of these implants is
essential. This project aims to create a silicon microelectrode coating that provides high-quality
electrical recordings, while limiting the inflammatory response of chronic implants.

To this purpose, a combined chitosan and gold nanoparticles coating was produced allied
with electrodes modification by electrodeposition with PEDOT/PSS in order to reduce the im-
pedance at 1kHz. Using a dip-coating mechanism, the silicon probe was coated and then charac-
terized both morphologically and electrochemically, with focus on the stability of post-surgery
performance in anesthetized rodents. Since not only the inflammatory response analysis is vital,

the electrodes recording degradation over time was also studied.

The produced film presented a thickness of approximately 50 um that led to an increase
of impedance of less than 20 kQ in average. On a 3 week chronic implant, the impedance in-
crease on the coated probe was of 641 kQ, compared with 2.4 MQ obtained for the uncoated
probe. The inflammatory response was also significantly reduced due to the biocompatible film

as proved by histological tests.

Keywords: neurons, microelectrodes, biocompatibility, impedance, layer-by-layer
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Resumo

De modo a compreender totalmente o funcionamento do cérebro, especialmente no que
a comunicacao entre os neurdnios diz respeito, o desenvolvimento da micro e nanofabricacgdo é
essencial. Analisando especificamente matrizes de microeléctrodos de silicio, verifica-se que o
seu desempenho em implantes de longo periodo é ainda deficitario. Este projecto tem como
objectivo a criagdo de um revestimento biocompativel para essas mesmas matrizes de modo a
proporcionar a obtencdo de sinais eléctricos sem diminuicdo da sua qualidade, bem como mini-

mizar a0 maximo a resposta inflamatéria por parte do organismo.

Para este efeito, um revestimento combinado de quitosano e nanoparticulas de ouro foi
criado, aliado & modificacdo prévia dos microeléctrodos atraves da electrodeposicdo de
PEDOT/PSS, de modo a reduzir a sua impedancia a 1 kHz. Recorrendo a um mecanismo de
imersdo por camadas, o filme foi depositado sobre a sonda de silicio sendo depois caracterizada
morfol6gica e electroquimicamente, com especial foco no desempenho em implantes crénicos.
Tanto o nivel de resposta inflamat6ria como a degradacéo do sinal eléctrico obtido ao longo do

tempo por parte dos microeléctrodos foram estudados.

O filme produzido, com cerca 50 nm leva a um aumento na magnitude da impedancia
de menos de 20 kQ e posteriormente permite que um implante apds 3 semanas apresente um
aumento de cerca de 641 kQ, ao invés de 2.4 MQ num implante sem a presenca do filme bio-
compativel de quitosano e nanoparticulas de ouro. A presencga do filme originou também uma

reducdo da resposta inflamatéria por parte do organismo.

Palavras-chave: neurénios, microeléctrodos, biocompatibilidade, impedancia, camada
por camada
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Introduction

The pursuit of the unknown is what keeps researchers going forward, evolving at each
step. Understanding how the brain works, learning and understanding all the functionalities of it
would allow us to better comprehend our behaviors and personalities, as well as to extend our
well-being and health. The treatment and perhaps the cure of several pathologies such as
strokes, sensory deficits, or neurological diseases, such as Epilepsy, Parkinson’s or even Alz-
heimer’s would then be possible [1]. That said, it is clear that through science and engineering,

a full comprehension of the human and animal neural system has yet to be achieved.

To explore the vast neuron network that constitutes the nervous system (with over 85 bil-
lion neurons), invasive and non-invasive techniques can be used. Positron emission tomography
(PET), single-photon-emission computer tomography (SPECT), electroencephalography (EEG)
or functional magnetic resonance imaging (f-MRI) provide an image of the brain’s anatomy,
however with a poor spatial and/or temporal resolution [2]. To actually detect neurons activity
and their vast network invasive tools are usually required [3]. Over the years, micro and
nanofabrication development led to the improvement of neural probes, with an increasing num-
ber of recording electrodes, as well as a decrease in its overall dimensions (Figure 3). From
microwires [4], to silicon micro machined probes [5], polymers substrates (flexible) [6], or even
stimulation of specific proteins using optical fiber [7], a vast range of different invasive record-
ing techniques are now available, enabling high spatio-temporal resolution that led to a signifi-
cantly progress in basic neuroscience comprehension [2]. Some examples of neural probes are

depicted in Figure 1.
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Optical

Aperture ™

Figure 1 - Various systems configurations for neural study. Single tungsten wire without modifica-
tions (a) [8]; Michigan probe, a silicon based neural probe with 1024 electrodes (b); Flexible probe
array constituted by polyimide (c) [9]; Single optrode, with both recording and stimulation func-

tion. Light is then delivered through the fiber, reaching the nearby neurons (d) [7].

But what do we aim to measure specifically? Usually in a cell the interior’s potential is
negative when compared with the exterior, leading to a voltage difference, or resting membrane
potential. However, when the potential inside the cell temporally becomes positive, due to dif-
fusion of ions through the membrane, an action potential is generated [10]. By placing extracel-
lular electrodes in the brain, those action potentials can be detected [11]. The measured signal is
the sum of numerous electrical sources (neurons) from the brain tissue, so a signal containing all
the extracellular activity close to the electrode is obtained, being necessary a posterior analysis
to isolate and determine the neurons activity (Figure 2). As the distance between the conducting
electrode and the neurons increases, less information regarding the selected area is gathered.
Thereby, a tight seal between the neuron and the electrode is essential, so that along with a re-
duced inflammatory response, a high spatial resolution is obtained [12]. Usually the maximum
distance between the microelectrode and the nearby neurons recorded is approximately 50-
100um. [13] The main goal is to record and isolate the maximum number of neurons and at the
same time to keep the implanted electrodes for the longest period of time possible.
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Figure 2 — Spikes detected for 10 different neurons (left) and the location where they were meas-
ured (right). Different electrodes can measure the same signal, where the electrode with the highest
peak-to-peak amplitude is chosen to be analyzed. [14]

There are still some challenges regarding the use of implantable microelectrode, especially con-
cerning signal-to-noise ratio values and long-term stability [1]. Higher electrode impedance
leads to inferior signal-to-noise ratio, contrary to what is desired for an enhanced quality record-
ing. PEDOT (Poly 3,4-ethylenedioxythiophene) is a conducting polymer that’s been used in
recent years, showing promising results in experiences of neural implants in vitro [15] [16] and
in vivo [17]. PEDOT is commonly combined with PSS (Poly (styrenesulfonate)), as in this the-
sis. The electrodeposition of PEDOT:PSS leads to a lower impedance at 1kHz (to match the
frequency of the average neuron spike), improving as well the electrodes performance over an

extended period of time.

u\l!lll’

Figure 3 — Invasive probe dimensions compared with a human brain (usually the final depth of the
implant is only of a few millimeters). Despite the probe’s size is significantly minute compared to
our brain, the scar formation is an issue that needs to be tended for long term implants.
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In neural electrodes implants, the impedance in electrode-electrolyte interface could be
affected by several factors, such as electrode micromotion and bacterial growth [18]. Although
the biological processes are still not fully understood, brain tissue reaction is considered the
main cause of neural implants malfunction, making it the primary concern in neural implants
design [4]. After the probe’s insertion, an immune inflammatory response takes place, charac-
terized by the migration and proliferation of glial cells such as astrocytes and microglia. The
presence and action of these cells leads to an inevitable scar formation around the probe, isolat-
ing it from the remain tissue and increasing the electrodes impedance [19]. Despite the immedi-
ate inflammatory response, the electrodes recordings remain virtually unaffected, however for

chronic implants, the immune response effects tend to make the device unusable. [20]

This gliar scar formation can be minimized by the coating of biocompatible materials
covering the entire probe surface or each electrode individually (or both, as suggested in this
thesis), leading also to a higher charge storage capacity, that is, the increase of the maximum

charge that can be injected without causing irreversible faradic reactions. [15]

For this thesis, a combined coating of chitosan and gold nanoparticles was chosen, along
with an microelectrode modification with PEDOT:PSS (Figure 4).

'}'ﬁi_-.lﬁ"'h"-il‘."l."-'-'i“.-i-'l_nffﬂ"_ﬁ'i.q_ Chitosan layer

'.-.-.O.n.llﬁ'ﬂli-‘iﬂ."h'-"-l!--'-'.lf"ﬂ':""lq " Gold nanoparticles
layer

PEDOT/PSS modified
electrodes

Figure 4 — Representation of the structural modifications on silicon microelectrode arrays. The
process begins with the electrodes modification with PEDOT/PSS, followed by layer-by-layer coat-

ing with chitosan and gold nanoparticles.

Chitosan is a natural polysaccharide obtained by treatment of crustacean shells, and it is
frequently used in neuroscience (mainly in drug delivery) due to its biocompatibility, anti-
inflammatory properties and also an adhesion ability [21] [22]. A enhanced attachment and cells
growth is also favored by the chitosan cationic amine groups [23]. Also, despite some contro-
versy on the use of nanoparticles in tests and treatments in the human organism, gold nanoparti-
cles are already used in medical practice with a proven reduced toxicity [24]. Nanoparticles can
be used with the purpose of providing a higher adhesion between polymers and biological tis-
sue, or even between polymers only, which can lead to an effective reduction in the film total
thickness. The adhesive property is fundamental in reducing the inflammatory response due to

the decreasing distance between neurons and the electrode, leading to a more “friendly” assem-
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bling between the silicon probe and the extracellular mean [25]. Since the neurons “reaction” to
the implanted probe is improved by the contact with rough surfaces, the deposition of nanopar-
ticles lead to a higher thickness of the film.
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Materials and Methods

The experimental work evolved the preparation of several solutions and layer-by-layer
and electrodeposition techniques to obtain the structural changes in the silicon probes. Posterior,
morphological, electrochemical and in vivo characterizations were performed. In this chapter,

all the solutions and techniques employed are explicit.
2.1  Solution-based synthesis

211 Chitosan
Chitosan composite (>75% deacetylation) was obtain from Santa Cruz Biotechnology. Chitosan
solution (1% wi/w) was prepared mixing distilled water with acetic acid (1% v/v).

2.1.2 Gold nanoparticles (AuNp’s)

The citrate reduction method was used to synthesize of gold nanoparticles. A solution consisting
of 1 mM of tetrachloroauric acid (Sigma-Aldrich, 99.9%) was heated on a hot plate with a mag-
netic stirrer until it reached the boiling point. To this solution, 1% (w/v) trisodium citrate
(AnalaR NORMAPUR, 100%) was added and continuously stired. The solution was removed
after it turn red from the hot plate. [26]

2.1.3 Poly(3,4-ethylenedioxythiophene) — Poly(styrenesulfonate) (PEDOT:PSS)

Synthesis of EDOT:PSS is obtained my mixing 0.01 M of EDOT (Sigma-Aldrich, 97%, My, =
142.18) in water and then add 0.1 M of PSS (Sigma-Aldrich, M,y = 1000000), while stirred till
the complete dissolution of EDOT.

2.2 AuNp’s Characterization

221 Dynamic Light Scattering (DLS)

Hydrodynamic diameter of gold nanoparticles in water was confirmed by Dynamic Light Scat-
tering (DLS) technique (W130i Avid Nano).
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2.3  Coatings Characterization

23.1 Atomic Force Microscope (AFM)
Chitosan/AuNp coating morphology was analyzed by atomic force microscopy (AFM, Asylum
Research MFP-3D Standalone).

2.3.2 Scanning Electron Microscopy (SEM)
Chitosan/AuNp coating morphology was confirmed by scanning electron microscopy (SEM-
FIB, Zeiss Auriga).

2.3.3 Contact Angle

The hydrophilicity of the Chi/AuNp coating was tested using Contact Angle System OCA (Data
Physics).

2.4 Silicon Probes
Different silicon probes with distinct configurations were used:

- One shank: 32 iridium electrodes with a diameter of 15um.

- Eight shanks: 4 iridium electrodes per shank - 32 in total — with a 20um diameter.
Additionally, silicon wafers were used and pieces of 1 x 2 cm were used for purposes of coat-
ing’s degradation over time.

241 Dip-coating

The silicon probes coating was prepared using the layer-by-layer method. The probe is dipped
in a constant speed in chitosan or in a gold nanoparticles solution, then removed and rinsed with
distilled water and dried (Figure 4). The process is then repeated till the desired humber of lay-

ers is achieved. The first and last layers are constituted by chitosan.
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b)

Figure 5 — Dip-coating procedure. Schematics of the different steps that constitute the process: 1,4

— chitosan and gold nanoparticles solution; 2,5 — distilled water; 3,6 — nitrogen drying (a); Dip-
coating mechanism representation (b).

24.2 Impedance characterization

A NanoZ (Neuralynx) system with two electrode cell configuration was used to measure the
electrodes impedance at 1 kHz. The different probes were connected as working electrodes,

whereas an Ag/AgCl wire (Science Products GmbH, E-255) was the reference electrode.

Reference/counter

Working electrode electrode

PBS solution

Figure 6 - Schematics of the NanoZ two electrode cell system configuration. The Ag/AgCl wire is
used as reference and it is located around the cup while in contact with the solution, whereas the
probe is positioned in the middle of the deposition cup, at an equal distance of the wire.
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2.4.3 Morphological Characterization

Study of electrode structural modifications and coating was done by SEM (SEM-FIB, Zeiss
Auriga) between 1 and 2 kV using a specific probe setup.

244 Electrodeposition Set-up

The PEDOT/PSS electrochemical depositions were performed using the NanoZ system repre-
sented in Figure 5. A galvanostatic deposition process was used, where the previous chosen cur-
rent is remained constant over time. The deposition is made targeting each electrode individual-

ly, thanks to the software’s ‘Manual Control’.

2.5  Chronic Surgery

To analyze the coating’s performance in vivo an anesthetized male rodent (Long Evans) with
about 500g was used. During the surgery the rodent was immobilized and receiving anesthetic

isoflurane (1 L/min O,, 2% isoflurane), while the body temperature was constantly measured.

The surgical procedure has its beginning with the rodent’s skin removal, leaving the targeted
brain areas exposed. Then, using a rat brain atlas, the different landmarks on the skull are identi-
fied, proceeded by two craniotomies (4 x 2 mm, one for each probe) and the consequent dura

matter removal.

Two high density electrode silicon arrays (Poly3-25s, Neuronexus Technologies) were inserted
via a micromanipulator that descends at a constant speed (1 um/s). The probes (one with
Chi/AuNp’s coating and one control) were located in the brain’s frontal lobe on both hemi-

spheres, with an equal distance to its middle.

2.6 Invivo Recordings

After one week from the surgery day the animal was connected to the recording system and the
impedance and the signal were measured during 3 weeks for the 64 electrodes. The data was
recorded using an open-source electrophysiology acquisition board (Open Ephys) along with a
RDH2000 series digital electrophysiology interface chip. This chip had the function of filter,
amplify and multiplex all the 64 channels (Intan Technologies). The electrodes are connected to
one side of the chip, whereas digital data streams out the other side after analog-to-digital con-

version (16-bit resolution).
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2.7  Histological Characterization

Posterior to the chronic surgery, the brain was removed and cross sections in PBS 1x with
100mm thickness were made, being left to rest overnight. Hematoxylin and eosin staining pro-
cedure was then used to stain the cells nuclei and cytoplasm. The process begins with rinsing
the samples with distilled water. ST HemalastTM (3801698B, 30 s) and ST Hematolxylin
(3801698A, 3 min) were then applied. ST Differentiator™ (3801698C, 45 s) and ST Bluing
Agent™ (3801698E, 1 min) were used next, with water rinsing between them. After that, ST
Eosin™ (3801698D, 50 s) was applied, with alcohol at 96°C for 1 min used before and after.
Finally, Xilol solution was used for 3 min, with the posterior slides assembling with Entellan ®
(Merck — HX135668). The samples were then observed with an optic microscope.
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Results

3.1 Coating Characterization

3.1.1 Pre-Surgery Impedance Characterization

In order to define the ideal number of total layers for the film, an impedance test compar-
ing the electrodes impedance values between five layers and eleven layers total was carried out
in two silicon probes with 32 electrodes. The five layers and eleven layers had three and six chi-
tosan layers coated, respectively, with gold nanoparticles deposited in between. In Figure 7, it’s
possible to observe a slightly increase in the impedance value for both probes, where the probe
coated with five layers film experienced an impedance variation of around 12 kQ (compared
with 101 kQ for the eleven layers probe — Table 1).

@ Five Layers Probe Impedances

0,2 -

g 0,15
g
'E. 0,1 M After coating
E
0,05 4
o I
@ Eleven Layers Probe Impedances

0,2 -
E- 0,15 -1
=
g
'E 0,1 W After coating
£

0,05 4

a -

Figure 7 - Impedance variation after the deposition of the film for both probes. The probe
coated with eleven layers total experienced a higher average impedance increase.
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Table 1 - Average electrodes impedances and standard deviations for the probe with five

and eleven layers coated.

Five layers film Eleven layers film

Impedance Variation (kQ)
+SD (6)

11+4 101 + 22

3.1.2 Morphologic Characterization

Coating’s morphology was analyzed via SEM and AFM. To compare the film’s thickness
and roughness dependent on the number of layers coated, two silicon wafers were prepared with
five and eleven layers in total. As expected, the silicon wafer coating with more layers deposit-
ed presented a superior thickness (200 nm, versus 40 nm, using ImageJ software), being also
possible to observe a smoother surface compared with sample a) (Figure 8). The five layers total
film provides then higher roughness, associated with a lower impedance magnitude, and so it
was the film deposited for the chronic implanted probe. In figure 9 it is possible to observe the
probe’s coating with five layers where a homogenous film that covers all the electrodes is pre-
sented. This indicates the film’s good adhesion to the silicon probe. It is also presented the gold

nanoparticles diameter measured by DLS and SEM (using ImageJ — Table 2). The film’s color

was manually modified, as in the following images.

200 nm EHT = 5.00kV Mag= 2500 KX Signal A=InLens Date :28 Jul 2015 Fct 200 nm EHT = 5.00kV Mag= 5000 KX Signal A=InLens Date 8 Sep 2015 Fct
Apetture Size =30.00pm WD=7.Amm  ZeissAuriga  Time 144324  Commaron Aperture Size =30.00pm WD = 66mm  ZeissAuriga  Time 10:0206  cemmnron

Figure 8 - Comparison between the two chitosan/gold nanoparticles films observed in SEM (high-
lighted in red): total of 5 layers — 40 nm (a); total of 11 layers — 200 nm (b).
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Table 2 — Average AuNp’s diameter and standard deviation by DLS and SEM.

DLS diameter (nm) SEM nanoparticles diameter (nm)

16.4 0.7 18.1+29

EHT = 5.00kV Mag= 150X  Signal A=SE2  Date :14 Sep 2015 Fct 200 nm EHT = 5.00kV Mag= 40.00KX Signal A=InLens Date 14 Sep 2015 Fct
Aperture Size=3000pm WD = 57mm  ZeissAuiga  Time 102405 e | 1 Aperture Size =3000um WD = 68mm  ZeissAuriga  Time 102822  cenmarim

Figure 9 - Silicon probe with chitosan/AuNp coating observed in SEM showing some dust parti-
cles (a) and also some gold nanopatrticles agglomerates (b).

In Figure 10, a more detailed study on the concentration of gold nanoparticles solution was car-
ried out. For this study, AuNp’s solution was centrifuged for 30 min at 9000 rpm. The superna-
tant was then removed and the remaining solution was used for silicon wafer coating (Figure 10
b), compared with the standard AuNp’s solution used in Figure 10 a). It’s possible to conclude
that the average diameter of the structures formed by the gold nanoparticles is inferior in (a).
This may be due to the higher concentration of nanoparticles, which tend to agglomerate in or-
der to minimize the energy, whereas in (a) the nanoparticles are more dispersed. Despite the
homogeneity in both solutions, the film in (a) presents more promising results compared with
(b), due to a higher surface area and the inferior concentration of the solution used, leading to a

smaller chance of nanoparticles released in the organism.
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40.0 nm 40.0 nm
35.0 35.0
30.0 30.0
25.0 25.0
20.0 20.0
15.0 15.0
10.0 10.0

5.0 5.0

0.0 0.0

Figure 10 - Coating morphology study via AFM. Both films have the same number of layers depos-
ited, although in b) the gold nanoparticles solution used had a higher concentration compared to
the one in a).

3.1.3 Contact Angle

In Figure 11, we can see the shape of a PBS drop in a silicon wafer with the Chi/AuNp
five layers film coated, with a contact angle of 64.7 £ 2.1° for both sides of the drop (below 90°
the solution is considered hydrophilic), which is close to the ones obtained in the literature [23].
The roughness and hydrophilic properties promote an enhanced adhesion between the coating
and the surrounding cells. The contact angle obtained for an uncoated silicon surface was of
59.2 +1.2°

/ PBS drop

Figure 11 - Measurement of contact angle of a PBS drop in contact with Chi/AuNp coating.
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3.1.4 Degradation Characterization

To test and analyze the 5 layers coating’s degradation over time, in order to foresee the
probe’s performance in chronic implants, 2 different silicon wafers were placed inside a PBS
solution (simulating the brain’s conditions) at 37 °C over a month, being one removed after two
weeks and the other one after four weeks. Another silicon wafer was left out with the purpose of
serving as a reference. Via SEM, it’s possible to see that the coating’s thickness slowly decreas-
es over time, with the last silicon wafer coating having approximately one third the thickness
(=16 nm) of the control one (=45 nm). That said, we can conclude that the coating resists in
simulated brain conditions over a month, despite the reduction in thickness, and so the biocom-

patibility feature is expected to remain intact.

Table 3 - Average thickness obtained by SEM for the coating over a period of a month in PBS at 37 °C.

SEM thickness (nm)

Control 2 Weeks 4 Weeks

~ 45 =22

u

16

41 = 500KV Mag= 2600KX SqnwA=intems Dwe 2042015 sk | 20 EHT= 500k Mog SgaiA=sE2  Ome 2nwiz0ts k] 20m BT = 500KV Mo+ 2800KX SrlA nieos Don 95e02015 FBE,
i) iy

Apature Sizn 23000 W= 71 Zoiss AiGE  Time 144324 ceamatin —— posture See = 3000um WD = 85mm  Zeiss Auiga Time 165644ty soshreBm=Y00iin YOS G3mn  ZelsoATlm  Tame #3500

Figure 12 - Degradation of the chitosan/gold nanoparticles coating on a 37 °C PBS solution over
time. First, the control silicon wafer a); coating after two weeks b); coating after four weeks c).

3.1.5 Endurance Test

To evaluate the coating’s mechanical resistance when penetrating the brain, a test with agar (a
jelly-like substance derived from the polysaccharide agarose) was performed. The probe was
inserted in agar (2% concentration) at a constant speed, and the impedances measured before
and after were compared to analyze the coating’s mechanical resistance (Figure 13). Following
the five layers coating’s deposition, the electrodes impedance values rose in an average of 102
kQ (electrodeposition of PEDOT/PSS was not performed for this test probe, only the deposition
of the film). This value is slightly superior to the one obtained before (12 kQ). After the endur-
ance test, not all the electrodes had the same behavior, but in average the electrode impedance
increased around 38 kQ, which indirectly proves that the coating remained attached to the

probe, otherwise the final average impedance would be inferior to the one obtained. The rise in
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impedance can then be explained with remains of agar still attached to the probe, despite the

rinsing that was carried out.

@ Endurance Test Impedances

0,20
& 0,15 -
=
g _
3 W After coating
0,10
- W Aftertest
E
0,05
0,00 -

Figure 13 — Variation of the average impedance magnitude for 28 electrodes (at 1 kHz) after coat-

ing deposition (red) and after endurance test with agar (green).
3.2 Invivo Recordings

In chronic surgery we aimed to evaluate the performance differences between an un-
coated and a coated silicon probe, both with respect to level of inflammatory response and qual-
ity of the recording signal. For that purpose, two silicon microelectrode arrays probes were in-
serted in a rodent’s brain, both modified with PEDOT:PSS but only one with chitosan/AuNp
film coating. Due to the imminent fall of the implants, there was need for an early perfusion of
the rodent, and so the duration of the experiment was of three weeks instead of the four initially

planned.

3.2.1. Electrodes Impedances

In Figure 14 is possible to observe for both probes that after the PEDOT:PSS
electrodeposition all the electrodes impedance is significantly inferior (426 + 100 kQ and 152 +
25 k€ - uncoated and coated probe, respectively), enabling a possible significant improvement
in neural recordings. Regarding the coated probe (five layers), an average rise of 7 kQ was reg-
istered after the coating’s deposition. On the second probe, only 25 electrodes had initial imped-
ance lower than 2 MQ (generally the electrical impedance limit for recording), instead of the
original 32. This is due to earlier uses of the probes in other works, presenting varied initial im-
pedance values for the electrodes, however, plenty electrodes remained active and able to rec-

ord extracellular signals. For both probes, the final average impedance was around 100 kQ.
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Figure 14 - Variation of the average impedance magnitude (at 1kHz) for the two chronic sur-
gery selected probes. Impedances for probe 1, before and after the electrodeposition of
PEDOT:PSS (a); Results obtained before and after PEDOT:PSS, and also after the deposition of
the chitosan/AuNp coating (b).

In Figure 15, the average electrode impedance variation for the uncoated probe was of
1.159 £ 0.4 MQ for the first week, 0.933 + 0.2 MQ for the second and 0.789 + 0.12 MQ during
the third week. The coated probe presented a better performance in chronic implants than the
uncoated one, as we can see in Figure 16. The impedance variation obtained were the follow:
0.340 £ 0.1 MQ (week 1), 0.09 £ 0.03 MQ (week 2) and 0.119 + 0.03 MQ (week 3).
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The impedance variation for the probe coated with the Chi/AuNp film is then significant-
ly inferior to the ones obtained for the uncoated probe, presenting strong evidence that the coat-
ing provided a biocompatible tissue that led to a reduction of the organism inflammatory re-
sponse. This evidence is also supported by the detection of numerous and regular neuron spikes
by the coated probe (results that together with the histology tests will be presented further on in
this work). Relying in previous recording experiments performed on lab, electrodes with imped-
ances above 2MQ implied low signal to noise ratio being hard to detect spikes. Due to the in-
flammatory response already discussed, there was an increase in the electrodes impedances in
both implanted probes, with the uncoated probe presenting a significant increase compared with
the coated probe (this led to the inability to detect any neuron spiking activity with the uncoated
probe, as it is demonstrated further on). The measured impedances experienced an increase over
the three weeks experiment [27]. This can be explained by the agglomeration of immune system
cells around the probes, leading to a further detachment between the recording electrodes and

the nearby neurons.

(D Chronic Surgery Uncoated Probe

Impedances
1,8

1,5

1,2 -
mWeek0o-1
{ mWeek1-2

Week 2-3

Im pedance (MO)

0,9

0,6 -

0,3

o -

Figure 15 - Impedance variation on the uncoated probe throughout the chronic surgery. The
impedances rose from each week to another, achieving an average maximum of 2,538 MQ on

the experiment’s final week.
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Figure 16 — Electrodes impedance variation for the coated probe, with a peak of 0.74 + 0.4
MQ at the end of the experiment.

3.2.2.  Neurons Spikes

Throughout the chronic implantation, the rodent was connected to the acquisition board
and the neurons spikes captured by the electrodes were measured and analyzed. To compare the
performance between both probes, a single electrode (number 22) was chosen and the spikes

detected were examined in terms of number of spikes and their average amplitude (Figure 17).

On the acute recordings (a and b), both probes detected several and ample neuron spikes,
with an average amplitude of 314 pV and 418 pV for the uncoated and the coated probe, re-
spectively. Half-way through the experiment (day 11 — c and d), some difference are already
visible on the performance of both probes, not much in term of average amplitude (305 pV
against 338 pV), but especially in the number of neuron single spikes detected, where the coat-
ed probe detected a much higher significant number when compared to the uncoated one. At the
terminus of the experiment (e and f), the disparity between both probes performance is clearly
evident. Due to the substantial increase in the electrodes impedance on the uncoated probe (as
seen in Figure 15), the probe was unable to detect any neuron spikes, whereas the coated probe

continued its neuron spikes detection with an average amplitude of 281 pV.
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Figure 17 - Neuron spikes measuring and their average amplitude for the same elec-
trode for both probes during the experiment at: day 0 - a) and b); day 11 - c¢) and d) and day
21 - e) and f). The uncoated probe is represented on the left (a, c and e) and the coated probe
on the right of the figure (b, d and f).
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3.2.3. Biocompatibility Characterization

To evaluate the organism inflammatory response, a conventional histology by
hematoxylin and eosin staining of the rodent brain slices was carried out. The H&E staining
enabled the visualization and differentiation of the diverse cells that constitute the immune re-

sponse, allowing a comparison between the wounds caused by the implant of both probes.

After three weeks, the acute immune reaction already took place and it is followed by a
chronic inflammatory response, characterized by the presence of glial cells such as lymphocytes
and plasmocytes around the implants lesions (marked in Figure X). It is visible the superior
number of these cells around the lesion caused by the uncoated probe when compared to the
coated one, and so it is possible to conclude that the deposition of the biocompatible film lead to

a reduced inflammatory response by the organism.

Figure 18 — Chronic inflammatory response. A) and C) - coated probe wound; B) and D) — uncoat-
ed probe wound. The bottom images correspond to a 2x zoom of the previous ones, with the signal-
ization of the glial cells such as lymphocytes and plasmocytes.
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Conclusions and Future Perspectives

This project proposed structural modifications of silicon probes in order to reduce the
implants immune inflammatory response, as well as improving the electrical signal recorded
from the microelectrodes. For that purpose, a combined coating of chitosan and gold nanoparti-
cles was produced, associated with microelectrodes modifications by galvanostatic
electrodeposition of PEDOT/PSS. These structural modifications were studied and tested before
a chronic surgery, with the inflammatory response and electrical recording results along and

after the surgery being presented also.

A film constituted by five layers of chitosan and gold nanoparticles combined was de-
posited in silicon microelectrode arrays by dip-coating process. The coating presented great
morphological and electrochemical properties pre-surgery, with an increase in average elec-
trodes impedance of 7 kQ and an average thickness of 50 nm, being also characterized by some
roughness and a contact angle of 64.7 °. The gold nanoparticles were distributed along the film,
with an average diameter of 16 nm. The PEDOT/PSS electrodes modifications proved to be an
efficient and reliable method to diminish the electrodes impedance, reducing it on a scale of

some hundreds of kQ.

To test the coating’s behavior in chronic surgery, a three week experiment was per-
formed on a rodent (Long Evans). Two probes were implanted, one with only the electrodes
modifications using PEDOT/PSS and another one with the Chi/AuNp film coated on top of the
modified electrodes. Both probes performances were evaluated in terms of impedance variation,
detection and characterization of neuron spikes and histological tests. With an initial average
value of 0.122 + 0.1 MQ, the electrodes impedances for the uncoated probe at the end of the
experiment were of 2.538 + 0.9 MQ, reaching values that turn the probe unusable to detect and
record neural activity. However, for the coated probe the final impedance value was of 0.735 +
0.4 MQ, allowing the recording of numerous spikes and their respective characterization. The
coating of Chi/AuNp in conjunction with the electrodes modifications by PEDOT/PSS presents
then an efficient solution to improve the silicon probes performance in chronic implants to at

least one month.

Spontaneous neuronal activity was detected and recorded by both probes. On the acute
recordings, both probes performed well, detecting several and ample neurons spikes (only one
electrode was analyzed for both probes, electrode number 22). However, as the experiment ran

through, the differences between both probes performance became more apparent, sustained by
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the results obtained half-way through and at the conclusion of the experiment, where the un-
coated probe was unable to detect any significant neuron spikes (the coated probe continued to
detect spikes, with an average amplitude of 281 pV).

A histological characterization of rodents brain cells allowed the detection and visuali-
zation of a minor chronic inflammatory response for both probes wounds. Nevertheless, the sig-
nificantly superior number of glial cells around the uncoated probe wound, when compared with
the coated one, suggests that the deposition of the biocompatible film along with the

electrodeposition of PEDOT/PSS on the probe reduced the organism immune response.

As for future perspectives, for a deeper study in how the deposition of a biocompatible
coating affects the probe’s performance in chronic implants, further surgeries need to be pre-
pared regarding the deposition of this five layers film, comparing the results between a coated
and an uncoated probe for an extended period of time (4-6 months for example). The variation
of the diverse properties of the coating, such as thickness or the solutions concentration, should
also be tested, enabling a comparison between the different deposited coatings performance in

rodents chronic implants.

For a possible optimal improvement in performance, both electrical and biologically,
the encapsulation and incorporation of anti-inflammatory agents (through nanoshells or biode-
gradable polymers for example) on a biocompatible film may lead to an even further reduction
on the organism immune response, as well as to promote the regeneration of nervous system

cells.
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