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Supplementary Discussion

Supplementary Discussion 1

Several constraints limit the use of different materials as multimodal chronic interfaces (Extended
Data Table 1). The brittle nature of ITO, for instance, makes it susceptible to crack formation and
mechanical degradation [1, 2]. CNTs and nanowires have shown cytotoxicity in many studies
raising concerns on biocompatibility [3, 4]. Metal nanowires and meshes might still absorb light
leading to light induced artifacts in electrical recordings due to photovoltaic and photothermal
effects [5, 6]. PEDOT:PSS might exhibit chronic reliability issues due to delamination [7].
Graphene, however, does not have any of these issues and offers characteristics desirable for
multimodal neural. Extended Data Table 1 provides a comparison of electrode area, channel
count, electrode pitch, normalized impedance, areal coverage, optical transmittance, and chronic
recording reliability between the state-of-the-art in transparent array technologies and our ultra-
high density transparent graphene array [5, 6, 8-27]. Extended Data Figure 1 plots optical
transmittance as a function of normalized impedance for all the electrode technologies listed in
Extended Data Table 1.

Supplementary Discussion 2

Although metal microwires offer low resistivity and could be miniaturized (Extended Data Fig.
2a,b) to achieve partial transparency for microelectrode arrays, they suffer from light-induced
artifacts during two-photon imaging (Extended Data Fig. 2e,f). We conducted characterization
experiments using 64-channel arrays with gold and graphene wires to further investigate these
issues in gold arrays. Extended Data Figure 2d demonstrates the shadows formed by opaque
gold wires at two different depths (50 and 250um) during two-photon imaging, resulting in
information loss by masking a subset of neurons. The signals recorded by gold and graphene
electrodes (Extended Data Fig. 2d) during two-photon imaging (with a focal plane located 50um
below the electrode) show that significant light-induced artifacts are generated by the gold
electrode, while no artifacts are present in the signals recorded by the graphene electrode.
Extended Data Figure 2f illustrates the power spectral density of signals recorded by the graphene
and gold electrodes during a two-photon Z-scan from 50um to 150um depth under the electrodes
(with five frames at each level and 2um steps). Unlike graphene, the signals recorded by the gold
electrode contain all the harmonics of the two-photon scanning frequency (~30Hz), which would
heavily distort neural recordings and make it quite impossible to interpret the electrical recordings

in multimodal experiments. Therefore, microwires of the high-density arrays have to be made of



transparent materials to provide clear field of view across the entire recording area and eliminate

the light-induced artifacts.

Supplementary Discussion 3

Our interlayer-doped double layer graphene (id-DLG) approach was effective in eliminating the
defects formed in growth or fabrication of graphene. Figure 1c compares the graphene microwires
made of single layer graphene (SLG) and id-DLG. SLG often exhibits defects that emerge during
fabrication, which can lead to open circuits when the graphene is patterned to form microscale
wires. These defects pose a constraint when trying to scale the graphene wires to build high-
density and large area microelectrode arrays. These defects are randomly distributed over the
graphene, and it is improbable to have overlapping defects across the top and bottom layers.
Therefore, double layer graphene allows for continuous conductivity in extended microscale
graphene wires, resulting in high yields (Fig. 1c and Extended Data Fig. 3). However, as the width
of these long graphene wires is reduced, their resistance increases. HNOs is a well-known p-type
dopant for graphene that induces a shift in the Fermi level by facilitating the transfer of surface
charges between HNOs and carbon, which enhances the conductivity [28]. id-DLG formed with
HNO3 doping effectively reduces the graphene sheet resistance from 1908 Q/sq (SLG) to 276
Q/sq (id-DLG) (Fig. 1d), which enables us to shrink the graphene wires without any attenuation in
recorded signals. It is important to note that double layer graphene (DLG) without interlayer

dopants only reduces the sheet resistance to 606 Q/sq (Fig. 1d).

Supplementary Discussion 4

Current peaks in CV measurements can provide information on electrochemical processes that
occur at the interface (Extended Data Fig. 4d). The absence of redox peaks in the CV curve of id-
DLG indicates that the electrolyte/id-DLG interface is fully capacitive. On the other hand, PtNP-
deposited id-DLG shows surface oxide reduction peaks around -300 mV and hydrogen absorption
peaks around -500 mV to -800 mV, showing that PtNPs are contributing to the charge transfer
process at the electrode/electrolyte interface [11, 29]. Furthermore, the CV curves demonstrate a
7.5-fold increase in the charge storage capacity (CSC) following PtNP deposition, raising from
4.08 mC/cm? (id-DLG) to 30.72 mC/cm? (PtNP/id-DLG). This enhancement can be attributed to
the large pseudo-capacitance of the PtNP interface and the increased surface roughness, which

results in a larger effective surface area.



Supplementary Discussion 5

Although the length and resistance of graphene wires may vary across the array, their impact on
the CV and EIS results is minimal. This is demonstrated in Extended Data Figure 4e, where the
resistances of graphene wires prove to be substantially lower than the impedances of the
electrodes (excluding the graphene wire resistances), regardless of the length of the graphene
wires. Additionally, given the high input impedance of the amplifier (~10 MQ), there is no
substantial voltage drop on the graphene wires and attenuation in recorded signals. Hence, the
length and resistance of the graphene wires have negligible effect on the electrode

characterization results and electrophysiological recordings.

Supplementary Discussion 6

We specifically targeted the primary visual cortex (V1) as our focal region, given the diverse
sensitivity to various visual stimuli attributes exhibited by V1 neural populations [30-32]. Notably,
V1 neurons demonstrate a wide range of direction and orientation selectivity when stimulated by
drifting gratings [33-35]. Consequently, the extensive and heterogeneous datasets obtained from
these experiments serves as valuable resources for conducting various types of multimodal data

analyses.

Supplementary Discussion 7

To investigate the impact of population coupling on single-cell calcium activity inference, we
computed the population couplings for the 114 common cells in the evoked and spontaneous
sessions. To calculate the population coupling (c;) for the L2/3 neurons in the spontaneous and

evoked sessions, we employed the following equations from the literature [36, 37]:
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In these equations, f;(t) is the calcium fluorescence change (AF/F) of individual cell i at timepoint

t, uj is the average AF/F of cell j over time, ||f;|| is the standard deviation of AF/F for cell i over

time, and N is the number of cells.

We found that the population couplings are quite diverse in both sessions (spontaneous and
evoked) and several neurons have calcium activities that are invariant to the stimuli and have

similar levels of population coupling in the evoked and spontaneous recordings (Extended Data



Fig. 8a,b). We also found that some of the neurons are highly coupled to the population activity
in the spontaneous sessions but not in the evoked sessions and vice versa (highlighted with blue
and red dots in Extended Data Fig. c¢,d). These findings suggest a complex and heterogenous
relationship between V1 population activity and visual stimuli. Our examination of the decoding
results in relation to population coupling revealed an unintuitive relationship between decoding
performance and population coupling (Extended Data Fig. 8c,d). For example, we found highly
coupled cells that exhibited poor decoding results (highlighted with green boxes in Extended Data
Fig. 8c,d). On the other hand, some of the top decoded cells showed low levels of population
coupling (highlighted with yellow boxes in Extended Data Fig. 8c,d). To investigate whether top
decoded cells tend to have high population coupling, as one might expect that population coupled
activity drives the bulk of cortical surface potential modulation, we focused on cells with high
decoding performance. We calculated the population coupling for different numbers of top
decoded cells and compared them with decoding results. We found that the decoding accuracy
for the top inferred cells was consistently better in the evoked sessions, despite having lower

population coupling compared to the spontaneous sessions (Extended Data Fig. 8e-h).
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Supplementary Fig. 1. Various design of fabricated graphene arrays. (a) 256-channel
transparent graphene array connected to the recording interface boards. (b) Histogram of the
impedance of 256-channel graphene array. (c) Microscopy image of graphene array with various
opening sizes (20 ym, 30 um, 50 ym, and 100 um in diameter) and center-to-center pitch of 350
um. (d) Microscopy image of 32-channel graphene array with center-to-center pitch of 30 pm. (e)
Microscopy image of ultra-dense 64-channel graphene array with center-to-center pitch of 50 pm.

Scale bars are 100 pym.
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Supplementary Fig. 2. MUA and its correlation with calcium activity. (a) Representative
autocorrelograms of detected units show no refractory periods which suggests that these units
are MUAs. (b-e) Correspondence between cell-averaged calcium signals and MUA power from
two other experiments with 16-channel arrays. (b) Representative cell-averaged AF/F and MUA
power of the channel with maximum correlation and (c) scatter plot of calcium peaks and MUA

7



powers for the channel with maximum correlation for mouse 2. (d,e) Same as b and c for mouse
3. The scale bar in b is 2 z-score for calcium and 1 dB for MUA power. The scale bar ind is 2 z-
score for calcium and 0.5 dB for MUA power. (f) The order of channels used for decoding calcium
signals. The red area shows the imaging FoV, and the blue area indicates the closest 11 channels
around the FoV. (g) The correlation between cell-averaged calcium peaks and surface potential
powers around the peak onsets at different frequency bands for the 9 channels in the FoV (red
area in f). The gray dots show the correlation values for the 9 channels and the blue bars show

the average correlation values of 9 channels in the FoV.
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Supplementary Fig. 3. Low dimensional latent space. (a) Explained variance of the high
dimensional calcium signal by each latent variable. (b) Decoding results of the eight latent
variables averaged over five folds. The blue bars and black lines indicate the mean and s.e.m.,
respectively (n=5). The gray circles show individual folds.
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Supplementary Fig. 4. Decoding calcium signals at single-cell resolution. (a) The blue bars show

decoding results (averaged over 5 folds) for all 136 cells using the inferred (predicted) latent

variables. The black lines indicate the s.e.m. The orange line shows the maximum correlation that

could be achieved when true latent variables are used for reconstructing single-cell activities. (b)

Representative examples for reconstructed single-cell activities (same cells shown in Fig. 6b)

using true latent variables (orange) vs ground truth AF/F (black). The scale bar is 3 z-score. (c)

Decoding results for the modulated (n=40) vs non-modulated cells (n=96). The box plots are

defined in terms of center (median), bounds of box (interquartile range (IQR) 25th and 75th
percentile), whiskers (minimum and maximum within 1.5 IQR). Two-sided Wilcoxon rank sum test

(p<0.001).
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