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voltage-sensitive dye imaging catalyzed 
the development of transparent neural 
interfaces that enable the application 
of both modalities. Electrophysiological 
methods with high temporal resolution 
are therefore often used in parallel with 
a non-invasive optical method with high 
spatial resolution.[2] Electrocorticogram 
(ECoG) register neural activity on the 
cortical surface, circumventing the elec-
trical insulation of the scalp with mini-
mally invasive surgical intervention.[3] By 
using of ECoG instead of the non-inva-
sive electroencephalography (EEG) the 
difficulty to achieve efficient electrode-
skin impedance[4] can be overcome. Two-
photon microscopy is a laser-scanning, 
multifocal technique that typically col-
lects fluorescent light from a single loca-
tion.[5] Since two photons combine their 
energy during measurement, they are 
less harmful to biological tissues than the 

single-photon techniques. The two-photon calcium imaging is 
an efficient way to monitor the calcium-binding kinetics with 
a highly precise morphological image.[6] This method uses the 
fact, that in the living cells most of the depolarizing signals 
are in connection with the Ca2+ influx, because of the voltage-
gated Ca2+ channels.[7] Optogenetics provides molecular tools 
to selectively manipulate neuronal activity with light.[8] This 
technique uses genetic engineering to insert photosensi-
tive protein channels into a specific population of neurons.[9] 

Shape memory polymers (SMPs) are suitable substrate materials for soft 
neural interfaces due to their tunable elastic characteristics. The stability and 
biocompatibility of intracortical SMP probes are demonstrated. In this work, 
a SMP-based cortical implant capable of recording high-density micro-electro-
corticography is utilized in a multimodal neuroimaging scheme. The trans-
parent nature of thiol-ene/acrylate substrate is exploited, and the feasibility of 
measuring intracranial electroencephalogram and fluorescent GCaMP6 sig-
nals with two-photon imaging through the device is presented in mice. The 
potential influence of the optical properties of the microdevice is investigated 
using fluorescent microbeads, hippocampal brain slices, and awake animals. 
It is found that neurites and cell soma can be efficiently detected with suf-
ficient resolution to follow changes in the calcium signal. These chronically 
implanted devices do not suppress the quality of optical signals exceeding 
22 weeks after implantation. These results indicate that thiol-ene/acrylate 
ECoG is an appropriate tool to combine electrophysiology with two-photon 
imaging while leveraging the inherent tissue-friendly properties of SMPs.
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1. Introduction

Multimodal measurements have emerged as the functional 
and structural observation of the brain is required to under-
stand the complex mechanism of neuronal ensembles. Elec-
trophysiology is still used as a gold standard to interrogate 
brain activity by measuring the chemical and electrical signals 
of the living neurons.[1] However, the advent of new optical 
characterization tools like optogenetics, calcium imaging, or 
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These channels can be controlled with the delivery of light in 
millisecond-scale.[8]

Recent advances in materials science have had a transforma-
tive effect on the fabrication of microimplants that enable the 
simultaneous application of electrical recording and optical 
imaging.[10] A growing number of potential substrate mate-
rials have been proposed to create transparent ECoG devices. 
Among transparent substrates, polyimide,[11] SU-8,[12] Parylene 
C,[13] Parylene HT,[14] polydimethylsiloxane (PDMS),[15] and 
many others have been proposed to hold functional layers of 
transparent neural implants, with many of these materials 
already tested experimentally. Polyimide and sputter-deposited 
indium-tin-oxide (ITO) has been used to create a µECoG to 
record the anatomical map of the visual cortex with intrinsic 
optical imaging while following the electrophysiological 
response to visual stimulus.[11] A polyimide and gold nanonet-
work (Au NN)-based transparent ECoG was proposed to simul-
taneously record in vivo activity and perform optogenetic stim-
ulation with channelrhodopsin-2.[16] Transparent Au nanogrid 
electrodes and microscale inorganic light-emitting diodes 
(µ-ILEDs) have been encapsulated in a flexible SU-8 substrate 
for simultaneous electrophysiological recording and optical 
modulation.[12] Recently, optogenetically evoked ECoG activity 
in the rat visual cortex was demonstrated in vivo, using a con-
ductive, antireflective, transparent, and flexible µECoG array of 
PEDOT:PSS–ITO–Ag–ITO multilayer thin films on Parylene 
C.[13] Since we aim to use our device in combination with fluo-
rescent microscopy, low autofluorescence is an also important 
requirement that should be fulfilled by the choice of substrate 
material. Polyimide, PDMS, PMMA, polycarbonate, and Par-
ylene have been tested.[17] High autofluorescence or background 
fluorescence hinders the recording of high resolution images 
on fluorescently labeled cells. While the popular ECoG mate-
rial, polyimide shows the worst autofluorescence properties, 
other candidates like Parylene are most suitable to be applied as 
transparent substrates. For instance, Parylene HT, a transparent 
substrate with low-autofluorescence, combined with ITO, has 
been used to perform two-photon imaging and cortical electro-
physiology in freely moving animals.[14]

In addition to metallic alloys, graphene-based arrays are also 
extensively developed and applied experimentally, to combine 
with optogenetic modulation and two-photon imaging,[18] or 
wide-field calcium epifluorescence imaging.[19]

The popularity of graphene can be explained by a higher 
signal-to-noise ratio (SNR) and reduced electrical interference 
noise compared to gold electrodes.[20] Although its electrochem-
ical impedance is high, it can be decreased by electrodeposition 
of platinum nanoparticles onto the surface doped in 35% nitric 
acid.[21]

The impedance of electrodes inherently depends on their 
size, with smaller electrodes having higher impedance. To over-
come this problem, Quiang and colleagues created bilayer-nano-
mesh microelectrode arrays (MEAs)[22] with Au/PEDOT:PSS 
material combination, resulting in single-neuron-sized microe-
lectrodes with low impedance. In vivo validation proved that the 
bilayer-nanomesh MEAs are fully compatible with two-photon 
Ca2+ imaging.

Besides the ability of these devices to meet the demands 
of both intracranial electrophysiology and artifact-free optical 

imaging or optical stimulation of genetically incorporated pro-
teins through the transparent device, biocompatibility in long-
term, chronic experiments are rarely investigated. Minimizing 
the neural response improves the longevity of implants in 
multimodal neuroimaging schemes. The application of respon-
sive polymers may be a key technology in this endeavor.[17,18] 
These materials reduce the mechanical mismatch at the tissue 
and neural interface, therefore reducing the inflammatory 
response.[24] Thiol-ene-based flexible devices have been char-
acterized previously both electrically[25] and optically.[26] Thiol-
ene has high optical transparency (above 85% @ 550 nm) with 
a refractive index of about 1.54,[27] and it has been used as the 
substrate in wearable LED devices.[28] These promising results 
make transparent shape memory polymers (SMPs) good candi-
dates to fabricate neural interfaces designed for cortical electro-
physiology and simultaneous two-photon imaging.

In our previous paper,[23] we presented the change of the 
Young’s modulus of a thiol-ene/acrylate neural probe, which 
decreased from 2 GPa to 300 MPa upon immersion into room 
temperature saline solution and heating the medium up to 
37  °C. Later, we proposed the first thiol-ene/acrylate-based 
µECoG device and confirmed its electrical stability and bio-
compatibility in chronic experiments in mice.[29] Based on 
our histology study targeting astrocyte (GFAP staining) evo-
lution and neuronal survival after 80 days of implantation on 
average, there was no significant difference in the average 
number of cell nuclei below the implant, while the differ-
ence of fluorescence intensity of astrocyte markers showed 
a mild scar evolution. After these positive findings, here we 
present the optical characterization and in vivo validation of a 
thiol-ene/acrylate-based µECoG array with gold and sputtered 
iridium oxide film (SIROF) conductive layers in a two-photon 
calcium imaging scheme. Optical qualities of the µECoG were 
tested using fluorescent microbeads and automatically detected 
neurites in in vitro acute brain slices. Long-term performance 
of the µECoG device was assessed with chronic two-photon cal-
cium imaging. Single neurons remained active and distinctive 
even 22 weeks after implantation.

2. Experimental Section

2.1. Microfabrication

The soft and flexible µECoG device used in this study was 
designed to cover a 2.4 mm by 3 mm area with 31 symmetri-
cally arranged gold recording sites. The first and seventh rows 
of the array had three recording sites each, while the five rows 
in between them had five sites each, all equally distant from 
neighboring sites. Site diameter was 115 µm and inter-site dis-
tance was 400 µm. The thickness of the composite device was 
18 µm. The microfabrication process was performed at Qualia 
Labs, Inc. based on the micromachining scheme of the intra-
cortical probe published earlier.[23] The layer composition is 
the following: a thiol-ene/acrylate substrate of 7  µm already 
spin coated on top of a silicon handle wafer was coated with 
2  µm Parylene C. Since the composition of thiol-ene/acrylate 
that was used exhibit a water uptake less than 3%, this might 
lead short-circuits along the gold wiring. To avoid this failure, 
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a thin Parylene C layer was applied to protect the conductive 
layer from this effect. This way, the beneficial mechanical prop-
erty of the tissue-device interface to foreign body response 
was exploited, while functionality was maintained even during 
chronic use. It should be noted that the presence of metal tracks 
and their Parylene C capping did not influence the character-
istic softening behavior of the substrate, and lead to a minimal 
change in bending stiffness as located along the neutral axis of 
the whole multi-layer structure. Conductive traces were then 
photolithographically patterned on a  400  nm thick gold layer. 
The top encapsulation layer consisted of another 2  µm thick 
Parylene C and a 7 µm thick thiol-ene/acrylate layer, which was 
removed above the recording sites and bonding pads using 
reactive ion etching in oxygen plasma (Device A). On some 
devices, an additional 300  nm thick sputtered iridium oxide 
(SIROF) layer was patterned on top of the exposed recording 
sites (Device B). The devices were completely released from 
the silicon handle wafer with tweezers after immersion in DI 
water; they were mounted on a through-hole Omnetics con-
nector (A79022-001, Omnetics Connector Corp., USA). Inter-
connection between the integrated conductive traces and the 
connector pins was carried out using a two-component conduc-
tive epoxy (CW2400, Chemtronics, USA), dried at room tem-
perature for 24 h. To isolate the through-hole joints, a final layer 
of Araldite 1401 adhesive (Huntsman Advanced Materials, TX, 
USA) was applied and cross-linked without using any thermal 
annealing processes. The final device is shown in Figure 1A.

2.2. Electrical Characterization

In order to validate long-term electrical performance of the pro-
posed material composition in µECoG devices, Bode plots were 
recorded from each functional electrode using electrochemical 
impedance spectroscopy (EIS) technique and Gamry Reference 
600+ Potentiostat (Gamry Instruments, Warminster, PA, US). 
In a three-compartment electrochemical cell miniature, an 
Ag/AgCl electrode was used as a reference electrode (ET072-1, 
eDAQ Pty Ltd., Australia) and a platinum wire as a counter 
electrode. 31 gold (Device A) recording sites were connected 
as working electrodes one by one. The electrolyte was 0.01 m 
phosphate buffered saline (PBS) solution (P4417, tablet diluted 
in 200 mL distilled water, pH 7.4, Merck KGaA, Germany). The 
frequency range was between 1  Hz and 10  kHz. Bode plots 
were recorded immediately after arrays were submerged in the 
electrolyte and thereafter on a daily basis for 16 days. All experi-
ments took place inside a grounded Faraday cage to suppress 
environmental noise.

2.3. In Vitro Characterization of Optical Performance

To detect the effects of the µECoG on two-photon imaging, 
fluorescent microbeads were used. Beads were encased 
between glass slides and No. 1 size cover glasses. Arrays 
were placed right on top of the cover glasses and held down 
with harp slice grids (HSG-5AD, ALA Scientific Instru-
ments), to prevent the surface tension of water immersion 
to lift the arrays. The same beads, with 6  µm nominal size, 

were in the focus of the microscope in both cases. The size 
of the captured beads was calculated with a custom MATLAB 
(Mathworks) algorithm, detailed in Section 2.6, and compared 
(Figure 2C).

For in vitro optical characterization, three thy1-GCaMP6f 
(FVB/Ant) transgenic mice (aged 22, 23, and 103 days) were 
used. Preparation of acute brain slices was carried out as 
described previously.[14] Briefly, 350  µm thick horizontal hip-
pocampal slices were collected and examined under continuous 
artificial cerebrospinal fluid (aCSF) perfusion[30] and 
oxygenation. Images of hippocampal regions were taken with 
or without the device covering the slice and processed with a 
custom algorithm described in Section 2.6.

Two-photon microscopic measurements of fluorescent 
microbeads and in vitro transgenic brain slices were carried 
out with galvanic scanning on a Femto2D – DualScanhead 
microscope (Femtonics Ltd.) using a Chameleon Ultra II laser 
at 910  nm as laser source and equipped with a 16× objective 
(CFI75 LWD, Nikon), PMT (H10770B-40, Hamamatsu), and 
dichroic mirror (700dcxru, Chroma Technology).

2.4. Surgery

All procedures were carried out according to national guide-
lines (PE/EA/776-5/2021). Three adult C57BL/6J male mice 
were used. Mice were subjected to cortical microinjections of 
AAV1.Dlx-GCaMP6f and µECoG device implantation, which, 
along with detailed surgical protocol, were described in detail 
previously.[14,29] Briefly, mice were anesthetized, the skin on 
the head removed and the skull cleaned. A rectangular crani-
otomy, ≈2.6-by-3.2  mm in size, enclosing the viral injections 
([AP,ML] 1: [−1.6, −2.0], 2: [−2.4,−2.0]) was performed with a 
0.3 mm drill bit. The dura was removed, the µECoG device was 
placed directly on the brain surface and covered with custom-
cut rectangular cover glasses to hold the device on the brain 
surface and to seal the craniotomy. Two cover glasses, one 
smaller (≈2.6-by-3.2  mm) to fit into the craniotomy, and one 
larger (≈3.2-by-4.0 mm) to lay onto the edge of the craniotomy 
were used. The cover glasses were glued together before sur-
gery with optical adhesive (Norland 71) for easier handling. The 
cover glasses, the device connector, and a reference electrode 
over the cerebellum were adhered with quick curing glue and 
dental cement. A headbar was fixed anterior to the craniotomy 
with Superbond (Tentang CTBA). Mice were allowed to rest for 
at least 5 days before measurements.

2.5. In Vivo Recordings (Two-Photon Imaging and Electrophysiology)

In vivo measurements started at least 5 days after implanta-
tion and continued for 22 weeks at most. During measure-
ments, awake mice were head-fixed on a circular treadmill but 
were otherwise freely moving. The movement of the tread-
mill (running) was also recorded. Cells expressing GCaMP6f 
located under the µECoG device were imaged with resonant 
scanning at 31  Hz using the two-photon calcium imaging 
system described in Section  2.3. Electrode impedance and 
electrophysiological data were recorded from 31 recording 
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sites sampled at 2  kHz using a 32-channel RHD recording 
headstage and RHD2000 Evaluation system (INTAN Tech-
nologies) and filtered between 2 and 150 Hz. Impedance was 
measured in vivo with the built-in feature of the open source 

INTAN Technologies RHD Evaluation system. Impedance was 
measured before data recordings, at a frequency of 1  kHz. 
It should be noted that during in vivo measurements indi-
vidual device properties as well as difference in the equivalent 

Figure 1.  A) Photograph of the finished device. Scale bar is 5 mm. B) Magnified view of the contact points. Scale bar is 5 mm. C) Layout of the device. 
Scale bar is 1 mm. D) Close up image of the in vivo craniotomy. Scale bar is 1 mm. E) Mean magnitude of impedance and F) phase angle of µECoGs 
with gold or SIROF electrodes after encapsulation (Day 1), and after a 16-day long soaking test including standard deviation.
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circuit parameters of the measurement system may lead to 
the increase of the measured site impedances. To properly 
filter out failed electrode sites, an upper limit of 250 kΩ of 
site impedance was determined. Above this value, measured 
signals were discarded.

2.6. Data Analysis

Fluorescent microbeads were captured with MES (Femtonics 
Ltd.) recording software and analyzed with MATLAB. Beads 
were detected with a custom algorithm based on the Circular 
Hough Transform.[31] The uncertainty of the bead edge was 
overcome with thresholding (im2bw function with level value 
0.005). The same microbeads were captured without and under 
the µECoG, so the effects of the device on optical performance 
can be determined by statistical tests on bead sizes. The diam-
eters of the beads were compared with Student’s paired t-test 
with 0.05 α value with software OriginPro (OriginLab).

In vitro images were captured with MES and analyzed with 
MATLAB. First, the images were cut to four overlapping tiles 
and the fluorescence values were normalized to be between 0 
and 1, in order to achieve more accurate detection. These tiles 
were segmented differently based on their average intensity. 

If the mean intensity of the tile was larger than 0.1, adaptive 
thresholding was used with a sensitivity value of 0.1. Otherwise, 
a global threshold was used, based on Otsu’s method.[32] The 
tiles were structured with morphological operations (bwareafilt, 
strel, imopen, imclose) for neurite detection. After this, a 
watershed algorithm was used to separate the detected objects. 
Neurites were detected automatically by determining the circu-
larity of detected objects, which was determined by using the 
circularity field of the regionprops function. A detected object 
was determined as neurite if this metric was lower than the 
threshold level (0.1). After the detection, the detected objects 
from the tiles were mapped to their original coordinate on the 
image, and duplicates were filtered out. The statistical com-
parison was performed on the neurite diameter (minor axis 
length) with Student’s two-sample t-test with 0.05 α value with 
software OriginPro.

In vivo resonant scanning measurements of 3–10 min length 
were recorded with MESc (Femtonics Ltd.) and analyzed in MES 
and MATLAB. Time-series image stacks were averaged across 
time, and cell bodies on the averaged images were automati-
cally detected with the same detection algorithm, but different 
metric threshold, used on in vitro images. A detected object was 
determined as a cell body if the circularity was larger than the 
threshold (0.4). Detected cells were used as regions-of-interest 

Figure 2.  Representative images of hippocampal regions A) without and B) under the µECoG device. Scale bars are 100 µm. C) Diameter of the same 
beads without (n = 68) and with (n = 68) the µECoG device covering them. Values are normalized to the mean diameter of the beads without the device 
(5.67 ± 0.0066 µm). D) Diameter of neurites measured on in vitro slices from the same field-of-view (FOV) but at different depths. Empty box plots, 
measurements without device cover; filled box plots, device on the slice. Boxplot whiskers are 5th and 95th percentiles, ◆ are the outliers.
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(ROI) to extract cellular calcium activity. To illustrate cell 
activity, raw fluorescence of ROIs was Gauss filtered (σ = 5) and 

converted to relative fluorescence change as 0

0

F
f f

f
i∆ = −

, where 

f0 is the mean of the lowest 12.5% data points of an individual 
trace, and fi are the individual intensity values over time.

For comparison of measurements, the original pixels of the 
detected cell bodies were averaged for each cell (f) and the inten-

sity change values were calculated as − 0

0

f f

f
 where f0 is the mean 

of the lowest 12.5% data points of the averaged time-series stacks.
The results were represented with boxplot figures, where the 

whiskers are the 5th and 95th percentiles, the outliers are rep-
resented with symbol ◆, and the mean value with ⬜. The 
figures were created by OriginPro.

Electrophysiological data analysis was performed with a 
custom-made MATLAB program. The treadmill movement 
was used to identify resting periods in the measurements. A 
30 s long segment when the subject remained immobile was 
selected from every measurement. The SNR was calculated 

based on the work of Lecomte  et  al.[33] as SNR
2 *SDnoise

A= , 

where A is the peak-to-peak value of the filtered data. The noise 
was derived from the difference between the raw data and 
the filtered data, and its standard deviation was calculated to 
determine the SNR. The filtered data was created by using a 
1 Hz high pass filter (fourth order Chebyshev filter with 30 dB 
attenuation) and a 140 Hz low pass filter (fourth order Cheby-
shev filter with 30 dB attenuation). During in vivo recordings, 
an upper impedance limit was adopted as an acceptance crite-
rion, 500 kΩ. Above this value, the electrode was considered 
nonfunctional.

3. Results and Discussion

3.1. Electrochemical Performance

Results of EIS measurements at the frequency range of 
1  Hz to 10  kHz are summarized in Figure  1E,F. The initial 
average impedance in the case of gold electrodes (Device A) 
was 9.9 ±  1.8 kΩ at 1 kHz and decreased to 9.2 ± 5.7 kΩ after  
16 days. In the case of SIROF recording sites (Device B), imped-
ance was 6.4 ± 0.9 kΩ at 1 kHz, which decreased to 4.1 ± 0.3 kΩ 
on the first day. These values remained stable during the rest of 
the experimental period (16 days). In the case of Device A, only 
the number of functional electrodes decreased by four (from 
30 functional sites to 26), which is associated to the unstable 
connection of related bonding pads to the pins of the Omnetics 
connector. Changes in impedance were likely due to the water 
uptake of the SMP material, similarly to the cases of our pre-
viously monitored devices composed of thiol-ene/acrylate.[23,29] 
The equivalent circuit parameters derived from Randles’ 
model (Figure S1, Supporting Information) of thiolene-acrylate 
ECoGs during the 16 days long experiment are presented in  
Figure S2, Supporting Information. This data supports the reli-
ability of the proposed material composition, and microfabrica-
tion processes.

3.2. Fluorescent Microbeads

To detect the effects of the µECoG on two-photon imaging, 68 
of the same fluorescent microbeads on glass slides were cap-
tured with and without the device covering the microbeads. 
Figure  2C shows boxplots of bead diameters. Represented 
values are normalized to the mean diameter in absence of the 
device (5.6651  ±  0.0066  µm). The calculated Student’s paired 
sample t-test at 0.05 significance level showed no significant 
difference between the bead diameters in the presence and 
absence of the device (t(67) = 1.08, p = 0.29, difference between 
means: 0.0142  µm). This confirms our hypothesis that our 
SMP-based µECoG device does not cause considerable optical 
distortion.

3.3. Acute Brain Slices

Quality of two-photon calcium imaging and the presence of 
optical distortions were further tested with acute brain slices 
in vitro. To investigate the possibility of imaging fine neural 
structures, neurite diameter was measured with and without 
the µECoG device. Neurites were detected on images of hip-
pocampal regions, where the plane of the image was parallel to 
the neurites, to maximize the number of samples. Figure 2A,B 
shows hippocampal regions without and with the µECoG. 
Figure  2D shows the diameter of detected neurites from the 
same field-of-view (FOV), but at different depths from the slice 
surface. The detection algorithm was able to detect 81 neurites 
on images without the device and 112 neurites with the device 
present. There was no significant difference between the neu-
rite diameters without and with the µECoG in the same FOV 
at α = 0.05. (Student’s two-sample t-test, z = 50 µm: nwout = 21, 
nwith = 28; t(47) = −0.18, p = 0.85; z = 60 µm: nwout = 17, nwith = 28; 
t(143)  =  −0.61, p  =  0.55; z  =  70  µm: nwout  =  16, nwith  =  33; 
t(47)  =  −0.18, p  =  0.86; z  =  80 µm: nwout  =  27, nwith  =  23; 
t(48) = −0.25, p = 0.81).

With these in vitro measurements, we show that in the well-
investigated hippocampus, even fine dendrites can be visual-
ized in the presence of our device without distortion in the two-
photon images.

3.4. In Vivo Performance

Stability of the recording sites was monitored before and 
after the implantation process up to the point where the ani-
mals were sacrificed. This measurement relied on impedance 
testing, which is able to indirectly inform us on device failure, 
including any mechanical damage (cracking, delamination, 
leakage). SNR was also calculated.

In the case of Device A, there was a decrease in the imped-
ance after the surgery (Figure 3A), but there was no signifi-
cant change between week 2 and week 11 (Student’s paired 
sample t-test at α = 0.05: t(9) = 0.12, p  = 0.91).   At the same 
time, the SNR slightly increased (Figure 3B). “Precranio” values 
are derived from measurements in saline, while the rest of the 
data are collected after implantation. Health condition of mice 
implanted with Device A required earlier termination of the 
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experiment than for mice implanted with Device B. This was 
unrelated to the difference in the material composition of the 
devices.

In the case of Device B, the impedance of the functional 
electrodes increased not only after the surgery but also between 
week 1 and week 22 significantly (Student’s paired sample t-test 
at α =  0.05: t(9) =  −5.81, p  << 0.05), however, impedance still 
remained under 100 kΩ (Figure 4A). The moderate increase in 
the SNR was also visible in the case of the SIROF electrodes 
(Figure 4B).

We imaged awake, freely moving mice implanted with 
the µECoG device with a two-photon microscope using the 
CGaMP6f calcium indicator (Figure 5). Mice underwent two to 
three imaging sessions at different time points after implanta-
tion, over a period of 22 weeks at most. Labeled neurons were 
prominent on the initial measurements 1–2 weeks after implan-
tation and this clear distinction from the background continued 
for the rest of the experiment (Figure 5).

We quantified this by calculating the intensity of automati-
cally detected neurons compared to background fluorescence 
for each measurement day. Relative intensity change was not 
significantly different between measurement days in case of 
Device A (Student’s t-test: t(65) = −0.79, p = 0.43). (Figure 3C). 
Although in the case of Device B there was a significant dif-
ference between the relative intensity values on different meas-
urement days (one-way repeated measures analysis of variance 
[ANOVA] by OriginPro: F(1.72, 96.15) = 16.99, p  << 0.05), the 
mean of the relative intensity stayed over 0.5 during the whole 
measurement period. (Figure  4C). Since imaging was per-
formed with the same substrate material (thiol-ene/acrylate) 
in the light path in the case of both devices, we hypothesize 

that the optical performance was influenced by other aspects, 
most likely suboptimal expression of GCAMP6f, and not by the 
µECoG device. Chronic imaging quality may be influenced by 
the immune response, sensor expression, and tissue regrowth, 
as well as factors introduced by the device. Nevertheless, cells 
also displayed spontaneous calcium activity often exceeding 
50% increase in ΔF/F, and the same cells were identifiable 
between measurements through 21 weeks (Figure 5).

To demonstrate the function of the ECoG device, representa-
tive electrophysiological activities were imaged (Figures  3D 
and 4D). The blue curves portray the movement of the mouse. 
Compare it with the activity curves motion originated activities 
can be observed.

4. Discussion

This study focuses on multimodal recordings with two-photon 
microscopy and presents the optical performance of a trans-
parent SMP-based µECoG in chronically implanted mice.

The use of thiol-ene/acrylate as a SMP substrate material to 
create neural interfaces has only been exploited in the last few 
years.[34] Probes implantable in the rodent brain have been pro-
posed to perform intracortical recordings successfully.[23,35,36] 
Long-term electrical stability of an SMP probe softening simi-
larly to our substrate (from 2 Gpa to 300 Mpa) was investigated 
by Stiller et al., who found that impedance magnitude signifi-
cantly decreased after 7 weeks but was found to not hinder 
recording capabilities up to 13 weeks. During that time period, 
SNR of their device was also maintained.[35] In our study, both 
gold and SIROF electrodes on the same substrate exhibited 

Figure 3.  Measurements with Device A. A) Average impedance values of the channels (n = 10) on different measurement days at 1 kHz. B) Signal-to-
noise ratio on the first (n = 55) and last (n = 66) measurement day. C) Long-term two-photon relative intensity change compared to the background 
intensity (nW2 = 66; nW11 = 254). The different boxes represent the different measurement days. Boxplot whiskers are 5th and 95th percentiles, and ◆ 
are the outliers. D) 30 s long representative electrophysiological activity captured on W11 by the ECoG. The blue curve represents the movement of 
the animal.
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significant change in impedance similarly, while showing 
a stable SNR during the 22-week long experiment. A similar 
trend was reported by another paper investigating the interface 
properties of an SMP neural probe softening from 2  GPa to 
18 MPa in a 16-week long intracortical recording.[35]

Both in vitro and in vivo studies have confirmed using his-
tological methods that implantables made of SMP substrate 
evoke a less severe immune response compare to traditional 
silicon-based devices.[19,23,30] Our group presented the applica-
tion of this substrate to create an intracranial EEG electrode 
array for the first time.[29] Based on the results of this funda-
mental work, we proposed here the operation of this implant-
able device to concurrently interrogate neuronal populations 
with electrical and optical approaches. Two-photon microscopy 
has evolved to be a primary in vivo tool for high spatial reso-
lution fluorescence imaging in intact neural tissue. Compared 
with other imaging techniques, deeper imaging depths can be 
achieved due to the near-infrared excitation light, which is less 
scattered in the nervous tissue. Hence two-photon microscopy 
grants focal excitation localized to the focal volume, and there 
is no detectable off-focal fluorescence intensity to reject; images 
are obtained with higher contrast. Besides the advanced tissue-
friendly feature of this SMP substrate already proved in prior 
studies, our data provides further evidence that two-photon 
imaging of fluorescently labeled cells through this transparent 
substrate is feasible at high spatial resolution. On hippocampal 
slices, we detected fine dendritic structures with the presented 
array in the light path without significant distortion in the two-
photon microscope images.

Previous studies, where transparent multielectrode arrays 
were combined with fluorescent two-photon imaging, focused 

on the proof-of-concept experiments, and did not address the 
longevity of optical properties or feasibility of simultaneous 
use of the optical and electrical recording in a longer period 
of time. Furthermore, image quality has not been monitored 
throughout experiments. To test the long-term optical perfor-
mance of our device, we examined whether detected fluores-
cent calcium signals are of sufficient quality to distinguish 
between individual neuronal structures, with adequately 
performed long-term in vivo measurement at least up to 
22 weeks after implantation. This period is relatively long, the 
latest transparent µECoG devices were only tested for a much 
shorter period. For instance, Thunemann et al. presented suc-
cessful multimodal imaging through the positron emission 
tomography (PET)-based µECoG array in anaesthetized rats.[18] 
In the work of Donahue  et  al., a Parylene C/PEDOT:PSS-
based device was used to simultaneously monitor patholog-
ical activity in 4-Aminopyridine (4AP) induced acute epilepsy 
model.[37] Driscoll et al. investigated induced epileptic seizures 
in acute experiments using a Parylene C/graphene MEA.[19] 
Schweigmann et al. used a liquid crystal polymer (LCP)-based 
array for 28 days to capture GCaMP3 signals of neurons and 
astrocytes.[38] Even though each of these studies reported 
on a novel material science approach to create a transparent 
MEA, none of these studies addressed the longevity of optical 
signals captured through these devices. Our group was first 
investigating the optical performance of such a transparent 
microdevice quantitatively, where a Parylene HT/ITO-based 
ECoG array was implanted and tested for 51 days.[14] Based on 
our measurement result after 22 weeks, we found no sign of 
optical distortion that could be attributed to device failure. The 
optical performance of our transparent SMP µECoG arrays 

Figure 4.  Measurements with Device B. A) Average impedance values of the channels (n = 10) on different measurement days at 1 kHz. B) Signal-to-
noise ratio on the first (n = 135) and last measurement day (n = 143). C) Long-term two-photon intensity change of cells relative to background intensity 
(nW1 = 67; nW22 = 57). Box plots represent different measurement days. Boxplot whiskers are 5th and 95th percentiles, and ◆ are the outliers. D) 30 s 
long representative electrophysiological activity captured on W22 by the ECoG. The blue curve represents the movement of the animal.
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undoubtedly meets the requirement of chronic experiments 
aiming for the synergetic use of two-photon microscopy and 
cortical electrophysiology.
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