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medium for 9 days, and electrochemical impedance spec-
troscopy (eIS) measurement was carried out at each time 
point. nyquist and Bode plots resulting from the eIS meas-
urement were analyzed by fitting the experimental data 
with equivalent circuit models. On the basis of equivalent 
circuit models, physical processes occurring at the interface 
were described. Moreover, the mechanism for the imped-
ance variation of recording sites in cell culture medium was 
discussed.

1 Introduction

Since the first experimental demonstration in 1999 that 
simultaneously recorded brain activities by neural elec-
trodes could be used to control robotic devices, scientific 
community pays enormous attention to the research on 
neural interface, with the hope of restoring lost motor func-
tions for paralyzed patients (chapin et al. 1999). compared 
to other non-invasive or semi-invasive approaches to record 
neural signals, such as electroencephalography (eeG) 
and electrocorticography (ecoG), neural electrode fully 
implanted into brain is cable of capturing high-precision 
neural signals which can be decoded to control the robotic 
devices with multiple degrees of freedom. It was reported 
that a tetraplegic patient was able to freely move a pros-
thetic limb to perform 7-dimensional movements without 
adverse event, after being implanted two 96-channel intra-
cortical microelectrodes and subsequent 13 week training 
(collinger et al. 2013). Moreover, recent study by Shane-
chi et al. demonstrated that neural activity recorded from 
premotor neurons by invasive multiple recording silicon 
multielectrode arrays could be employed to control limb 
movements in paralyzed primate avatars (Shanechi et al. 
2014). Therefore, implanting neural electrode might be an 

Abstract a stable neural interface between neural 
electrodes and surrounding tissues is a critical point to 
achieve long-term signal recording stability, and flex-
ible polymer-based neural microelectrodes are attracting 
growing interests due to their mechanical properties com-
patible to surrounding tissues and potential to minimize 
post-implantation injury. as a fundamental study to have 
an insight into the flexible polymer-based microelectrode–
tissue interface in vivo, the neural microelectrode interface 
was investigated in vitro in neural cell culture medium. 
Flexible polyimide-based gold electrodes used for record-
ing neural signals were micro fabricated and packaged to 
model the in vitro neural microelectrode–cell medium 
interface. The surface of gold recording sites of the neu-
ral microelectrode was observed using scanning electron 
microscopy (SeM), and island-like structure with the size 
of 537.4 ± 357.2 nm was visualized. To better understand 
biological processes that affect neural signal recording, 
the microelectrodes were immersed in neural cell culture 
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alternative therapy to treat patients suffering from paraly-
sis, and the market size of the neural electrode is expected 
to grow dramatically.

although being a success both in research and short-
term clinical applications, fully implantable neural elec-
trodes still face some technical challenges. First, the neu-
ral signals in the order of microvolts could be attenuated 
or lost due to the noisy, ion-based electric fluctuations 
of the surrounding cerebrospinal fluid if the microelec-
trode impedance is not low enough (Franks et al. 2005). 
Moreover, scar tissues are usually formed at the interface 
between conventional silicon-based electrodes and the cor-
tical tissue, and encapsulate the microelectrode as a conse-
quence of over-expressed foreign body responses upon the 
implantation, resulting in up-regulated interface imped-
ance, instability of neural signal and failure of the micro-
electronics device (rousche and normann 1998). In addi-
tion, post-implantation injury causes health concerns due 
to the mismatch in mechanical properties between rigid 
Si-based neural electrodes and soft cortical tissues (Gilletti 
and Muthuswamy 2006). Therefore, it is essential to estab-
lish a stable neural interface between the neural electrode 
and surrounding delicate neural tissues for long-term clini-
cal applications. recently, flexible polymer-based micro-
electrodes were proposed and expected to minimize the 
formation of the scar tissue and post-implantation injury 
(Tsang et al. 2010).

To improve the efficiency and stability of neural signal 
recording, many scientific efforts are devoted to investigat-
ing the electrode-tissue interface. Duan et al. suggested that 
a reduction and composition variation of extracelluar fluid 
surrounding the electrode, resulting from reactive tissue 
responses, caused an enhanced “contact impedance” (Duan 
et al. 2004). To quantify the electrode–electrolyte inter-
face impedance, Franks et al. reported that a conventional 
equivalent circuit model consisting of interface capacitance 
impedance, shunted by a charge transfer resistance, in 
series with the solution resistance, fit the results from elec-
trochemical impedance spectroscopy (eIS) well (Franks 
et al. 2005). Furthermore, a novel model was proposed by 
Mercanzini et al. to describe the impedance of the scar tis-
sue encapsulation (Mercanzini et al. 2009).

While these studies illustrate some of the recent pro-
gress in this area, the polymer-based neural microelectrode 
interface has not been extensively studied, especially using 
neural cell culture medium as the electrolyte, and there 
are still many fundamental and practical issues regard-
ing the neural interface, which must be addressed to make 
the neural electrode a reliable technology. low-interface 
impedance and accurate equivalent circuit models are cru-
cial in designing modern microelectrode, and eIS is a sen-
sitive and powerful technique to study the electrode inter-
faces where ionic transfer is dominant (Baek et al. 2011; 

rui et al. 2011). as a first step to have an insight into the 
flexible polymer-based microelectrode–tissue interface in 
vivo, alternative current impedance studies were carried 
out at the microelectrode–electrolyte interface in vitro 
using eIS. To more accurately mimetic the in vivo bio-
logical processes occurring at electrode–tissue interface 
after implantation, neural cell culture medium was used 
as the electrolyte in this study. recording sites of flex-
ible PI-based microelectrodes were immersed in neural 
cell culture medium for 9 days to investigate the effect of 
protein encapsulation on electrical properties. at different 
time points (day 0, 3, 5, 7 and 9), equivalent circuit models 
were developed to fit the measured impedance and phase 
angle. Moreover, the difference in the equivalent circuit 
models was compared to better understand biological pro-
cesses that affect neural signal recording.

Fig. 1  The profile of the flexible PI-based neural electrode

Fig. 2  Optical image of the packaged flexible PI-based neural elec-
trode
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2  Materials and methods

2.1  Sample preparation

The flexible polyimide-based gold electrodes used in this 
study were micro fabricated via standard MeMS processes 
(Sun et al. 2012; Tsang et al. 2012), and were composed of 
a sandwich structure of two polyimide (PI) insulating lay-
ers (5 μm in thickness for each layer) and an in-between 
metallization (Ti/au, 10/250 nm in thickness, respectively). 
as shown in Fig. 1, the flexible polyimide-based gold 
microelectrode has four gold recording sites, bonding pad 
areas, and a single shaft which is 8 mm long, 10 µm thick 
and 200 µm wide. each gold recording site is a circle (∅ 
90 μm) with a contact area of 6,358.5 µm2, and electrically 
connected to a bonding pad. Figure 2 shows the packaged 
flexible neural electrode. First, the bonding pad area of 
the electrode was clamped by an FFc\FPc connector (Fh 
19Sc-4S-0.5Sh, hisrose electric co. ltd.) mounted on a 
printed circuit board (PcB). electrical wires were then sol-
dered into sockets to connect the potentiostat during eIS 
measurement.

2.2  Surface characterization and eIS measurement

a field emission scanning electron microscope (Fe-SeM, 
JSM-6700F, JeOl, USa) was used to observe surface 
morphology of gold recording sites. a standard three-
electrode system was used for eIS testing, i.e. the PI-based 
gold microelectrode was used as the working electrode 
and the counter electrode was pure platinum. The potential 
of the working electrode was in reference to an ag/agcl 
electrode. neural cell culture medium (Gibco® rPMI 
1640 Medium, life Technologies) containing 10 % horse 
serum (Sigma), 5 % fetal bovine serum (Sigma), were 
served as the electrolyte to investigate the electrode–cell 

medium interface. recoding sites of the flexible PI-based 
gold microelectrodes (n = 4) were immersed in neural 
cell culture medium for 9 days, and the cell medium was 
refreshed every 2 days. at day 0, 3, 5, 7 and 9, eIS meas-
ure was carried out, using an electrochemical workstation 
(PGSTa302, autolab, Switzerland). 50 mV was chosen 
as the perturbation potential and the frequency range was 
0.5 × 10−1 to 1.0 × 105 hz. Impedance of the flexible PI-
based gold microelectrodes was recorded as a function of 
frequency of the applied voltage. after eIS measurement at 
day 9, the PI-based gold microelectrodes were rinsed twice 
using distilled water and then the surface of recording sites 
was analyzed using an energy dispersive X-ray (eDX) 
spectrometer attached to the SeM. In addition, equivalent 
circuit models, modeled curves and electrochemical param-
eters were proposed by using the Zview 3.3e impedance 
analysis software.

3  Results and discussion

Figure 3 displays surface morphology of recoding sites 
of the flexible PI-based gold microelectrode. The size of 
the shank and recording sites was identical with the origi-
nal design, and no defects were observed, such as record-
ing sites delamination, pin holes and cracks in PI insulat-
ing layers (Fig. 3a). as shown in the high-magnification 
SeM image (Fig. 3b), irregularly shaped island structure 
was formed and uniformly distributed on the surface of the 
gold recording sites. The island-like morphology is consist-
ent with that of electron-beam evaporated gold thin film in 
other reports (chien and hung 2014; Mtsuko et al. 2008). 
The average island size measured by ImageJ (national 
Institutes of health, USa) was 537.4 ± 357.2 nm. com-
pared to a smooth gold surface, the surface with the island 
structure has larger surface area, and therefore lower 

Fig. 3  SeM images of gold recording sites: a low magnification, b high magnification
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impedance. Paik et al. developed a polysilicon substrate 
roughening process to increase the effective surface area of 
coated gold recording sites and reduce the interface imped-
ance by a factor of approximate 50 in comparison with a 
smooth surface (Paik et al. 2003). In addition, Quan et al. 
found that nano porous gold electrode contributed to a 
reduced charge transfer resistance due to larger surface to 
volume ratio (Quan et al. 2011). Moreover, the gold island 
like structure was reported to enhance electrochemical 
activity and capacitance of electrode (el-Said et al. 2011).

Figure 4 shows representative nyquist plots of gold 
recording sites immersed in cell medium for 0, 3, 5, 7 and 
9 days. nyquist plot describes the frequency response char-
acteristics of the electrode/electrolyte interface as a plot of 
the real against imaginary component of the impedance, 
and the frequency increases in a counterclockwise direc-
tion in nyquist plots. at day 0, no obvious semicircle but 
an arc was present for the microelectrode over the whole 
frequency range, likely due to the double layer charg-
ing and charge transfer of non-ideal planar electrodes as a 
result of the island-like structure on the electrode surface. 
after 3 days of immersion, however, the nyquist plots of 
the microelectrode exhibited distinct profiles in comparison 
with that of day 0, and consisted of two semicircles at high 
and low frequency regions, respectively (the insert in Fig. 4 
shows the semicircles at higher frequency region for the 
electrode immersed for 3, 5, 7 and 9 days). The first semi-
circle in the high-frequency region arises from the ohmic 
electrolyte resistance and the impedance resulting from the 
penetration of the electrolyte through a barrier layer. The 
second semicircle in the low-frequency region accounts for 
the processes occurring at electrolyte/electrode interface. 

In addition, the second depressed semicircle with the theo-
retical center located below the real axis indicated a surface 
heterogeneity likely due to protein adsorption processes. 
The diameter of the semicircles in both high and low fre-
quency regions increased in the order of day 3, 5 and 7, but 
decreased at day 9. an approximate approach to evaluate 
the impedance is to compare the diameters of the semicir-
cle in nyquist plots. The larger the diameter is, the higher 
impedance exhibits.

representative Bode plots of impedance modulus and 
phase angle are shown in Fig. 5a, b, respectively. at day 
0 over the whole frequency range, the Bode modulus plot 
of the recording site exhibited a linear slop of around 
−0.88 (the impedance of the recording site was inversely 
proportional to the frequency), indicating that the surface 

Fig. 4  nyquist plots of the flexible PI-based gold electrodes 
immersed in neural cell culture medium at day 0, 3, 5, 7 and 9 days 
(the inset shows higher magnification image of nyquist plots at low 
frequency)

Fig. 5  representative bode plots of the flexible PI-based gold elec-
trodes immersed in neural cell culture medium at day 0, 3, 5, 7 and 
9 days: a impedance modulus plot, b phase angle plot (modeled 
results are indicated by the solid lines)
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of recording sites possessed capacitive characteristics. 
at day 3, 5, 7 and 9, the impedance of the recording site 
was higher than that at day 0 in high frequency range 
(0.5 × 104–1.0 × 105 hz). In medium frequency range 
(0.5 × 102 to 0.5 × 104 hz), however, the impedance of the 
recording site at day 3–9 was lower than that at day 0, with 
a slop of around −0.84 to −0.80. Similarly, at low frequen-
cies (0.5–0.5 × 102 hz) the impedance of recording site 
at day 3–9 was significantly lower than that at day 0. But 
the impedance modulus plots of the recording site showed 
a plateau after 3–9 days of immersion, revealing that the 
impedance remained stable in this range and was mainly 
attributed to resistive behaviors.

Phase angle of the recording site (Fig. 5b) started from 
−35° at day 0 in high frequency range and then gradually 
shifted to approximately −75° in medium frequency range. 
a certain degree of deviation from ideal capacitive behavior 
was recorded in the phase angle plot where the minimum 
phase angle reached approximately −80° (−10° below 
−90°) in medium frequency range. Such a deviation was 
reported by others as well, resulting from surface heteroge-
neity (Mercanzini et al. 2009). at low frequencies, the phase 
angle smoothly varied from −80 to −60° for the recording 
site immersed in cell medium at day 0. In contrast to that of 
the recording site at day 0, phase angle plots of the record-
ing site at day 3–9 had a similar trend, and showed the pres-
ence of two distinct time constants which corresponded 
to two peaks at high and low frequency ranges in Fig. 5b. 
The low frequency time constant resulted from the charge 
transfer processes, whereas the high frequency one could 
be attributed to the response of the barrier properties of the 
adsorbed protein layer. Once an implant is inserted into the 
body, protein adsorption occurs immediately before cells 
adhere to the surface of the implant. Burgos-asperilla et al. 
reported that bovine serum albumin and fetal bovine serum 
adsorbed on Ti surface after 7 days of immersion acted as a 
diffusive barrier (Burgos-asperilla et al. 2010). The study 
conducted by Selvakumaran et al. showed that after 1 day 
of exposure to plasma gold surface had around 13 nm thick 
protein layer (Selvakumaran et al. 2008). however, the 
equivalent circuit model of the electrode-cell medium inter-
face has not been extensively investigated for the neural 
microelectrode via eIS.

By means of fitting nyquist and Bode plots via Zview 
3.3e, the electrode-cell medium interface was modeled by 
equivalent circuit models deriving from randles model. at 
day 0, both the nyquist and Bode plots were fitted well via 
the randles equivalent circuit consisting of solution resist-
ance (Rs) in series with a constant phase element (cPeg) in 
parallel with the charge transfer resistance (Rct) (Fig. 6a). 
Rs represents solution resistance measured between work-
ing electrode and reference electrode. cPeg simulates a 
non-ideal behavior of the capacitor on gold surface due to 

the surface heterogeneity in structure, topography, etc. Rct, 
describes the difficulty for charge to transfer between elec-
trode and electrolyte. The lower Rct is, the easier charge can 
transfer in between. after 3 days of immersion, protein bar-
rier layer was formed on the recording sites due to adsorp-
tion and accumulation. To fit nyquist and Bode plots, Rp 
and cPep in parallel (time constant) were added, corre-
sponding to the resistive and capacitive behaviors of the 
protein adsorption layer, respectively (Fig. 6b).

electrochemical parameters of the electrical components 
in the equivalent circuit models are normalized by the con-
tact area of the recording site, and listed in Table 1. as the 
distance between the neural microelectrode and reference 
electrode was maintained at an almost constant level, Rs 
slightly varied at each time points. Rp was proportional to 
the thickness of protein adsorption layer, and reached the 
maximum value at day 7. The decline of Rp at day 9 was 
likely due to the partial delamination of the protein adsorp-
tion layer on gold recording sites, indicating the equi-
librium of protein adsorption. The impedance of cPe is 
defined by eq. (1) (Mercanzini et al. 2009).

Fig. 6  equivalent circuit models used for fitting the eIS data of the 
flexible PI-based gold electrodes immersed in neural cell culture 
medium: a at day 0. b day 3, 5, 7 and 9
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cPe is a capacitor as n = 1, and a resistor as n = 0. 
Depending on surface roughness, homogeneity, etc.,  
n is determined experimentally. In contrast to Rp, interfa-
cial capacitance of the protein adsorption layer (Cp) was 
inversely proportional to its thickness and exhibited the 
minimum value at day 7. Rct was extrapolated from the 
low frequency data of eIS measurement, resulting from 
electron–ion charge transfer mechanisms at the electrode 
surface. hence, Rct is sensitive to initial electrode–electro-
lyte conditions (open circuit potential) and applied voltage 
(Minnikanti et al. 2014). Rct at day 0 can be estimated via 
eq. (2) in unit of Ω cm2 (Mercanzini et al. 2009).

where V0 = 50 mV is the applied amplitude, Vth = 0.0259 V 
is thermal voltage, n0 = 9.27 × 1025 ions/m3 is bulk concen-
tration of the ion, z = 4 is the number of electrons involved 
in the redox reaction, J0 = 0.0398 a/m2 is the exchange cur-
rent density for gold. With these values, Rct calculated by 
eq. (2) was 2.16 × 104 Ω cm2, which is similar to the value 
(2.80 × 104 Ω cm2) in Table 1. The variation of Rct at each 
time point is the same as that of the impedance at 1 khz 
and will be discussed in the following section. as proteins 
adsorbed on the electrode surface and surface area exposed 
to cell medium reduced, a decline in Cg was expected. On 
the contrary, Cg rose from 32.90 ± 0.32 µF/cm2 at day 
0–39.30 ± 0.72 µF/cm2 at day 3, which was likely attrib-
uted to the water absorption and penetration of PI layer to 
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Fig. 7  Impedance of recoding sites immersed in neural cell culture 
medium at 1 khz as a function of incubation time
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enlarge the contact area. In addition, values of ng were in 
agreement with previous reports for neural electrodes (chan 
et al. 2009; Minnikanti et al. 2014).

Figure 7 shows the impedance of recoding sites 
immersed in neural cell culture medium at 1 khz as a 
function of incubation time. The frequency of 1 khz is 
of great interest for the reason that the duration of action 
potential of neural cells is close to 1 ms. The impedance 
of recording sites immersed in neural cell culture medium 
at day 0 was 215.2 ± 1.2 kΩ at 1 khz. With the contact 
area of 85 µm2, gold recording site of a multielectrode 
array exhibited the impedance of 6 MΩ at neuron work-
ing frequency (1 khz) in phosphate buffered saline (PBS) 
(Tsang et al. 2012), while the impedance of a larger gold 
recording site (1,300 µm2) reduced to 408 kΩ (Seymour 
et al. 2011). additionally, the impedance of a platinum 
(Pt) recording site with diameter of 50 µm was reported 
to be 319 kΩ in 0.01 mol/l PBS (Deng et al. 2011). after 
3 days of immersion, the impedance of the recording sites 
decreased by 14.8 % (183.9 kΩ) from day 0, and then 
remarkably increased to 200.6 kΩ at day 7. eventually, the 
impedance stabilized at day 9 (188.9 kΩ) and reduced by 
12.5 % from day 0. Tsang et al. also reported the similar 
trend of impedance variation for the 8 days of immersion 
in PBS, and impedance reduction of the recording site 
was less than 10 % (Tsang et al. 2010). In addition, chen 
found that the impedance curve of a recording site on a 
polyimide-based microelectrode array gradually sloped 
downward into flatness at 1 khz (chen et al. 2009). One 
potential reason for the decrease in impedance is likely 
due to the water absorption of PI, which in turn increases 
not only the conductivity of the dielectric material, but 
also the recording site area exposed to electrolyte (Fig. 8). 
The water absorption of PI is dependent on its chemical 
structure, component, sample size, and environment of 
exposure (temperature, duration and relative humidity. The 
most possible sites within PI molecular for hydrogen bond-
ing in water are believed to be the ether linkage and the 
imide carbonyl groups (Demir et al. 2006). It was reported 
that the water absorption rate of 1-phenyl pyromellitic 
dianhydride based PI film (5 × 5 mm) was in the range of 
2.09–3.26 % after 7 days of immersion in distilled water at 
25 °c, while that of PI foil (210 mm × 300 mm × 25 µm) 
maintained almost constant over time in PBS and varied 
from 1.1 to 1.46 % (adhikari et al. 2011). as shown in 
Fig. 8, water absorption occurring at the junction between 
the recoding site and PI could enlarge the contact area of 
the recording sites, resulting in the decreased impedance. 
Therefore, in the design of next generation of the flex-
ible PI-base neural electrode, waterproofing of the junc-
tion between recording site and PI should be considered to 
minimize the water penetration and elongate the lifetime 
of the neural electrode.

as reactive tissues resulting from foreign body 
responses and scar tissues encapsulating neural elec-
trode have higher resistive properties than normal tissue, 
the impedance of neural electrodes usually increased for 
weeks following implantation, and then stabilized after 
tissue remodeling at the electrode interface (Sillay et al. 
2013). The 1 khz magnitude impedance of a Tungsten 
microwire electrode increased from a range of 75–125 kΩ 
on the first day to a range of 200–375 kΩ on day 7 (Wil-
liams et al. 2007). In addition, a rapid increase in the elec-
trode impedance was recorded over the first 20 days of 
implantation due to the tissue reaction (Mercanzini et al. 
2009). In this in vitro study, the increase in impedance 
from day 3 was thought to be mainly attributed to protein 
accumulation on the recording sites. Duan et al. demon-
strated the presence of various proteins, bio-films or fibrils 
on the surface of Pt neural electrode in vivo (Duan et al. 
2004). after incubation in bovine serum albumin solution 
in vitro, the conductivity of polyaniline coated Pt electrode 
declined from 1.209 × 105 to 1.843 × 107 Ω/sq (Wang 
et al. 2010).

although water absorption and protein adsorption 
occurred simultaneously during the electrode immersion, 
water absorption was dominated in the first few days and 
adsorbed proteins did not significantly affect the imped-
ance due to less accumulation on the surface of recording 
sites. after 3 days of immersion, however, the PI was sat-
urated, and more proteins accumulated on the surface of 
recording sites. The adsorbed protein layer had the effect 
of blocking the electron transfer, resulting in significant 
positive impact on impedance. Moreover, the equiva-
lent circuit models and fitted parameters of recording 
sites at different time points revealed the protein adsorp-
tion and accumulation process. Therefore, the measured 
impedance of the recording sites declined first, and then 

Fig. 8  Schematic diagram of cross sectional view of the flexible PI-
based gold electrode immersed in neural cell culture medium (not to 
the scale)
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increased greatly with immersion time. It was reported 
that degree of protein adsorption on gold surface was dic-
tated by electrostatic interaction, protein concentration, 
surface properties, etc. (Jung et al. 2014; Moulton et al. 
2003). The thickness of protein layers on a Ti surface was 
similar after 7 and 28 days exposure to plasma (Selvaku-
maran et al. 2008), while Moulton et al. showed that the 
protein adsorption equilibrium was not reached on gold 
surface until 60 min (Moulton et al. 2003). Moreover, 
Franks et al. found that the impedance of Pt electrode did 
not change significantly after 7 days of in vitro immersion 
in 10 % horse serum solution (Franks et al. 2005). In this 
study, the flexible polymer-based electrode was immersed 
in neural cell culture medium for 9 days to mimetic the 
electrode encapsulation by proteins and investigate the 
effect of incubation time on the electrical properties of the 
electrode. On the basis of the electrochemical parameters 
of the electrical components in the equivalent circuit mod-
els, the capacitance of the protein barrier layers was simi-
lar at day 5 and day 9 (18.50 ± 2.64 and 17.30 ± 2.86 µF/
cm2, respectively), indicating the saturation of protein 
adsorption.

In Table 2, the eDX analyses of the recording site 
revealed that C element concentration rose from 5.86 % 
before the immersion to 10.95 % after the immersion for 
9 days. Similarly, the O element concentration increased 
from a nearly undetectable value to 1.71 % at day 9. But 
the gold element concentration in the detected area reduced 
from 93.51 % at day 0 to 86.8 % at day 9. The increase of 
the element concentration for C and O indicated that a pro-
tein layer adsorbed onto the surface of gold recording sites 
during the immersion in the cell culture medium. as in the 
microfabrication process Ti layer was prepared via e-beam 
evaporation below the gold layer to enhance the bonding 
strength, Ti element was detected in the eDX analyses and 
its element concentration declined as well due to the pro-
tein adsorption.

4  Conclusions

The flexible PI-based gold microelectrode was fabri-
cated and its recording sites exhibited island-like struc-
ture which could improve the contact area and reduce the 

impedance. after being packaged, the microelectrodes 
were immersed in neural cell culture medium for 9 days 
to investigate into the microelectrode–cell medium inter-
face. at each time point, eIS measurement was car-
ried out to obtain nyquist and Bode plots. From day 3, 
nyquist and Bode plots of the microelectrode exhib-
ited distinct profiles in comparison with those at day 0, 
as a result of protein adsorption and accumulation. an 
equivalent circuit model consisting of two time con-
stants was proposed to describe the protein barrier layer 
on the gold recording sites, and fit the nyquist and Bode 
plots. although protein accumulation could increase the 
impedance of the recording sites, the impedance at 1 khz 
reduced from 215.9 kΩ (day 0) to 183.9 kΩ after 3 days 
of immersion in neural cell culture medium, due to water 
absorption of PI. From day 3 to day 7, PI became satu-
rated and the impedance rose to 200.6 kΩ. eventually, 
the impedance stabilized at day 9 due to the combination 
effects of protein accumulation on recording sites and 
water adsorption of PI.
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