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BIOMEDICAL MATERIALS

A method for single-neuron chronic
recording from the retina in

awake mice
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The retina, which processes visual information and sends it to the brain, is an excellent
model for studying neural circuitry. It has been probed extensively ex vivo but has

been refractory to chronic in vivo electrophysiology. We report a nonsurgical method

to achieve chronically stable in vivo recordings from single retinal ganglion cells (RGCs)
in awake mice. We developed a noncoaxial intravitreal injection scheme in which injected
mesh electronics unrolls inside the eye and conformally coats the highly curved retina
without compromising normal eye functions. The method allows 16-channel recordings
from multiple types of RGCs with stable responses to visual stimuli for at least 2 weeks,
and reveals circadian rhythms in RGC responses over multiple day/night cycles.

s an approachable part of the brain, the

retina provides an excellent model for

analyzing the assembly and function of

information-processing circuits in the cen-

tral nervous system (CNS) (7, 2). Interneurons
receive signals from light-sensitive photorecep-
tors (rods and cones) and pass it to retinal gan-
glion cells (RGCs), which send axons through the
optic nerve to visual areas of the brain. Whereas
photoreceptors are akin to pixels, information
processing by interneurons renders each of
>40 types of RGCs selectively responsive to
specific visual features such as motion or color
contrasts (2-4). However, whereas in vivo single-
neuron recordings in awake, behaving animals
are routine for many parts of the brain (5, 6),
analysis of RGCs has relied primarily on ex vivo
electrophysiological recording (7, 8) and calcium
imaging (4). Although these ex vivo studies have
provided deep insights into retinal computations,
they are limited in several respects. First, sys-
temic effects such as neuromodulation, altera-
tions in hormonal milieu, and circadian variation
are difficult to study ex vivo (9-12). Second, record-
ings are limited to the short lifetime of the
preparation, typically a few hours, so their ability
to detect plasticity in activity patterns is com-
promised. Third, rod function is prone to rapid
loss in explants, partly because of its dependence
on pigment epithelium, which is generally re-
moved during explantation. Therefore, ex vivo
recordings of rod activities over extended times
have remained challenging (4). Finally, it is ob-
viously infeasible to correlate retinal activity ex vivo
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with organismic responses or behaviors. In vivo
RGC electrophysiology could offer insight into
the interaction between the retina and related
brain regions involved in vision processing and
regulation (9, 13-15), yet existing technologies
either have been unable to achieve recordings

Fig. 1. Noncoaxial intravitreal
injection and conformal coating of
mesh electronics on the mouse retina.
(A) I: Schematic showing the layout of
mesh electronics comprising 16 recording
electrodes (green dots indicated by a
green arrow) and /0 pads (red dots
indicated by a red arrow). II: Schematic
showing noncoaxial intravitreal injection
of mesh electronics onto the RGC layer.
Multiplexed recording electrodes are
shown as yellow dots. lll: Schematic

of noncoaxial injection that allows
controlled positioning of mesh elec-
tronics on the concave retina surface
(cyan arc). The blue and red dotted
arrows indicate the motion of the needle
and desired trajectory of the top end of
the mesh, respectively (see fig. S1 for C
details) (22). (B) In vivo through-lens
images of the same mouse eye fundus

on days O and 14 after injection of mesh
electronics, with electrode indexing in

the day 14 image (22). (C) Ex vivo

imaging of the interface between

injected mesh electronics (red, mesh
polymer elements) and the retina (green

dots, RGCs) on days O (1) and 7 (Il) after D
injection. The inset of [l shows the region
indicated by a yellow arrow where the
high-resolution image was taken (22).

(D) Comparison of pupillary reflex (n = 3),

OKR (n =5), and visual acuity (n = 3)

between control and injected mouse eyes.

Error bars denote SD; NS, not significant

(P > 0.05) by one-way ANOVA test.
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at single-RGC resolution in mice (1) or have been
limited to one or two channels of acute recording
in anesthetized animals with larger eyes (16, 17).

We report chronically stable in vivo record-
ings from functionally diverse RGCs in awake
mice using epiretinal-implanted mesh electron-
ics delivered via noncoaxial and minimally in-
vasive intravitreal injection to form a chronically
stable conformal retina interface. We designed a
16-channel mesh electronics probe with record-
ing electrodes distributed evenly over a 1.5 mm x
0.8 mm region in four parallel rows to ensure
coverage and interrogation of a large area of the
retina after injection. The 16 recording electrodes
(Fig. 1A, 1, green arrow) are individually address-
able through polymer-encapsulated metal inter-
connect lines that terminate at input/output (I/O)
pads (Fig. 1A, I, red arrow), which provide con-
nection to external recording instrumentation.
The tissue-like mesh electronics probes were fab-
ricated using standard photolithography (18-22),
with ~90% porosity in two dimensions and mesh
ribbon element widths of <10 um to facilitate
syringe injection through capillary needles and
to minimize interference with the retina.

The three-dimensional highly concave mouse
retina precludes using conventional methods, such
as silicon, glass, or metal electrodes (7, 16, 23) or
planar microelectrode arrays (8), to form a con-
formal and chronically stable retina interface.
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Therefore, we asked whether the unique unrolling/
unfolding capability of mesh electronics in aque-
ous solutions (19) could occur in the vitreous
humor of the eye, which has a very low Young’s
modulus (24). This scheme could enable delivery
of a large mesh (>1 mm?) through a much smaller
nonsurgical injection hole (<0.1 mm?). To deliver
the mesh electronics into a mouse eye and form a
conformal interface, we developed a controlled
noncoaxial injection scheme (Fig. 1A, II and III)
with several key features. First, the intravitreal
injection procedure is compatible with standard
stereotaxic frames commonly used for brain probe
implantation (fig. S1, A and B). Second, the ultra-
flexibility of mesh electronics enables loading
and controlled injection into the eye through the
lateral canthus, using a small (outer diameter
330 um) glass capillary needle (fig. S1B and fig.
S2, A and B, blue arrows) that is similar in di-
ameter to 29-gauge needles commonly used for
intraocular injection of virus vectors and drugs
(25). Third, synchronizing the volumetric flow
with the lateral motion of the needle to follow
the curvature of the retina affords lateral posi-
tioning and conformal coating of mesh electron-
ics onto the concave retina surface (Fig. 1A, III,
fig. S1C, and fig. S3). After injection and needle
withdrawal, the mesh was glued externally (fig.
S2, C and D) (22) and the I/O pads were con-
nected to an interface cable (flexible flat cable),
which was mounted on top of the skull, for elec-
trical recording (20). The demonstrated injection
of mesh electronics into the mouse eye represents
a challenging case because of its small size and
large curvature; we expect that this method could
be readily adapted for animals with larger and
less curved eyes, including nonhuman primates.

To verify that the mesh electronics, which is
elastically strained when loaded into the capil-
lary needle (19), unrolled from the capillary to
cover the retina after noncoaxial intravitreal in-
jection, we devised a method for noninvasive
in vivo through-lens imaging based on a liquid
Hruby lens (Fig. 1B and fig. S4) (22). Mesh
electronics and retinal vasculature were both
visualized from day O to day 14 after injection.
Quantitative analysis of the locations of repre-
sentative recording electrodes demonstrated mini-
mal variation of electrode positions over 14 days
(table S1) (22). We also performed confocal mi-
croscopic imaging of the mesh-retina interface
after dissection of mesh-injected eyes from TYW3
transgenic mice in which a subset of RGCs was
labeled with yellow fluorescent protein (YFP) (26)
on day 0 and day 7 after injection. Images (Fig. 1C,
1) (22) showed that the mesh conformed to the
concave structure of the retina with a mean dis-
tance of 51 + 35 um (mean + SD) between an
electrode and the closest labeled RGC. Given that
only 10% of RGCs are labeled in the TYW3 mouse
retina (27), the nearest RGC is likely closer than
this mean distance. Higher-resolution images
(Fig. 1C, II) further showed that the average soma
diameter of RGCs, 12.2 + 1.9 um (mean =+ SD),
was similar to the 10-um width of mesh elements,
and the density of labeled RGCs, 353 cells/mm?, was
within the reported range of 200 to 400 cells/mm>
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Fig. 2. Chronic 16-channel in vivo electrophysiology of single RGCs measured with mesh
electronics. (A and B) Representative 16-channel recordings from the same mesh electronics delivered
onto a mouse retina on day 3 (A) and day 14 (B) after injection. (C and D) Light modulation of two
representative channels (Ch2 and Ch8) in red dashed boxes in (A) and (B) on day 3 (C) and day 14
(D) after injection. The red shaded and unshaded regions indicate the light ON and OFF phases,
respectively. Representative sorted spikes assigned to different neurons on both days are shown in
the rightmost column for each channel. Each distinct color in the sorted spikes represents a unique
identified neuron. (E) Firing rates of all sorted neurons from Ch2 and Ch8 during light modulations
on days 3 and 14 after injection (22). Error bars denote SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001
(one-way ANOVA); NS, not significant (P > 0.05). Five mice were used for multiplexed recordings.

for YFP-labeled RGCs in the central retina of TYW3
mice (27). Together, the in vivo and ex vivo images
confirmed a chronically stable, conformal, and
intimate interface between the three-dimensional
curved retina and the injected mesh electronics,
with no observable perturbation of RGC density
or distribution.

Because of the rigidity of conventional probes
used for single-channel in vivo retina recording
in larger animals, sutures and fixation rings are
usually used to suppress the normal motor func-
tions of the eye even when the animals are anes-
thetized (16, 28). We asked whether we could
take advantage of the ultraflexibility of mesh
electronics to minimize interference with normal
eye functions during recording in awake mice.
First, we used near-infrared imaging (13) to track
eye responses during air puffs. Chronic studies of
the blink reflex exhibited immediate and com-
plete responses to timed air puffs (fig. S5A), with
no statistically significant difference between
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mesh-implanted and control eyes (fig. S5C, I).
Second, to assess retinal responsiveness to light,
we measured the pupillary response as a func-
tion of ambient light intensity modulation for
control eyes and mesh-injected eyes (fig. S5B and
movie S1). We detected prompt and full-scale
pupil expansion and shrinkage in response to
increases and decreases in brightness, respec-
tively (fig. S5C, II). Quantification of pupil con-
striction (22) revealed no statistically significant
difference between control eyes and mesh-injected
eyes (Fig. 1D, I). Third, to assess the influence of
the injected mesh on normal eye movement, we
characterized the optokinetic reflex (OKR) in re-
sponse to moving gratings (29). We observed that
the amplitude, temporal pattern, directionality,
and speed of the OKR were consistent between
the control and mesh-injected eyes (fig. S5D).
Quantitative analyses of eye movement fre-
quency showed no statistically significant differ-
ence between the mesh-injected and control eyes
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(Fig. 1D, II), both of which were also consistent
with previous reports (30). Last, to evaluate the
impact of the injected mesh on visual acuity, we
measured the OKR in response to moving grat-
ings with varying spatial frequencies, and found

the mesh-injected eyes to exhibit the same visual
acuity as the control (~0.4 cycles per degree; Fig.
1D, III) (31). It is also noteworthy that the trans-
parent polymer constituting the mesh scaffold
with <5% space occupied by metal features yields
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Fig. 3. Chronic in vivo recording and tracking of the same DSGCs. (A) Photograph showing a
mouse immediately after mesh injection. The red and white arrows indicate part of mesh electronics
outside of the eye and a head plate for head fixation, respectively. (B) Red-light photograph showing
in vivo recording of DSGCs in response to moving grating stimulations (22). (C) Raster (left), polar
plots (center), and overlaid spike waveforms (right) of single-unit firing events of three neurons

(with corresponding colors) from Ch8 in response to moving grating stimulations on days 7 and

14 after injection. In the raster plots, the pink shaded regions correspond to times when gratings
were displayed on the screen, with moving directions indicated by arrows on the bottom (22). Only
the raster plots on day 7 are shown. In the polar plots, the DSi for each cell on different days is labeled
with corresponding colors. (D) Bar chart summarizing numbers of identified DSGCs, OSGCs, and
non-DSGCs on day 7 (red bars) and day 14 (green bars) after injection. (E) Bar chart with overlaid
scatterplot of DSi or OSi of all RGCs on days 7 and 14, with thin lines of corresponding colors connecting
the same neurons identified on both days. The bar height and the whisker indicate the mean and
maximum of DSi and OSi values, respectively. Four mice were used for direction and orientation
selectivity studies; data shown are from one representative mouse.
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minimal blockage of incoming light, as evidenced
by the ~95% light transmittance in the 400- to
600-nm spectral window visible to the mouse
(32) (fig. S5C, 11, inset), resulting in negligible
distortion of visual input. Taken together, these
data demonstrate that injection of the mesh elec-
tronics causes minimal damage to the orbicularis
oculi, iris dilator, and extraocular muscles as well
as negligible interference with light perception
and visual acuity of the retina.

Having shown that the mesh electronics probe
has negligible effect on normal visual functions,
we conducted a series of tests to investigate its
ability to detect the diverse RGC activities. First,
we asked how many of the 16 channels in the
implanted probe were sufficiently close to RGCs
to record single-unit activity. Figure 2A and fig.
S6A show examples from two mice in which we
obtained high-quality recordings from all 16 chan-
nels, with a signal-to-noise ratio (SNR) of >7 for
single-unit spikes. Moreover, single-unit activity
was detected in at least 12 channels from each of
five separate mice, thus highlighting the robust-
ness of the injected probes for multiplexed reti-
nal electrophysiology.

Second, we asked whether we could record
repeatedly from the same sets of RGCs. Multi-
plexed 16-channel recordings revealed that the
SNR from all channels remained >7 for single-
unit spikes on days 3 and 14, with little variation
in SNR for each specific channel (Fig. 2, A and
B, and fig. S7A). The ON/OFF light response in
these two representative channels (Ch2 and Ch8;
Fig. 2, C and D), which included four RGC neu-
rons (two for each channel) identified by spike
sorting, also demonstrated statistically signif-
icant differences in modulation of firing patterns
(Fig. 2E). Specifically, analysis of variance (ANOVA)
showed a statistically significant (P < 0.01) differ-
ence in firing rate between ON and OFF phases
of light modulation, but no significant (P > 0.05)
difference during the same ON or OFF phase at
different days (22). Furthermore, analyses of the
ON-OFF indices (4, 22) yielded values of 0.97 and
0.91 for the two Ch2 neurons and -0.74:and -0.55
for the two Ch8 neurons; thus, the two Ch2 and
two Ch8 neurons can be identified as ON and
OFF RGCs, respectively.

Third, we asked whether it was possible to
assess the chronic stability and behavior of in-
dividual RGCs. We implemented a spike sorting
protocol to identify and cluster single units based
on principal components analysis (PCA) (22, 33).
L-ratio analysis (table S2) (34) together with char-
acterization of the number and spike waveforms
of detected neurons from all 16 channels on days 3
and 14 (fig. S7B) indicated good unit separation
and chronic recording stability. Furthermore,
systematic characterization from the two repre-
sentative channels (Ch2 and Ch8; Fig. 2, C and D,
right column) from day O through day 14 showed
similar average spike waveforms indicative of
chronic recording stability (fig. SSA). Moreover,
quantitative waveform autocorrelation analyses
(fig. S8B) (35) showed that the same four neurons
were stably tracked across this period. Together,
we isolated 134 single units from 89 channels
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Fig. 4. Chronic circadian modulation of individual RGC activity. (A) Representative polar plots of

a DSGC at different times in one complete circadian cycle on days 4 and 5 after injection. All graphs are
plotted in same range of firing frequencies. (B) I: Firing rates of the same DSGC in (A) averaged over
preferred directions in three complete circadian cycles on days 1 and 2, 4 and 5, and 6 and 7 after
injection. Il: Mean firing rate by taking the average over these three circadian cycles. Ill: This DSGC is
identified as an ON-OFF transient type. (C) I: Firing rates of another DSGC averaged over preferred
directions on three complete circadian cycles on days 1 and 2, 4 and 5, and 6 and 7 after injection.

[l Mean firing rate by taking the average over these three circadian cycles. Ill: This DSGC is identified
as an OFF transient type. In (B) and (C), | and II, yellow and gray shaded regions indicate diurnal

and nocturnal circadian times, respectively; in (B) and (C), lll, the red shaded and white regions indicate
light ON and OFF phases, respectively. Red and blue shaded regions in (B) and (C), ll, denote SEM. (D) Bar
chart with overlaid scatterplot of the CMi of diurnal cells (red bars), nocturnal cells (blue bars), and
circadian independent cells (green bars) (22). The bar height and the whisker indicate the mean and
maximum of CMi values, respectively. (E) Plots showing the evolution of CMi values for four representative
cells (three diurnal cells and one nocturnal cell) that were recorded for three complete circadian cycles.
Red and blue dashed lines in (D) and (E) indicate the threshold for defining diurnal and nocturnal cells,
respectively. Three mice were used for circadian modulation study of RGC activity.

from five mice with chronic stability; additional
examples are described below.

Fourth, to assess the range of RGC types we
could detect, we stimulated the retinas in awake
mice with a spatially varying grating designed to
elicit responses from direction-selective (DS) and
orientation-selective (OS) RGCs and investigated
the capability to engage the same DS and OS

Hong et al., Science 360, 1447-1451 (2018)

RGCs chronically (22). The multiplexed measure-
ments were made with the head rigidly restrained
(Fig. 3, A and B, white arrow) to ensure a fixed
visual field with respect to the moving grating
displayed on a flat screen (movie S2) with alter-
nating 2-s ON and OFF periods (Fig. 3C, pink and
white vertical bars). Representative raster plot
data from one of these channels on days 7 and 14

29 June 2018

(Fig. 3C and fig. S6, B and C) highlight the chro-
nically stable behavior of three spike-sorted
RGCs, including spike waveforms, amplitudes,
and raster plot responses. Specifically, average
spike waveforms for these three neurons in the
10 trials each day, as well as between day 7 and
day 14, exhibited minimal systematic change
(fig. S9A), which was confirmed by auto- and
cross-correlation analyses (fig. SOB). Moreover,
polar plots of firing rate versus grating direction
(Fig. 3C, middle) showed that these three neurons
can be classified as follows: Neuron-1 (red) is a
direction-selective ganglion cell (DSGC) with
nasal-to-temporal (N—T) preference, neuron-2
(green) is a non-DSGC, and neuron-3 (blue) is a
DSGC with ventral-to-dorsal (V—D) preference.
The direction preference and selectivity remained
stable from day 7 to day 14 after injection, and
small variations between days were statistically
insignificant (fig. S9, C and D). We note that the
intact OKR driven by the moving gratings did
not disrupt the chronic RGC recording stability
(fig. S10), and that potential OKR-induced ran-
dom variability was averaged from RGC responses
over 10 consecutive trials of moving grating stim-
ulation (36).

A summary of our in vivo 16-channel mea-
surements from day 7 to day 14 (Fig. 3D and
fig. S11) confirms the stable chronic recording
across all channels. Overall, we recorded from
32 RGCs of which 15 were non-DSGCs, 3 were
orientation-selective (OSGCs; 2 dorsal-ventral
and 1 nasal-temporal), and 14 were DSGCs
(2 D—V, 5 V=D, 3 N-T, and 4 T-N) (22).
The direction selectivity indices (DSi’s) and ori-
entation selectivity indices (OSi’s) (22) remained
stable and no RGCs shifted categories between
the two recording sessions (days 7 and 14), pro-
viding additional evidence that individual cells
can be tracked for 2 weeks (Fig. 3E). Moreover,
the percentages of DSGCs, OSGCs, and non-
DSGCs (44%, 9%, and 47%, respectively) in this
dataset are similar to those obtained from re-
cent large-scale calcium imaging of >5000 RGCs
in retinal explants (35%, 14.5%, and 51.5%; dif-
ference between the two datasets, P > 0.05 by
x> test) (4).

Finally, we asked whether we could use im-
planted mesh electronics to investigate circadian
modulation of RGC activity (22). Specifically, we
monitored RGCs at 4-hour intervals over several
day/night cycles (Fig. 4A) for a total of 18 record-
ings (nocturnal, 8 p.m. to 8 a.m.; diurnal, 8 a.m.
to 8 p.m.). Representative data from a DSGC in
amouse demonstrated that preferred direction
and direction selectivity varied little during
this period (fig. S12A). In contrast, the absolute
firing rate in the preferred direction (+45°)
varied in a consistent way over three complete
circadian cycles (days 1 and 2, 4 and 5, and 6
and 7 after injection), with a firing rate during
the diurnal phase that was on average 77% higher
than during the nocturnal phase (Fig. 4B). Sim-
ilar constancy of preferred direction but circa-
dian variation of activity level was found for other
RGCs, including a D—V DSGC and a non-DSGC
(fig. S12, B and C).
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Overall, of the 28 RGCs from three mice we
recorded in this regime, 20 exhibited higher
firing rates during the diurnal phase. Four others
exhibited decreased firing rates during the di-
urnal phase, and the remaining four showed
minimal circadian modulation, as assessed
from their circadian modulation indices (CMi’s;
Fig. 4, C and D) (22). Cells that were tracked for
three complete circadian cycles demonstrated
that RGCs remained in the same circadian mod-
ulation categories, despite slight variations in
CMi values (Fig. 4E). Interestingly, of six cells
for which ON-OFF preferences were measured
carefully, two of three diurnal-high cells were
ON and one was ON-OFF, both of the nocturnal-
high cells were OFF, and the sole invariant cell
was ON-OFF, suggesting a correlation between
RGC polarity and day/night modulation of ac-
tivity that will be interesting to investigate. The
pattern of increased diurnal firing activity for the
majority of RGCs is consistent with results of a
previous ERG study in which the b-wave ampli-
tude, which reflects the population average of
ON-bipolar cell activity (37), was found to in-
crease in the daytime (11).

‘We have demonstrated multiplexed, chron-
ically stable recording from diverse RGC types
by means of syringe-injectable mesh electronics
in mice. The ultraflexibility of mesh electronics
allowed for nonsurgical intravitreal delivery
into mouse eyes via noncoaxial injection and
formation of conformal and chronically stable
functional interface with the retina in vivo,
which can be readily adapted for other animals
with larger eyes. This method provides an at-
tractive alternative to past studies of RGC activ-
ity in explants and offers important new insights

Hong et al., Science 360, 1447-1451 (2018)

into the dynamic information processing be-
tween the retina and other parts of the CNS.
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Materials and Methods

Design and fabrication of mesh electronics.

The syringe-injectable mesh electronics for non-surgical intravitreal delivery via non-coaxial
injection and RGC electrophysiology from awake mouse retinas were fabricated according to
geometrical design and fabrication procedure similar to our previous reports (18-21). Key
parameters involved in the geometrical design of the mesh electronics are given as follows: (i)
total mesh width, W=1.5 mm; (ii) longitudinal SU-8 ribbon width, wi=10 um, transverse SU-8
ribbon width, w2=10 pm; (iii) angle between longitudinal and transverse SU-8 ribbons, a=70°;
(iv) longitudinal spacing (pitch between transverse ribbons), Li=333 um, transverse spacing
(pitch between longitudinal ribbons), L2=100 um; (v) metal interconnect line width, wm=5 pm,
total number of recording channels, N=16; (vi) longitudinal ribbons have three-layer sandwich
structure (SU-8 polymer / metal / SU-8 polymer) and transverse ribbons have two-layer structure
(SU-8 polymer / SU-8 polymer). Key steps involved in the fabrication procedure are described as
follows: (i) A 3" Si wafer (n-type 0.005 Q-cm, 600-nm thermal oxide, Nova Electronic
Materials, Flower Mound, TX) was pre-cleaned with oxygen plasma (100 W, 5 min), and a
sacrificial layer of Ni with a thickness of 100 nm was thermally evaporated (Sharon Vacuum,
Brockton, MA) onto the Si wafer. (ii) Negative photoresist SU-8 (SU-8 2000.5; MicroChem
Corp., Newton, MA) with a thickness of ca. 420 nm was spin-coated onto the Ni-coated Si
wafer, pre-baked sequentially at 65 °C for 1 min and 95 °C for 4 min, and then patterned by
photolithography (PL) with a mask aligner (ABM mask aligner, San Jose, CA). After
photolithographically patterned UV light exposure the Si wafer was post-baked sequentially at
65 °C for 3 min and 95 °C for 3 min. (iii) After post-baking, the SU-8 photoresist was developed
in SU-8 Developer (MicroChem Corp., Newton, MA) for 2 min, rinsed with isopropanol, dried
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in a N2 flow and hard-baked at 180 °C for 1 h. (iv) The wafer was then cleaned with oxygen
plasma (50 W, 1 min), spin-coated with MCC Primer 80/20 and LOR 3A lift-off resist
(MicroChem Corp., Newton, MA) sequentially, baked at 185 °C for 5 min, followed by spin-
coating Shipley 1805 positive photoresist (Microposit, The Dow Chemical Company,
Marlborough, MA), which was then baked at 115 °C for 5 min. The positive photoresist was
patterned by PL to define the features of metal interconnect lines and developed in MF-CD-26
(Microposit, The Dow Chemical Company, Marlborough, MA) for 90 s. (v) A 1.5-nm thick Cr
layer and a 100-nm thick Au layer were sequentially deposited by electron-beam evaporation
(Denton Vacuum, Moorestown, NJ), followed by a lift-off step (Remover PG, MicroChem
Corp., Newton, MA) to make the Au interconnect lines. (vi) Steps iv and v were repeated for PL
patterning and deposition of the Pt recording electrodes (Cr: 1.5 nm, Pt: 50 nm). The diameter of
Pt recording electrodes was 20 um. (vii) Steps ii and iii were repeated for PL patterning of a top
layer of the SU-8 polymer, which encapsulated and insulated the metal interconnect lines except
for the exposed Pt recording electrodes. After hard-baking of top SU-8 layer at 180 °C for 1 h,
the Si wafer with fabricated mesh electronics was hard-baked again at 190-195 °C to melt both
top and bottom layers of SU-8 polymer and improve the fusion of both layers into a monolithic
component. (viii) Finally, the Si wafer was transferred to a Ni etchant solution comprising 40%
FeCl3:39% HCI:H20=1:1:20 to remove the sacrificial Ni layer and release the mesh electronics
from the Si substrate. Released mesh electronics were rinsed with sterile deionized (DI) water,
transferred to a sterile aqueous solution of poly-D-lysine (PDL, 1.0 mg/ml, MW 70,000-150,000,
Sigma-Aldrich Corp., St. Louis, MO) for 24 h for surface modification of amine functional
groups to improve adhesion with the inner limiting membrane of the retina, and then transferred

to a sterile 1X phosphate buffered saline (PBS) solution (HyClone™ Phosphate Buffered Saline,
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Thermo Fisher Scientific Inc., Pittsburgh, PA) before use. Future work exploiting reported
strategies to increase substantially the number of recording electrodes (38) and implementing
appropriate topological designs to enable full coverage of the retinal cup, could enable larger-
scale functional connectivity of the retina neural circuitry to be mapped in awake mice.
Additionally, functional modification of the mesh surface to increase adhesion to the retina could
extend long-term stability to the months to year scale demonstrated by mesh electronics
implanted in the brain (18, 21), and decreases in the width of Au metal interconnects could
further increase the optical transmittance of the mesh electronics probes above the 95% reported

here.

Optical transmission spectroscopy of mesh electronics.

UV-Vis-NIR transmission spectrum of unfolded mesh electronics on a quartz slide was measured
using a Cary Series UV-Vis-NIR spectrophotometer (Agilent Technologies, Santa Clara, CA),
background-corrected for contribution from the quartz slide. The measured range was 300-1000
nm but only the spectrum in the range of 400-600 nm, which is visible to the mouse eye, is

shown.

Vertebrate animals.

Adult (20-30 g) female CD-1 mice (6-8 weeks old, Charles River Laboratories, Wilmington,
MA) were the vertebrate animal subjects used for chronic in vivo through-lens imaging and
multiplexed RGC electrophysiology in this study. Exclusion criteria were pre-established:

animals with failed injections (e.g., severe bleeding, cataract development, or clouding of



vitreous body) or substantial acute damage to the eye (>20 pL of initial liquid injection volume)
were discarded from further chronic recordings.

TYWS3 transgenic mice (4-6 weeks old) were used for acute ex vivo confocal imaging of
the interface between injected mesh electronics and RGCs. This mouse line was characterized in
previous publications (25, 26). Several types of RGCs are labeled by yellow fluorescent protein
(YFP) in the TYW3 mouse line.

Randomization or blinding study was not applicable to this study. All procedures
performed on the mice were approved by the Animal Care and Use Committee of Harvard
University. The animal care and use programs at Harvard University meet the requirements of
the Federal Law (89-544 and 91-579) and NIH regulations and are also accredited by the
American Association for Accreditation of Laboratory Animal Care (AAALAC). Animals were
group-housed on a 12 h: 12 h light: dark cycle in the Harvard University’s Biology Research

Infrastructure (BRI) and fed with food and water ad libitum as appropriate.

Non-surgical delivery of mesh electronics into live mouse eyes.

Non-coaxial injection of mesh electronics onto the mouse retina. In vivo non-surgical intravitreal
injection of mesh electronics into the eyes of live mice was performed using a controlled non-
coaxial injection method. First, all metal and glass tools in direct contact with the subject were
autoclaved for 1 h before use, and all plastic tools in direct contact with the subjects were
sterilized with 70% ethanol and rinsed with sterile DI water and sterile 1X PBS before use. Prior
to injection, the mesh electronics were sterilized with 70% ethanol followed by rinsing in sterile
DI water and transfer to sterile 1X PBS. Mesh electronics probe was then loaded into a sterile

borosilicate capillary tube with an inner diameter (ID) of 200 um and an outer diameter (OD) of
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330 wm (Produstrial LLC, Fredon, NJ) using the standard procedure described in previous
publications (18, 20). The use of a needle with smaller diameter (OD = 330 um, similar to a 29-
gauge hypodermic needle) than previously reported (OD = 650 pum) for brain injection (18, 20,
21) is critical to ensure success of injection without causing significant damage and bleeding to
the mouse eye.

CD-1 mice were anesthetized by intraperitoneal injection of a mixture of 75 mg/kg of
ketamine (Patterson Veterinary Supply Inc., Chicago, IL) and 1 mg/kg dexdomitor (Orion
Corporation, Espoo, Finland). The degree of anesthesia was verified via the toe pinch method
before the operation started. To maintain the body temperature and prevent hypothermia of the
subject, a homeothermic blanket (Harvard Apparatus, Holliston, MA) was set to 37 °C and
placed underneath the anesthetized mouse. GenTeal lubricant eye gel (Alcon, Fort Worth, TX)
was applied on both eyes of the mouse to moisturize the eye surface throughout the operation.

For intracortical implantation of the grounding screw for chronic electrophysiological
recording from the retina, the mouse was placed in prone position and fixed with the stereotaxic
frame. Hair removal lotion (Nair®, Church & Dwight, Ewing, NJ) was applied to the scalp for
depilation of the mouse head and iodophor was applied subsequently to sterilize the depilated
scalp skin. A 1-mm longitudinal incision along the sagittal sinus was made in the scalp with a
sterile scalpel, and the scalp skin was resected using surgical scissors to expose a 6 mm x 8 mm
(mediolateral x anteroposterior) portion of the skull. METABOND® enamel etchant gel (Parkell
Inc., Edgewood, NY) was applied over the exposed cranial bone to prepare the surface for
mounting the grounding screw and interface cable on the mouse skull later. A 1 mm diameter
burr hole was drilled using a dental drill (Micromotor with On/Off Pedal 110/220, Grobet USA,

Carlstadt, NJ) according to the following stereotaxic coordinates: anteroposterior: -4.96 mm,
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mediolateral: 3.10 mm (in the left hemisphere). After the hole was drilled, the dura was carefully
incised and resected using a 27-gauge needle (PrecisionGlide®, Becton Dickinson and
Company, Franklin Lakes, NJ). Then a sterilized 0-80 set screw (18-8 Stainless Steel Cup Point
Set Screw; outer diameter: 0.060" or 1.52 mm, groove diameter: 0.045" or 1.14 mm, length:
3/16" or 4.76 mm; McMaster-Carr Supply Company, ElImhurst, IL) was screwed into this 1-mm
burr hole to a depth of 500 pum as the grounding and reference electrode. METABOND® dental
cement (Parkell Inc., Edgewood, NY) was used to fix the junction between the implanted
grounding screw and the skull.

For non-coaxial intravitreal injection of mesh electronics into the mouse eye, the mouse
was placed in right/left lateral decubitus position in the stereotaxic frame to expose its left/right
eye for injection. The GenTeal lubricant eye gel previously applied the eyes was gently removed
only at the lateral and medial canthi of the eye with sterile surgical spears (Braintree Scientific
Inc., Braintree, MA), and the exposed area was swabbed with 70% ethanol and sterile 1X PBS.
A sterile 27-gauge needle was used to puncture a hole for sclerotomy ca. 1 mm below the limbus
at the lateral canthus (39) for subsequent non-coaxial injection of mesh electronics and another
hole at the medial canthus for draining the injected liquid to reduce intraocular pressure during
injection. The 200 pm ID and 330 pm OD capillary needle loaded with mesh electronics was
mounted onto the stereotaxic stage (fig. S1, A and B) through a micropipette holder (Q series
holder, Harvard Apparatus, Holliston, MA), which was connected to a 5 mL syringe (Becton
Dickinson and Company, Franklin Lakes, NJ) through a polyethylene Intramedic™ catheter
tubing (1.D. 1.19 mm, O.D. 1.70 mm). The sterilized capillary needle was allowed to advance
through the pre-punctured hole at the lateral canthus of the eye until its tip reaches the nasal part

of the retina, taking special caution to avoid damaging the lens (fig. S2, A and B). The mesh

6



electronics was injected into the eye using a non-coaxial injection method (Fig. 1A, Il1, fig. S1C
and fig. S3) adapted from our previously reported controlled injection approach (18, 20).
Notably, the non-coaxial injection setup was built upon conventional stereotaxic frame used for
brain probe implantation and is readily adaptable by other labs. In brief, controlled non-coaxial
injection was achieved by balancing the volumetric flow rate (typically 3-7 mL/h), which was
controlled by a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA), and the near-
horizontal needle withdrawal speed (typically 0.2-0.5 mm/s), which was controlled by a
motorized linear translation stage (860A motorizer and 460A linear stage, Newport Corporation,
Irvine, CA). During the controlled non-coaxial injection process, an eyepiece camera
(DCC1240C, Thorlabs Inc., Newton, NJ) was used to ensure field of view (FoV) visualization of
the trajectory of the top end of mesh electronics that followed a pre-defined trajectory computed
numerically in MATLAB based on the radius of curvature of the mouse eye, allowing conformal
placement of the bottom end of the mesh electronics on the concave retina surface during
injection (Fig. 1A, Ill, fig. S1C and fig. S3). After 2-3 mm length of mesh electronics was
injected non-coaxially, conventional coaxial injection was employed simultaneously with needle
withdrawal, expelling the external portion of mesh electronics with recording electrodes while
allowing the capillary needle to exit the insertion hole at the lateral canthus (fig. S2, C and D).
For successful long-term single-neuron recording from the retina in awake mice, the total
injection volume is usually between 5 and 20 pL. An unexpected large injection volume (>20
uL) could result in significant clouding of vitreous body that does not improve over time or
bleeding from the corneal vessels, leading to expulsion of the subject from the study. An ample
amount of water was injected extraocularly to fully expel the remaining mesh electronics from

the capillary needle (fig. S2D). The junction between the mesh electronics and the lateral canthus
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of the eye was protected with a small amount of Kwik-Sil adhesive silicone elastomer (World
Precision Instruments Inc., Sarasota, FL) to be later covered with dental cement (see below)
while the draining hole at the medial canthus of the eye was sealed with a small amount of 3aM™
Vetbond™ Tissue Adhesive (Santa Cruz Biotechnology Inc., Dallas, TX). Antibiotic ointment
(WATER-JEL Technologies LLC) was applied copiously on the eye after injection.

Electrical connection of mesh electronics for chronic recording. After non-coaxial intravitreal
injection of mesh electronics into the mouse eye, the fully expelled mesh electronics was
unfolded onto a 16-channel flexible flat cable (FFC, PREMO-FLEX, Molex Incorporated, Lisle,
IL) to expose the I/O connection pads. High-yield bonding of mesh electronics 1/0 pads to the
FFC was carried out using our reported conductive ink printing method (18, 20). In brief, the
print head loaded with carbon nanotube solution (Stock No.: P093099-11, Tubes@Rice,
Houston, TX) was driven by a motorized micromanipulator (MP-285/M, Sutter Instrument,
Novato, CA) through a user-written LabVIEW program to print conductive ink automatically
and connect each mesh 1/0 pad to a corresponding contact electrode in the FFC to enable
independently addressable recording elements. Failure of mesh 1/O unfolding could lead to
potential low-yield electrical connection to the FFC interface cable. All printed conductive lines
were passivated by METABOND® dental cement, and then the entire FFC with mesh
electronics bonded to the FFC was cemented to the mouse skull with METABOND® dental
cement. Additional dental cement was carefully applied to cover the silicone previously applied
at the lateral canthus of the injected mouse eye for protection of mesh electronics without
touching any part of the mouse eye, eyelids or the mesh, resulting in a monolithic piece of dental
cement protecting the mesh electronics and the FFC, and a chronically stable interface for long-

term retina electrophysiology. The FFC was folded to reduce its size on the mouse skull. A
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mouse head-plate made of poly(lactic acid) (PLA), which comprises an opening in the middle to
fit the FFC and the grounding screw and two untapped free-fit holes (hole diameter: 0.177" or
450 mm) in both wings for 8-32 screws, was made by a Makerbot 3D printer (MakerBot
Industries, Brooklyn, NY) and also cemented to the skull using METABOND® dental cement
for head-fixation during retina recording and pupil tracking.

Postoperative care. After operation was complete, additional antibiotic ointment was applied on
the injected mouse eye, and GenTeal lubricant eye gel was applied on both eyes of the mouse to
moisturize the eye surface, before the mouse was returned to the cage equipped with a 37°C
heating pad and its activity monitored every hour until fully recovered from anesthesia (i.e.,
exhibiting sternal recumbency and purposeful movement). Buprenex (Buprenorphine, Patterson
Veterinary Supply Inc, Chicago, IL) analgesia was given intraperitoneally at a dose of 0.05

mg/kg body weight every 12 h for up to 72 h post eye injection.

In vivo through-lens imaging of mouse retina.
In vivo through-lens imaging of the retina was performed on live mice before and after non-
coaxial injection of mesh electronics to characterize the chronic interface between the injected
mesh and the retina. We invented a ‘liquid Hruby lens’ by modifying the original design of the
conventional Hruby lens (40) widely used in ophthalmic fundus photography with transparent
eye lubricant gel to counteract the intrinsic focusing power of the lens in mouse eye. This ‘liquid
Hruby lens’ allows for microscopic imaging of eye fundus directly through the lens in a live
animal with a conventional wide-field microscope of any working distance.

To implement the ‘liquid Hruby lens’ for mouse eye fundus imaging, the mouse was

anesthetized by intraperitoneal injection of a mixture of 75 mg/kg of ketamine and 1 mg/kg
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dexdomitor, before 1-2 drops of 1 wt% atropine sulfate ophthalmic solution was applied to the
eye of interest. The ophthalmic solution was allowed to cover the surface of the eye for ca. 5 min
to afford complete dilation of the pupil before the eye was rinsed with 1X PBS. GenTeal
lubricant eye gel (Alcon, Fort Worth, TX) was used to cover the dilated eye and a micro cover
glass (25 mm x 25 mm, VWR International, Radnor, PA) was gently placed on the applied eye
lubricant to flatten the gel/air interface. A ‘liquid Hruby lens’ was thus formed between the
curved surface of the cornea and the flat cover slip with matching but opposite focusing power to
the cornea and lens owing to similar refractive index of the lubricant gel to those of cornea and
lens. A home-built white-light and wide-field microscope (fig. S4, A and B) was used to take eye
fundus images at different magnifications in two different modes: in the bright-field (normal
illumination) mode, the optical axis of observation is within a range of 5° from that of
illumination to afford the maximum contrast of retinal blood vasculature while the mesh
electronics appears to have low contrast due to large porosity of mesh design and minimum
blockage of illuminating/reflected light; in the pseudo-dark-field (oblique illumination) mode,
the optical axis of observation is 30-40° from that of illumination to afford collection of scattered
light off the longitudinal Au interconnect lines and Pt recording electrodes and improve the
contrast for imaging the mesh electronics inside the mouse eye. Different magnifications of in
vivo eye fundus imaging were afforded by selecting microscopic objectives with different
magnification powers. Due to strong scattering of photons by Au and Pt, the interconnects and
recording electrodes generally appeared larger than their actual sizes. After imaging, the cover
slip was removed and additional eye lubricant gel was applied copiously on both eyes, and the
mouse was returned to the cage equipped with a 37°C heating pad and its activity monitored

every hour until fully recovered from anesthesia.
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Ex vivo imaging of the mesh-retina interface.

For ex vivo confocal imaging based on the intrinsically expressed YFP fluorescence in certain
RGCs, transgenic mouse line TYW3 (25, 26) was injected with mesh electronics in the eye using
aforementioned non-coaxial injection approach, and the degree of unfolding and area of
coverage of mesh electronics on the retina were examined with the in vivo through-lens eye
fundus camera to ensure successful non-coaxial injection and conformal coating of the mesh
electronics onto the retina surface. Mesh electronics used for ex vivo imaging had SU-8 polymer
doped with Rhodamine B to afford fluorescence labeling of the mesh ribbons. Mice with good
injections of mesh electronics in the eye were sacrificed by intraperitoneal injection of Euthasol
at a dose of 270 mg/kg body weight, and injected eyes were carefully resected and fixed in fresh
4% paraformaldehyde in 1X PBS at 4 °C for 1 h without disturbing the mesh electronics in the
vitreous humor. After fixation, the lens was carefully removed with spring scissors (15009-08,
Fine Science Tools, Foster City, CA) to allow 3D confocal scanning of the mesh-retina interface
without distortion of wavefront due to curvature of the lens. Retina whole mount images were
obtained on an LSM 880 microscope at 10X (Zeiss, Jena, Germany) in the YFP channel using an
excitation of 488 nm to collect the YFP fluorescence from endogenously labeled RGCs, and an
excitation of 561 nm to collect the Rhodamine B fluorescence from the SU-8 polymer
component of mesh ribbons. All confocal images were taken using a 1-AU pinhole. For
acquisition of low-resolution confocal images, a voxel size of 3 um x 3 um x 5.8 um (x X y x z)
was used in a Tile Scan mode, resulting in a 3x3 composite image with a total volume of 3.6 mm
x 3.6 mm x 1.1 mm (1200 x 1200 x 200 voxels). For acquisition of high-resolution confocal

images, a voxel size of 1.2 pm x 1.2 um x 1 pm (x x y % z) was used to scan a single tile,
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resulting in a volume of 1.2 mm x 1.2 mm x 0.5 mm (1024 x 1024 x 500 voxels). Note that the
dark shadow for some mesh ribbons in the high-resolution image in Fig. 1C, 1l, which appears
only at the proximal side of the optic disk, is due to a small degree of excitation/fluorescence
light attenuation by mesh ribbons and has nothing to do with the normal distribution of RGCs.
3D reconstruction of confocal images was performed using ImageJ software with false red color
for fluorescence signals of Rhodamine B and false green color for fluorescence signals of YFP.
3D reconstructed images were used to analyze the average distance between an electrode and the
closest labeled RGCs, while the distance between an electrode and the closest RGC (labeled or
unlabeled) should be even smaller given that only 10% of RGCs were labeled with YFP in the

TYWS3 mouse line.

In vivo eye imaging and pupil tracking.

CD-1 mouse injected with mesh electronics into its eye on different days post-injection or age-
matched control CD-1 mouse without any injection of mesh electronics into either eye was
restrained in a Tailveiner® restrainer (Braintree Scientific LLC., Braintree, MA). The same
head-plate was cemented to the exposed skull of the control mouse in a similar manner as
described above in “Non-surgical delivery of mesh electronics into live mouse eyes”. The skull-
cemented head-plate was fixed to two @1/2" optical posts (Thorlabs Inc., Newton, NJ) through
the two untapped free-fit holes in both wings with two 8-32 screws. The two optical posts were
mounted to a frame assembled from standard optomechanical components prefixed on an optical
breadboard (Thorlabs Inc., Newton, NJ). A near-infrared (NIR) light-emitting diode (LED)
(emission wavelength: 850 nm, power: 35 mW, M850L2, Thorlabs Inc., Newton, NJ) invisible to

the mouse eye was used for illumination of the eye of interest, while a Watec CCD camera

12



operating in the NIR range (WAT-502A, Newburgh, NY) was used for collecting dynamic
video-rate (25 frames per second) NIR images of the mouse eye during blink reflex, pupillary
reflex, optokinetic reflex (OKR) and visual acuity tests with details as follows:

1) For imaging the blink reflex, a gentle air puff was given to the eye of interest every 15 s while
the Watec CCD camera captured the NIR eye images continuously.

2) For imaging the pupillary reflex, the white light power density impinging on the pupil was
modulated between 23.95 pW/cm? for the ‘light ON’ phase with 15-s duration and 0.24 pW/cm?
for the ‘light OFF’ phase with 15-s duration while the Watec CCD camera captured the NIR
pupil images continuously. Light intensity was measured with a silicon photodetector (918D-
UV-0OD3, Newport Corporation, Irvine, CA).

3) For evoking and imaging the OKR, a computer screen (20.5"x12.5") was placed a distance of
20 cm from both eyes of the mouse, covering an azimuth angle range of £52° similar to
previously reported protocols (29). Given an average mouse eye diameter of 3 mm, this resulted
in a lateral magnification of 0.015 (meaning the image was demagnified) for images of the
computer screen formed on the mouse retina. Gratings comprising alternating white and black
bars filling the entire screen and moving in two opposite horizontal directions (east—west and
west—east) were programmed in MATLAB. The east-west horizon was defined as the line
connecting the medial and lateral canthi of the eye of interest. The grating moved in each
direction for 10 s at a constant speed of 34 mm/s, equivalent to 0.51 mm/s for images on the
retina, or an angular velocity of 9.74°/s with small-angle approximation. This angular velocity is
within the reported optimum grating speed range of 6.28-31.4°/s to evoke OKR in mice (13).
The pitch of grating was fixed at 32 mm/cycle on the computer screen, equivalent to 0.48

mm/cycle on the retina or 0.11 cycles per degree (cpd). The average power density of moving
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grating on the computer monitor was 10.1 pW/cm?. One complete OKR episode is defined as a
slow phase of pupil positional drift followed by a fast phase for the pupil to return to its original
position, and the OKR is quantified by analyzing the number of OKR episodes, or eye-tracking
movements per minute (ETMs/min) (30).

4) For studying visual acuity, the OKR test was carried out with varying spatial frequency of the
moving grating ranging from 8 to 32 mm/cycle on the screen, equivalent to 0.11-0.44 cpd, with
the moving speed fixed at 0.51 mm/s or 9.74°/s. Visual acuity was defined as the smallest grating
pitch that was able to evoke OKR.

Mice used for all aforementioned reflex studies were injected with mesh electronics in both eyes
to rule out the possibility of observed reflex driven by the intact eye, while the control animals

were age-matched mice with no injection in either eye.

In vivo chronic retina electrophysiology in mice.

Mice with mesh electronics injected into the eye were recorded chronically on a daily basis,
starting from Day O post-injection (i.e., ca. 5 h after injection on the same day injection was
performed). Mice were restrained in a Tailveiner® restrainer (Braintree Scientific LLC.,
Braintree, MA) with the head-plate secured to reduce mechanical noise during recording and fix
the visual field of the recorded eye during visual stimulation. Head-mounted FFC was connected
to an Intan RHD 2132 amplifier evaluation system (Intan Technologies LLC., Los Angeles, CA)
through a home-made printed circuit board (PCB). The 0-80 set screw was used as a reference.
Electrophysiological recording was made when different visual stimuli were given to the mouse

eye, including:
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1) Light ON and OFF cycles: flash light with power density impinging on the pupil modulated
between 23.95 pW/cm? for the ‘ON’ phase with 2-s duration and 0.24 uW/cm? for the ‘OFF’
phase with 2-s duration was used for identification of RGCs with different polarities (ON- and
OFF-center RGCs). The spot size of the flash light was estimated as ~100 pm on the retina. We
have tracked the same ON/OFF cells for a total of 11 times over 14 days based on chronic single-
unit recordings.

2) Moving gratings: gratings comprising alternating white and black bars filling the entire
computer screen (20.5"x12.5™) and moving in different directions were programmed in
MATLAB. A complete moving grating test comprised 10 repetitive trials, where each trial
comprised eight different directions (east, northeast, north, northwest, west, southwest, south and
southeast) in a randomized sequence. The mouse eye was light adapted by exposing it to the
same moving grating without recording for 1 min before recording started. The grating moved in
each direction for 2 s, with a 2-s interval of black screen between two directions, resulting in 32 s
for a complete trial comprising a randomized sequence of eight moving directions. All directions
are with respect to the horizon (east-west), which was defined as the line connecting the medial
and lateral canthi of the eye of interest. When moving grating was displayed on the computer
monitor, it had an average power density of 10.1 uW/cm?, in comparison to an average power
density of 1.7 pW/cm? when black screen was shown. The computer display was placed at a
distance of 20 cm from the mouse eye, resulting in a lateral magnification of 0.015 (which means
the image was demagnified on the retina) given the mouse eye diameter of 3 mm. Each bar had a
width of 5.4 mm on the computer screen, corresponding to a width of 81 pum on the retina based
on the lateral magnification of 0.015. Grating moved at a speed range of 22.7~56.7 mm/s in all

directions on the computer screen, corresponding to a moving speed range of 0.34~0.85 mm/s
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(with an optimum speed of 0.51 mm/s to evoke maximum response from DSGCs) on the mouse
retina given the same lateral magnification.

Electrophysiological recording was synchronized with light intensity modulation and
moving grating stimulation for analysis of different subtypes of RGCs. Data were acquired with
a 20-kHz sampling rate and a 60-Hz notch filter, while the electrical impedance at 1 kHz of each
recording electrode was also measured by the same Intan system.

3) Circadian modulation: mice injected with mesh electronics in the eye were housed on a 12 h:
12 h light: dark cycle before and during the study of circadian modulation. The ambient light has
a power density of 81 pW/cm? during the diurnal phase (8 am — 8 pm) and 0.05 uW/cm? during
the nocturnal phase (8 pm — 8 am). For study of circadian modulation, mice were recorded for
single RGC responses to moving gratings as detailed above at six evenly spaced time points in a
complete circadian cycle of 24 h, resulting in sampling times of 2:30 am, 6:30 am, 10:30 am,
2:30 pm, 6:30 pm and 10:30 pm with a margin of + 90 min for each time point. For each time
point, the moving grating stimulation protocol comprised 20 repetitive trials, where each trial
comprised same eight different directions as above, after the mouse eye was light adapted for 1
min. The light stimulus power density on the mouse retina was estimated as 0.77 uW/cm?, 0.58
uW/em?, 0.44 pW/cm? and 0.13 pW/cm? during the diurnal grating on, nocturnal grating on,
diurnal grating off and nocturnal grating off periods, respectively, based on light intensity and
pupil diameter measurements. Moving grating stimulation with simultaneous recording was
performed at the same six time points on three different circadian cycles (Days 1-2, 4-5 and 6-7
post-injection) to demonstrate consistent recording from the same RGCs with reproducible

results, resulting in a total of 18 times over 7 days for tracking the same single units chronically.
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Data analysis of retina and pupil imaging and electrophysiological recording.

Data analysis of through-lens retina imaging. Since the in vivo through-lens retina imaging is a
2D projection of a 3D concave retina cup, any distance measurement requires calibration and
correction based on local slope as follows. As demonstrated in fig. S4F, when an electrode and a

landmark vessel are close (i.e. d << R), we can apply small-angle approximation and obtain:

cosa (1)
where d’ is the projected distance (i.e., measured distance in through lens images) and cosa can
be estimated by measured distance (d;) of two neighboring electrodes in the same row in the 2D
projected image with known actual distance (d,) in the proximal region. Together, the actual
distance d between an electrode and its closest landmark can be estimated by:

d= 3—0 -d'

0 )
where do=292 pum based on the mesh design. Gaussian fitting is used to localize the center
position of the electrode with a spatial resolution down to ~1 pm.

Data analysis of pupil imaging. Dynamic NIR imaging of pupil was analyzed by a user-written
MATLAB software that recognizes the boundary of pupil based on contrast difference and fits
the identified pupil boundary to a circle. Both the diameter and center location of the fitted circle
were extracted for each frame of the NIR video of pupil tracking. The pupil diameter was plotted
as a function of time with respect to timing of the light on/off cycles for pupillary reflex test,
from which the pupil constriction was quantified by calculating the percentage reduction of pupil
size from light OFF phase to ON phase (41). The pupil center location was plotted as a function

of time with respect to moving gratings shown on the computer screen in different directions and

with varying spatial frequencies for OKR and visual acuity tests.
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Data analysis of electrophysiological recording. The electrophysiological recording data was
analyzed offline in a similar manner to our previous report (18). In brief, raw recording data was
filtered using non-causal Butterworth bandpass filters (“filtfilt” function in MATLAB) in the
250-6000 Hz frequency range to extract single-unit spikes of RGCs (18, 42). Single-unit spike
sorting was performed by amplitude thresholding of the filtered traces and automatically
determines the threshold based on the median of the background noise according to the improved
noise estimation method (33). The signal-to-noise ratio (SNR) for each recording channel was
calculated by dividing the average peak-to-peak amplitude of all sorted spikes by noise derived
from noise estimation of a typical 1-min recording trace (fig. S7A). Sorted spikes were clustered
to determine the number of single neurons and to assign spikes to each single neuron based on
principal component analysis (PCA) using the WaveClus software that employs unsupervised
superparamagnetic clustering of single-unit spikes (33). To assess the quality of cluster
separation, the L-ratio for each cluster of spikes was calculated as follows (43),

1-CDF ,(D>.
_L(O) };’ #(Dic)

ratio N(C) N(C) (3)

where N(C) denotes the total number of spikes in the cluster, CDFZJ represents  the
cumulative distribution function of the 2 distribution, and D?% ¢ is the Mahalanobis distance of a
spike i from the center of the cluster C. An L-ratio of < 0.05 is considered good cluster
separation/isolation (34).

The autocorrelation and cross-correlation of average spike waveforms shown in figs.
S8B, S9B and S10C were computed based on the standard Pearson product-moment correlation

coefficient calculated as follows,
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where Yi(t) and Y2(t) are two spike waveforms with a total duration T of 3 ms for each spike (35).
The correlation histograms show the percentage distributions of correlation coefficients (i.e.,
waveform similarity) defined in Equation (4) for all pairwise comparisons between the average
spike waveforms within the same group (autocorrelation) and between groups (cross-
correlation). A value of 1 indicates identical spike shapes, irrespective of absolute spike
amplitudes.

For each sorted and clustered spike, a firing time was assigned and all spike firing times
belonging to the same cluster (i.e., the same neuron) were used to compute the firing rates in
response to different visual stimuli for diverse RGC subtypes on different days post-injection.
Analysis of single-unit firing events was different for the two different visual stimulation
protocols:

1) Light ON and OFF cycles: Firing rate was computed by dividing the number of firing events

of the same putative neuron over the time duration of each ‘ON’ or ‘OFF’ phase (Fig. 2E).

Analysis of the variance (ANOVA) was performed using the built-in function ‘anoval’ in

Matlab to evaluate the statistical significance between firing rates during light ‘ON’ and ‘OFF’

phases on the same day, and between different days during the same phase of light intensity
modulation, for each identified neuron. The ON-OFF index (OOi) is defined as

0O0i = @

Ton + Foee (5)

where 7oy and 7opr are defined as the average firing rates during the ‘ON’ and ‘OFF’ phases,

respectively (4).
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2) Moving gratings: Firing events of each putative neuron after spike sorting and clustering were
plotted as short vertical ticks in a raster plot (Fig. 3C and fig. S6B) that is aligned to the onset of
the moving grating stimulation protocol. The number of firing events for a specific moving
direction of the grating was averaged over 10 trials, divided by the duration of each visual
stimulus (2 s), and repeated for all eight directions, and the angular distribution of firing rates
were plotted in the polar plots to reveal direction preference and selectivity of the recorded
RGCs (Fig. 3C and fig. S11). The direction preference angle Gprer is defined as follows by vector
sum,

8

Ot =arg {z r, exp(i@k)}

(6)
where rk and 6k are the average neuron firing rate and angle of the kth direction of moving
gratings, respectively (44).

The direction selectivity index (DSi) is defined as

DSi = rpref - r-opp

rpref + ropp

(7)
where T,er and 7o, are defined as the average firing rates during moving grating of the
preferred direction and that of the opposite direction, respectively. Similarly, the orientation

selectivity index (OSi) is defined as

0OSi = r-pref I'-ortho
rpref + rortho (8)

where 7,rf and 7,m, are defined as the average firing rates during moving grating of the

preferred orientation and that of the orthogonal orientation to the preferred orientation,

respectively. A DSi or OSi of greater than 0.3 is used to assign a specific single unit to DSGC or
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OSGC, respectively, with a DSi or OSi smaller than 0.3 assigned to a non-DSGC (44). Cross-
correlation analysis of spikes trains assigned to neurons belonging to different channels but
showing similar direction selectivity was carried out to identify potential overlap of recording
across channels, that is, the same RGC recorded by more than one electrodes, which was
removed from the total count of RGCs in Fig. 3D.

3) Circadian modulation: Angular distribution of firing rates was analyzed and plotted in the
polar plots in the same way as aforementioned, and the firing rates during gratings moving in the
preferred direction + 45° (three directions in total) were averaged and used as the characteristic
firing rate for a specific circadian time at which the recordings were acquired. Firing rates at six
circadian times were averaged over three complete circadian cycles to demonstrate
reproducibility of the observed circadian modulation of RGC activity. The circadian modulation

index (CMi) is defined as

CMi = r-day - r-night

r‘day + rnight (9)

where T,y and 7,1, are defined as the average firing rates at the three diurnal times (10:30 am,
2:30 pm, 6:30 pm) and that at the three nocturnal times (10:30 pm, 2:30 am and 6:30 am),
respectively. A CMi of greater than 0.1 is used to assign a specific single unit as a diurnal cell, a
CMi of smaller than -0.1 assigned as a nocturnal cell, and a CMi between -0.1 and 0.1 as a

circadian independent cell.

Statistical analysis.
For all statistical analyses, Matlab, Origin, and Excel were used. All replicate numbers, error

bars, P values and statistical tests are indicated in the figures legends. For experiments where
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statistical significance is demonstrated, sample sizes were selected to achieve at least 80% power

at an alpha level of 0.05.
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Fig. S1. Non-coaxial injection of mesh electronics for conformal positioning onto the retina
surface. (A and B) Bright-field images of the in vivo non-surgical injection apparatus (A, with
the blue dashed box zoomed in B, where the needle is highlighted with a blue arrow). (C)
Trajectory of mesh electronics during non-coaxial injection to afford conformal epiretinal
positioning. The concave surface of the retina with a radius of curvature of 1.5 mm is shown as

the green arc, and tip of the needle loaded with mesh starts at the origin (0, 0). To ensure
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conformal positioning of mesh on the curved retina surface, mesh electronics (yellow lines with
increasing contrast to indicate time sequence in injection) has to be injected in a controlled, non-
coaxial manner such that the top end of the mesh (indicated by red circles) needs to follow a

computed trajectory (red curve) in the FoV. The pre-defined trajectory in the FoV was computed

numerically with MATLAB.
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Needle Needle Insertion and Needle Mesh Left
Approaching Non-Coaxial Injection Withdrawal Inside the Eye

Fig. S2. In vivo non-coaxial intravitreal injection process. Schematics (top row) and
corresponding photographs taken with white-light illumination and wide-field acquisition
(bottom row) show the entire eye injection process, including needle approaching (A), needle
insertion and non-coaxial injection (B), needle withdrawal (C) and mesh left inside the eye (D).
The blue arrows indicate the glass capillary needle and the red arrows indicate the mesh

electronics.
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Fig. S3. Non-coaxial injection test in hydrogel. Injection test shown here was done in 0.14%
hydrogel to mimic the mechanical properties of the vitreous humor of the eye (24), and
controlled non-coaxial injection was performed by tracking the top end of the mesh (red arrows)
that followed the pre-computed trajectory (black dashed line) in the FoV (A to C), while the
morphology of injected mesh positioned laterally on the flat surface of a petri dish was
confirmed by imaging the bottom tip of the needle (D to F). All images were taken with white-

light illumination and wide-field acquisition.
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Fig. S4. Non-invasive in vivo through-lens imaging of mouse eye fundus. (A and B) White-
light and wide-field photograph of the in vivo through-lens eye fundus imaging setup (A), with a
close-up view of the red dashed box (B) highlighting the air gap between the objective and

flattened eye lubricant gel (the ‘liquid Hruby lens’) by a cover slip. (C) Schematic showing the
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construction of the “liquid Hruby lens’ by coating the eye with refractive index (RI) matching gel
and flattening the gel/air interface with a cover slip. The black lines indicate emanating rays from
an illuminated light source in the eye fundus without the ‘liquid Hruby lens’ and the red lines
indicate those with the ‘liquid Hruby lens’. Note that in the case without “liquid Hruby lens’, the
emanating rays from a point light source on the fundus appear coming from infinity due to the
intrinsic focusing power of the lens, leading to difficulty in imaging the fundus with sufficient
magnification. (D) Stepwise illustration of mouse eye fundus imaging using the ‘liquid Hruby
lens’, showing the visualization of eye fundus vessels after dilation, application of Rl matching
gel and interface flattening. Yellow arrows: pupil; red arrows: iris; green arrows: sclera. All
images were taken with white-light illumination and wide-field acquisition. (E) A high-
resolution microscopic image with white-light illumination and wide-field acquisition, showing
the close proximity between the mesh and the retina in live mouse on the same day of injection,
which is indicated by the shared focal plane where both the mesh ribbons and the retinal blood
vessels can be visualized (depth of focus =20 um). (F) Schematic showing the geometry used
for localization of recording electrodes on the concave retina (1), with an example showing a pair
of electrode and its closest landmark blood vessel in a real eye fundus image (I1). a, local slope
angle of an electrode and a landmark (i.e., a blood vessel) on the spherical retina surface; R,
radius of the eye; d, actual distance between an electrode and its closest landmark vessel on the
spherical retina surface; d’, apparent distance of d from the 2D projected through-lens fundus

image.
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Fig. S5. Blinking, pupillary and optokinetic reflexes of mesh-injected eye. (A) Representative
NIR images of a control mouse eye and a representative mesh-injected mouse eye on Day 1, 7
and 14 after non-surgical injection, at three different time points before, during and after the air

puff was given to the eye. (B) Representative NIR images of the control mouse eye and the
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mesh-injected mouse eye on Day 1, 7 and 14 after non-surgical injection during consecutive light
OFF, ON and OFF phases. The green arrows indicate the location of injected mesh electronics in
both panels (A) and (B), and the red dashed circles mark the boundary of the pupil in panel (B).
All NIR images were taken with NIR light illumination and wide-field image acquisition. (C)
Quantification of number of blinks per air puff (1) and pupil diameter change during alternating
light intensity modulation (I1) between the injected and control mouse eyes. No statistically
significant difference was found between any day and the control (P > 0.05; n = 10) for blinking
reflex using a one-way ANOVA test in panel (C), I. The red shaded regions indicate the ‘“light
ON’ phases while the grey shaded regions indicate the *light OFF’ phases in panel (C), Il. The
inset of panel (C), Il shows a transmission spectrum that reveals ca. 95% light transmittance of
mesh electronics in the spectral window visible to the mouse eye. (D) OKR eye movements
produced by a control mouse eye (top) and a representative mesh-injected mouse eye on Day 7
post-injection (bottom) in response to motion in the nasal-to-temporal (left) and temporal-to-

nasal (right) directions. Error bars reflect one standard deviation (1 s.d.) in panel (C).
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Fig. S6. Chronic 16-channel recording of DSGCs. (A) Representative 16-channel recordings
from the same mesh electronics injected into a mouse eye on Day 7 and 14 post-injection during
visual stimulation of moving gratings. (B) Raster plots of single-unit firing events of three
identified neurons shown in Fig. 3 on Day 14 post-injection. (C) Overlaid spike waveforms of

these three identified neurons on Day 14.
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Fig. S7. Spike sorting of all 16 channels from a mesh electronics probe. (A) Bar charts

showing average SNR of sorted single-unit spikes for all channels in a mesh electronics probe

used in Fig. 2 on Day 3 and 14 post-injection. The error bars indicate 1 s.e.m. (B) Overlay of

sorted and clustered spikes from all channels on Day 3 and 14 post-injection.
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Fig. S8. Chronic spike waveform evolution over 14 days. (A) Average spike waveforms of
two identified neurons from Ch2 (top) and two different neurons from Ch8 (bottom) of a
representative mesh electronics probe used in Fig. 2, plotted for 11 different time points of
recording over the course of 14 days. (B) Autocorrelation histograms of average waveforms of
sorted spikes from 11 different time points of recording for the same neurons from Ch2 (top) and

Ch8 (bottom) shown in panel (A).
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Fig. S9. Comparison of recorded spike waveforms and neural responses between different
trials and between different days of trials for moving grating stimulation. (A) Average spike

waveforms for each of 10 consecutive trials on Day 7 and 14 post-injection for three identified
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neurons recorded from Ch8 of mesh electronics probe used in Fig. 3. (B) Same-day (Day 7 or
Day 14) autocorrelation histograms between different trials and cross-day (Day 7 vs. Day 14)
cross-correlation histograms between the two days for the same three neurons in panel (A).
(C&D) Vector sum direction preference angle (C) and DSi (D) for the same three neurons in
panel (A) between Day 7 and 14 for moving grating stimulation. NS, not significant (P > 0.05).
Plots in panel (C) reveal a preference angle of neuron-1 at 0°, which is temporal, and that of
neuron-3 at 90°, which is dorsal. It is noteworthy that neuron-2 also has averaged preference
angle near 0°, which is a result of randomly distributed preference angles all over the angular
range (from -180° to 180°), and does not imply direction selectivity due to an average DSi of

<0.3 for neuron-2 in panel (D). The error bars indicate +1 s.e.m. in both panels (C) and (D).
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Fig. S10. Comparison of single-unit recordings before and after OKR. (A) Representative
16-channel recording traces before and after one OKR episode. (B) Average spike waveforms
over a 10-s period both before and after one OKR episode for three identified neurons from a
representative channel (Ch13) of the traces shown in panel (A). (C) Autocorrelation analysis for

each of the ‘before OKR’ and *‘after OKR’ groups, along with cross-correlation analysis between

the two groups for 10 OKR episodes.
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Fig. S12. Circadian modulation of RGC activity. (A) Evolution of preferred direction (I) and

DSi (1) for a representative DSGC shown in Fig. 4, A and B, averaged over three complete

circadian cycles. The horizontal dashed line in 11 represents the threshold above which RGCs are

assigned DSGCs (44). (B and C) Polar plot showing direction selectivity (1), spike overlay (I1),

circadian modulation of firing rates in three complete circadian cycles on Days 1-2, 4-5 and 6-7

post-injection (I11), average firing rate modulation over three circadian cycles (1V), and

responses to light/dark stimulation (V) are shown for a DSGC (B) and a non-direction selective

RGC (C). The yellow and gray shaded regions in panels (A), (B), lll & IV and (C), Il & IV

indicate diurnal and nocturnal circadian times, respectively, while the red shaded and white
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regions in panel V of both (B) and (C) indicate light ON and OFF phases, respectively. The error

bars in panels (A), (B), IV and (C), IV indicate £1 s.e.m.
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Table S1. Distance between electrodes and closest landmarks after spherical calibration
and correction on Day 0 and 14 post-injection. Electrode numbers follow the same indexing
shown in Fig. 1B. The asterisk indicates the biggest distance change among all analyzed
electrodes, which may be a result of deviation from small-angle approximation instead of actual
positional drift as electrode 3 has the largest distance from its closest blood vessel. It is
noteworthy that this drift distance marked by the asterisk is still small compared to the size of

recording electrodes (20 pm).

Electrode Distance on Distance on Drift distance (um)
number Day 0 (um) Day 14 (um)

Electrode 3 3426+ 34 3485+ 35 59+49*

Electrode 4 75.6+4.2 71.7+1.3 3.9+43

Electrode 7 159.4+ 2.6 162.2+2.1 2833

Electrode 8 119.2+1.3 1229+ 1.7 3.7x21
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Table S2. L-ratio for each identified neuron in all 16 channels of a representative mesh
electronics probe used in Fig. 2 on Day 3 and 14 post-injection. An L-ratio of < 0.05 of a
specific isolated unit among all sorted spikes is considered good separation/isolation (34, 43),

while the L ratio is always 0 for channels where only one cluster of spikes is found.

Channel Neuron(s), L-ratio(s)
Day 3 Day 14

1 N1 & N2, <1x10° N1 & N2, <1x10®

2 N1 & N2, <1x10° N1 & N2, <1x10®

3 N1, 0 N1, 0

4 N1, 3.49x10°; N2, 7.80x1073; N1, 1.48x10%; N2, <1x10°%;
N3, 5.38x10*; N4, <1x10°¢; N3, 1.58x10™*; N4, 9.35x10°
N5, 4.10x10*; N6, <1x10®

5 N1, 1.18x102; N2, 7.91x107; N1, 4.91x10% N2, 9.46x107;
N3, <1x10° N3, <1x10°

6 N1 & N2, <1x10°; N3, 9.41x10°3 N1 & N2, <1x10°; N3, 1.75x1073

7 N1 & N2, <1x10 N1 & N2, <1x10®

8 N1 & N2, <1x10° N1 & N2, <1x10®

9 N1, <1x10°; N2, 5.44x10°%; N1 & N2, <1x10®
N3, <1x10°

10 N1, 0 N1, 0

11 N1, 4.29x1073; N2, 3.33x107%; N1, 2.87x10%; N2, 1.22x10°%;
N3, <1x10° N3, <1x10°

12 N1, 2.16x10°5; N2 & N3, <1x10°®; N1, 8.52x1073; N2, 1.48x107;
N4, 7.56x10°; N5, 1.41x10° N3, 2.05x10°; N4, <1x10°%;
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N5, 1.93x10°

13 N1, 0 N1, 0
14 N1, 0 N1,0
15 N1,0 N1,0
16 N1, 2.49x102; N2, 1.09x107% N1, 1.33x10%; N2, 2.33x10%

N3, <1x10°

N3, <1x10

42




Movie S1. NIR pupil imaging of mouse eye injected with mesh electronics. This video shows
the video-rate NIR imaging and tracking of mouse pupil size changes in response to ambient
light intensity modulation. The frame rate is 25 frames per second (fps) and the video is played at
1x real time. The mesh electronics was injected and fixed to the lateral canthus of the eye (right
side of the eye), and the pupil boundary is shown as the red dashed circle in the video. This video

was taken on Day 1 post-injection of mesh electronics.

Movie S2. Visual stimulation with moving light gratings to a head-fixed mouse. This video
shows the setup of moving grating visual stimulation to a mouse restrained in a Tailveiner®
restrainer with the head-plate fixed to an optical-table-mounted frame. The frame rate is 30
frames per second (fps) and the video is played at 1x real time. This video covers the duration of
gratings moving in eight different directions in one complete stimulation trial. During visual
stimulation, single-neuron firing activity of RGCs is recorded through the FFC cable to external
recording instrumentation and the size and central location of the pupil are tracked with a NIR

camera.
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