RESEARCH ARTICLE

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Biohybrid Photonic Platform for Subcellular Stimulation and

Readout of In Vitro Neurons

Corinna Kaspar, Alexander Ivanenko, Julia Lehrich, Jiirgen Klingauf,

and Wolfram H.P. Pernice*

Targeted manipulation of neural activity via light has become an
indispensable tool for gaining insights into the intricate processes governing
single neurons and complex neural networks. To shed light onto the
underlying interaction mechanisms, it is crucial to achieve precise control of
individual neural activity, as well as a spatial read-out resolution on the
nanoscale. Here, a versatile photonic platform with subcellular resolution for

1. Introduction

Unraveling the highly complex processes of
cognition, behavior, or emotions, efficiently
curing the increasing number of neural dis-
orders, or building high-performing artifi-
cial mimics of the human brain requires
a profound comprehension of the nervous

stimulation and monitoring of in-vitro neurons is demonstrated. Low-loss
photonic waveguides are fabricated on glass substrates using nanoimprint
lithography and featuring a loss of only -0.9 + 0.2 dB cm~" at 489 nm and are
combined with optical fiber-based waveguide-access and backside total
internal reflection fluorescence microscopy. Neurons are grown on the
bio-functionalized photonic chip surface and, expressing the light-sensitive
ion channel Channelrhodopsin-2, are stimulated within the evanescent field
penetration depth of 57 nm of the biocompatible waveguides. The versatility
and cost-efficiency of the platform, along with the possible subcellular
resolution, enable tailor-made investigations of neural interaction dynamics

with defined spatial control and high throughput.
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system’s function. Obtaining detailed in-
sight into the encoding mechanisms of a
single neuron but also understanding their
sophisticated interplay in a multidimen-
sional neural network is a key goal of re-
search in neuroscience. Optogenetics has
revolutionized neuroscience by providing a
powerful tool to modulate the activity of ex-
citable cells via light exposure.['?] The un-
derlying principle is the genetic introduc-
tion of a light-sensitive protein into the cell
membrane acting as an ion channel. Thus,
cross-membrane currents can be evoked
by triggering the opening of the channel
with light pulses. If a sufficient number
of channels is activated, depolarization or hyperpolarization (de-
pending on the channels’ characteristics) results, and cell ac-
tivity can be controlled.>®] A major advantage of optogenetics
compared to the electrical stimulation of neurons is the pos-
sibility of cell-type specific channel expression via genetic en-
gineering. In this way, the stimulation can be restricted to a
targeted group of neurons, while surrounding non-expressing
neurons are hardly affected even if they are subject to light
irradiation.l’! In practice, a straightforward approach is the wide-
field illumination of multiple cells with visible light through an
objective!®! or an optical fiber.>-'!l In addition, so-called optoelec-
tronic probes, i.e., needle-shaped silicon-based chips with pho-
tonic circuitries or light-emitting diodes, are frequently used for
in-vivo experiments.!'>"1] These have the advantage that several
out-coupling structures enable cell stimulation at distinct posi-
tions in the tissue. A precise investigation of neural computation,
however, necessitates precise single-cell stimulation and readout,
if not even subcellular resolution. Thus, advanced approaches
have been developed to guide light directly to a desired cell
without the stimulation of off-target cells and 2-photon pattern-
ing has been employed to achieve dynamic placement of bioac-
tive cues for spatial cell guidance within a three-dimensional
(3D) hydrogel.['®! Spatial light modulators or acoustic-optic de-
flectors are used to project computer-generated holograms into
3D tissue.l'72] The precisely shaped light pattern enables
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Figure 1. Photonic platform for optogenetic stimulation of neurons. a) lllustration of the waveguide-neuron interface. Channelrhodopsin-2 expressing
neural cells (depicted in green) grow in close vicinity to the surface of photonic waveguides (depicted in bright grey) and are stimulated by the evanescent
field (shown in the magnification). b) Schematic cross-section of a waveguide guiding the fundamental TE-like mode (color-coded normalized power
density). The core material is the hybrid polymer OrmoClear, the substrate material is fused silica, and water serves as cladding. The rib waveguide has
a width w = 4.5 um, a height h = 300 nm, and a slab height of 40 nm. The small aspect ratio was chosen to allow neurons to cross the waveguide
architectures and grow in an unrestricted manner. The exponential decay of the evanescent field with its penetration depth d,, is plotted in y-direction.
Note that the penetration depth in the plot was increased for better visibility. The penetration depth is 56 nm for the first three TE-like modes and varies
only slightly due to the low height of the waveguide. For an input power of T mW, the computed power density at the surface of the waveguide I, ¢
peaks at ~3.3e5 mW mm~2. This very high value is attributed to the strong power confinement in the waveguide with a microscale cross-section and
is sufficient to trigger light-sensitive transmembrane channels such as channelrhodopsin-2. c) Photograph of a microscope cover glass with Al gratings
diffracting blue light. d) Microscope image showing the principle photonic design. Perpendicularly to the gratings, equidistant straight waveguides are

printed on top of the sample, which guides the coupled light (P,;) to neurons of interest. e) Magnified image of the waveguide on the grating. (f)

Neurons growing on waveguides.

local stimulation of selected cells with nearly diffraction-limited
spots.l?22] A drawback is the needed expensive and complex
equipment as well as the limited speed at which 3D light patterns
can be projected with the corresponding setup.!?!l With the use of
a spatial light modulator (SLM), typically achieved temporal reso-
lution is in the order of milliseconds. When digital mirror devices
are used, modulation rates > 10 kHz are feasible. Different in-
vitro approaches to achieve single-cell stimulation have also been
demonstrated, including specially designed chips where neurons
were stimulated via silicon nitride grating couplers [**] or organic
light-emitting diodes, [2*1 while their activity was recorded with
an array of electrodes on the same chip or the patch clamp tech-
nique, respectively. While both experiments showed single-cell
stimulation, the read-out method has either low resolution or is
cumbersome and not scalable.

To reveal coherence between neural code and behaviour, large-
scale investigation of neural activity and, at the same time, the
possibility of modulating single neurons with high spatial and
temporal accuracy is needed. Here, we introduce a cost-effective
photonic platform for high-resolution optogenetic stimula-
tion and monitoring of neural activities. Channelrhodopsin-2
transduced neural cells grow in close vicinity to the surface of
photonic waveguides and are locally stimulated by the evanes-
cent field within the overlapping area. The design of the photonic

Ady. Sci. 2024, 11,2304561

circuits can be flexibly adjusted with waveguide widths much
smaller than the cell dimensions. Since the stimulation light
is strongly confined to the waveguides, it can be guided to
individual neurons or neurites on the chip allowing for targeted
neuromodulation with resolution dictated by the waveguide
dimensions. Employing a transparent substrate allows us to
monitor large-scale neural activity and enables at the same time
subcellular resolution read-out.

2. Waveguide—Neuron Interface for Optogenetic
Stimulation

The principle of the photonic platform is illustrated in Figure 1a.
The key component is a photonic chip with low-loss waveg-
uides designed for wavelengths ~488 nm. Genetically mod-
ified neurons expressing the light-sensitive ion channel
channelrhodopsin-2 (ChR-2) are grown in an aqueous en-
vironment directly on top of the photonic structures. The
evanescent field of the waveguides interacts with the transduced
cells. Hence, at sufficient power levels, ChR-2 is triggered by the
guided light, which causes currents across the cell membrane
and prompts the neurons to fire. To enable simultaneous optical
monitoring of the neural activity with high resolution from un-

2304561 (2 of 11)  © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

derneath, the photonic structures are realized on a transparent
fused silica chip or standard glass coverslip for microscopy.

A schematic cross-section of the photonic waveguides used for
neuron stimulation in our experiments is shown in Figure 1b.
The core material is the hybrid polymer OrmoClear (refractive
index n_OrmoClear = 1.566 @ 4 = 491 nm) which allows for
low-loss light propagation in the visible wavelength range. The
width w of the waveguide is set to 4.5 um and the total height
is 340 nm, including a 40 nm high slab induced by the fabrica-
tion process (see Methods section). The low aspect ratio was cho-
sen in order to allow the cells to cross waveguides and grow in
an unrestricted manner?®! and at the same time ensure highly
efficient fibre-to-chip coupling (for details see Methods section).
We chose to minimize the waveguide height in order to allow
the cells to cross the devices. At the same time, the waveguide
height has to be sufficiently high to provide good confinement
of the guided mode. Based on experiments with different waveg-
uide geometries and on a numerical mode analysis we found that
a height of 300 nm is a good compromise between these two op-
posing goals. The color code in Figure 1b represents the simu-
lated normalized power density of the fundamental transverse
electric (TE)-like mode for a wavelength of 491 nm. While the in-
tensity at the sidewalls is comparatively low, the mode strongly
overlaps with the waveguide’s top surface. This strong overlap is
favored by the very low height of the waveguide and the low index-
contrast A = (n_OrmoClear-n_water) /n_OrmoClear between wa-
ter cladding (n_water = 1.340 @ 4 = 491 nm) and OrmoClear
core of 0.144. Outside of the waveguide, the evanescent power
density decays exponentially with a penetration depth d,,, i.e., the
distance at which the intensity has declined to 1/e of its maxi-
mum value.’) The exponentially decaying power density in y-
direction away from the waveguide surface is plotted qualitatively
above the waveguide (note that in the plot the penetration depth
is increased for visualization purposes). The absolute value of d,
for the first three TE-like modes amounts ~56 nm, i.e., due to the
low aspect ratio of the waveguide, the three modes penetrate to
a similar extent into the water cladding. Since the waveguide has
dimensions on the nm to um scale, the optical mode is tightly
confined and very high power densities are achieved with mod-
erate input power. The maximum power densities at the level of
the waveguide surface are calculated to be ~3.3e5 mW mm~2 for
TE00, TE10, and TE20 with a fixed input power of 1 mW (see
Figure S1, Supporting Information). According to Zhang et al,[”]
a power density of more than 5 mW mm™2 is required to success-
fully trigger ChR-2. Thus, with an input power in the waveguide
of only 1 mW, this threshold is exceeded by five orders of mag-
nitude at the waveguide surface. Given the exponential decay of
the evanescent field, the intensity level falls below the threshold
of 5 mW mm~™ at a distance of 610 nm. Consequently, ChR-2
located up to this height can still be triggered. The y-location of
this intensity threshold can be simply adjusted by changing I,
which varies linearly with the input power in the waveguide. The
minimum needed input power to achieve 5 mW mm~2 exactly
on the surface of the waveguide is 15 pW. In our previous work,
we studied the approach described in the current manuscript us-
ing numerical simulations. The simulations showed that with
a power in the range of microwatts in the waveguide, a ChR-2-
expressing neuron can be stimulated by the evanescent field.[?8
This extremely low power is beneficial in multiple ways. First, it
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reduces the risk of phototoxicity to a significant extent, and po-
tential heat input to the sample is decreased and restricted to the
waveguide area. This is important since a heat input can affect the
physiological processes of the cells or even damage them leading
to convoluted measurement results. In addition, the intensity of
scattered light is lower which avoids the risk of undesired stimu-
lation of cells in the vicinity, and bleaching of fluorescent mark-
ers is prevented. Further, there is no need for expensive powerful
light sources.

3. Low-Loss Photonic Platform for 488 nm
Wavelength

The simulated photonic waveguides are embedded experimen-
tally in a low-cost platform. A basic requirement of the photonic
platform is the compatibility with biological cells and the overall
measurement procedure. This means the photonic devices must
be sustained in an aqueous environment, which is essential for
living cells. When growing the neurons in close vicinity to the
surface of the waveguides, the water-based culture medium also
serves as a cladding. The neurons used in this work are geneti-
cally modified to express ChR-2. This transmembrane channel is
sensitive to light at a wavelength ~488 nm and opens upon expo-
sure. In order to specifically trigger channels with the help of the
evanescent field of the waveguide, light of this wavelength must
be guided across extended distances on the chip in a confined
way and with low loss. The response of the neurons can then
be captured via the objective of an inverted microscope. This en-
ables the cells to be measured in a large volume with total-internal
reflection fluorescence (TIRF) microscopy but at the same time
requires a transparent substrate.

The activity of the neurons is monitored with the red-
fluorescent dye Rhod-3, which detects the change in calcium con-
centration caused by electrical activity.[?”! The excitation of the
marker with a wavelength of 561 nm is realized with an objec-
tive from underneath the transparent photonic platform. The re-
sponse signal is captured with the same objective and directed
onto a camera sensor. This configuration has the advantage that
high resolution readout is possible. Depending on the culture
density and stimulation regime, calcium indicators allow imag-
ing of individual cells and subcellular structures.>"! At the same
time, the dynamics of multiple neurons present in the camera’s
field of view can be recorded.

A popular material platform for photonic integrated circuits
(PICs) in the visible wavelength range is based on silicon nitride
(SiN).131-35] Waveguide propagation losses of <-2.8 dB cm™!in a
wavelength range of 446-550 nm have been reported 32! on a sil-
icon substrate. Also tantalum pentoxide (Ta,Os) is increasingly
used(*37] with related propagation losses of <-5 dB cm™ at a
wavelength < 500 nm.?®] The challenge in the present work is
the comparatively short target wavelength of 488 nm in combi-
nation with the desired transparent substrate. Deposition of the
waveguiding layer on fused silica requires different process pa-
rameters compared to silicon, which often leads to a decreased
optical quality.[**] To overcome this issue, we chose the hybrid
polymer Ormocer, which is commercially available in various
compositions.??l Ormocer offers low absorption in the visible
wavelength range and forms in combination with water a low in-
dex contrast system, which further reduces scattering losses.[*’]
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Figure 2. Characterization of low-loss OrmoComp waveguides at 489 nm. a) Scheme of the setup used to measure propagation losses consisting of a
fiber-coupled laser diode (LD) emitting at 489 nm, a fiber polarization controller (FPC), a 90:10 fiber splitter, and two detectors for reference and signal
(D1, D2), respectively. The photograph shows the transmission of light through an 8 cm-long spiral. b) Transmission plotted versus the length of straight
waveguide segments of different spirals. The linear fit yields a propagation loss of —0.9 + 0.2 dB/cm at a wavelength of 489 nm. c) Scanning electron
micrograph of an OrmoComp waveguide fabricated by NIL d) Atomic force micrograph of the surface of a 300 nm high waveguide, exhibiting an RMS
area roughness of 5 nm. e) Normalized transmission spectra of a waveguide stamped on a 200 nm high Ta,Os grating with a period p =310 nm and a
fill factor ff= 0.3 and a 40 nm high Al grating with a period p = 350 nm and a fill factor ff= 0.5, respectively.

In addition, the possibility of patterning via nanoimprint lithog-
raphy (NIL) offers easy and cost-effective fabrication and a mostly
independent choice of the used substrate and the biocompati-
bility of the material has been shown for various cell lines.[*1-#
Throughout this work, both the hybrid polymer OrmoComp and
OrmoClear are used. If descriptions apply to both compositions,
the term Ormocer is used. The photonic platform offers addi-
tional flexibility regarding the design of the photonic circuit. The
entire photonics toolbox is on hand. Since the stimulation light
to trigger ChR-2 is confined to the waveguide, very precise spatial
stimulation of individual neurons of the same type or even parts
of neurons can be achieved. We realize the waveguides using the
fabrication procedure described in the Methods section.

In order to couple light into the on-chip waveguides from
an optical fiber, suitable coupling methods have been imple-
mented. In combination with the microscope setup described
later on in this work, edge-coupling is not feasible, since the
edges of the sample are not accessible. For this reason, also
out-of-plane coupling via gratings is used. In order to increase
the coupling strength, either Ta,Os or aluminum (Al) is used

Ady. Sci. 2024, 11,2304561

for high-index gratings underneath the Ormocer waveguides as
shown in the inset of Figure 1c. The patterning of the gratings
is done via electron beam lithography with a negative tone
resist. The exposure of nanoscale features on non-conductive
substrates is challenging due to strong charging effects. To
enable a proper electrical discharge, the 40 nm thick Al layer of
the later grating is connected to the sample holder. In the case of
the also nonconducting Ta, O grating, an additional 10 nm thick
sputtered Al layer underneath the resist serves as a conductive
layer, which is etched away during the development step with
the alkaline developer. The Ormocer waveguide is stamped on
top of the gratings, which extend over the entire length of the
chip since no alignment on the microscale is possible with the
used NIL tool (see Figure 1c). For further fabrication details
refer to the Supporting Information (SI). Figure 2e shows the
normalized transmission spectra of a Ta,Os (period 310 nm,
fill factor 0.3) and an Al (period 350 nm, fill factor 0.5) grating,
respectively. Coupling losses of —17 dB/grating for the Al grating
and —19 dB/grating for the Ta,Os grating are achieved. A key
advantage of the Al grating is that standard glass coverslips for

2304561 (4 0f11) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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microscopy can be used as substrate instead of expensive fused
silica wafers with deposited functional layers such as Ta,Os.
This fact makes cutting and thinning processes of the sample
redundant and additionally reduces the costs substantially.

Propagation losses of the Ormocer waveguides are deter-
mined by the cut-back method. For this, the transmission of
spiral-shaped waveguides with total lengths varying from 1.2 to
8.1 cm is measured. The corresponding setup is illustrated in
Figure 2a. The output of a fiber-coupled laser diode emitting
at a wavelength of 489 nm is connected to a fiber polarization
controller and a 90:10 fiber splitter. 10% of the signal is guided
to a reference detector, while the other part is coupled into the
waveguide via edge-coupling. The signal at the output facet of
the waveguide is coupled into a cleaved fiber and measured with
a detector. All used fibres are single-mode. In the photograph
in Figure 2a, it is apparent that the light is guided through the
entire 8 cm-long spiral and the elongated shape of the device can
be identified. This design allows to separation of the propagation
loss in the straight waveguide segments from the loss in the
bends. To ensure single-mode propagation, the waveguide width
in the bending regions is 1.2 um, while the straight segments are
1.8 um wide. Figure 2b shows a plot of the total measured loss as
a function of the straight length of the devices. From the linear
fit, a propagation loss of —0.9 + 0.2 dB cm™! can be extracted.
The y-intercept amounts —13.4 = 0.4 dB and comprises both
the coupling loss of the two facets and the bending loss. With
the measured coupling loss of — 5.5 dB/facet, the bending loss
can be estimated to be -2.4 dB or —0.6 dB/360° with a radius
of 300 pm, which is in the same order of magnitude as Lorang
et al.l®] reported for OrmoClear waveguides.

The material's intrinsic absorption is supposed to be
small.3%4¢] Therefore, we assume that the most dominant
source of loss is scattering from rough surfaces. Figure 2d
shows an atomic force microscopy (AFM) scan of the surface
of an Ormocer waveguide with a root mean square (RMS)
surface roughness of roughly 5 nm. The roughness of both the
waveguide top surface and sidewalls can also be clearly seen
in the scanning electron micrograph in Figure 2c. An order
of magnitude estimation can be derived using the analytical
model by Payne and Lacey, (1 which relates the loss induced by
scattering to the surface roughness of the waveguide (compare
SI). The very low propagation loss at these short wavelengths
thus enables the realization of large photonic circuits, which
are needed to flexibly interrogate cells growing on the chips.
In addition, the low scattering loss in combination with the
extremely low required input power to stimulate the neurons
as suggested by the simulations assures that only cells in direct
contact with the waveguide will be affected by the guided optical
power.

4. Evanescent Field Interaction with Fluorescent
Beads

In order to assess the properties of the photonic platform for
cell stimulation and, in particular, the interaction range and
strength of the evanescent field, the fabricated waveguides were
investigated in an aqueous environment. Micrometer-sized
silica beads covered with fluorescein isothiocyanate (FITC) in an
index-matched sucrose solution were dispensed on the photonic
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waveguides. FITC emits a green fluorescence signal upon exci-
tation at 491 nm. Thus, when the beads are in close vicinity to
the waveguide, FITC on the surface is excited by the evanescent
field. Using the known diameter of the spherical beads, we
quantify the fluorescence in dependency on the vertical distance
from the waveguide surface. In this way, the penetration depth
of the evanescent field can be determined.[*’*8] We use the setup
shown in Figure 3a, which comprises the body of an inverted
microscope as a central part. A laser with a wavelength of
491 nm (Laser 1, illustrated in blue) is coupled into a fiber with
the help of an acousto-optic tuneable filter (AOTF). The cleaved
end-facet of the fiber is placed above the coupling grating of the
photonic chip so that light is coupled into the waveguide. The
chip is mounted in a sealed measurement chamber, to avoid
leakage of the dispensed solution. From the sample emitted light
(depicted in orange) is captured by the microscope objective
located underneath the transparent chip and is directed onto the
camera sensor. Any excitation light is filtered out by the emis-
sion filter (EM). The laser and camera can be operated with a
controller.

To calibrate the measurement results by fiber excitation, we
first carry out a reference measurement, in which the FITC is ex-
cited by the evanescent field generated at the photonic chip sur-
face via the TIRF mode of the microscope. For this, the path of
a laser emitting at 488 nm (Laser 2, illustrated in green) is ad-
justed so that it leaves the microscope objective under an angle.
If this angle is large enough, total internal reflection occurs at the
interface of the photonic chip and the aqueous solution, which
leads to an evanescent field penetrating into the liquid. Figure 3b
shows the results of the FITC-excitation through the microscope
objective in TIRF mode. The field of view (FOV) of the camera
has a size of 132 x 132 pm, while the diameter of the on-chip
surface-focused laser beam with a 100x-magnification objective
is 250 um. As a consequence, all six beads situated in the FOV
are excited and visible in Panel (i). Panel (ii) shows a magnified ex-
tract of a single bead. The used beads have a diameter of 7.38 ym.
Due to the faster exponential decay of the evanescent field, only
fluorophores close to the sample surface, i.e., sitting on the lower
hemisphere of the beads, are excited (plotted in the red channel
in Panel (ii)). The evanescent field excitation is overlapped with
the fluorescence response in epi-illumination (blue channel). In
the latter measurement, the focus is adjusted to the equatorial
plane of the bead so that it appears as a ring.

In order to determine the y profile of the evanescent field, the
fluorescence response has to be related to the distance of the cor-
responding fluorophore to the sample surface. Based on the sur-
face geometry of the spherical beads, the respective height for
each pixel in the two-dimensional (2D) image is calculated. For
this, a Gaussian function is fitted to the intensity distribution in
Panel (ii) in order to find the center of the bead, which is rep-
resented by the white cross. The white dashed line shows the
corresponding diameter of the bead which is in good agreement
with the measured equator (blue ring). The position of each pixel
relative to the center is converted into its height y.*8] The mea-
sured counts of each pixel are plotted as a function of y in Panel
(iii). For simplification, we assume that the objective collects the
same fraction of fluorescence response for all fluorophores in-
dependent of the distance y. In this case, the registered camera
counts are proportional to the emitted fluorescence signal of the

2304561 (5 0f11) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Determination of the evanescent field penetration depth using fluorescent beads. a) Simplified optical setup with inverted microscope body.
Laser 1is coupled into a fiber with the help of an acousto-optic tuneable filter (AOTF). The cleaved fiber is aligned relative to a coupling grating on the
photonic chip, which is mounted into a sealed measurement chamber, to avoid leaking of the Ringer solution. Laser 2 is directed through an excitation
filter (EX) to the microscope objective. By changing the position of mirror M2, it can be switched between total internal reflection fluorescence (TIRF)
microscopy (shown in the schematic) and epifluorescence microscopy mode. Emitted light from the sample (depicted in orange) travels through the
dielectric mirror (DM) and emission filter (EM) and is directed onto the camera sensor. A controller synchronizes the modulation of the two lasers and
the camera according to the measurement protocol. b) FITC-covered microbeads excited with 488 nm via the objective (Laser 2) in TIRF mode. Several
beads can be seen in the full camera field of view i). A magnification of a single bead is shown in panel ii), where the TIRF excitation (red channel) is
overlapped with the epifluorescence excitation (blue channel), showing the equator of the bead. Camera counts of the red channel in (i) are plotted
over the height y in panel iii). The penetration depth of the evanescent field can be extracted from an exponential fit and amounts 80 nm. Panel iv)
illustrates the dependence of the penetration depth (decayed by 1/e) on the incident angle specifically for the used material system and setup. The
theoretically achievable range is indicated by the red-shaded area. c) FITC-covered microbeads excited with 491 nm (Laser1) via the evanescent field of
the waveguide. The penetration depth of the evanescent field of the waveguide amounts 57 nm (panel (iii)). Panel (iv) shows the simulated evanescent
field of a waveguide with the same dimensions. The penetration depth amounts 56 nm.
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FITC and, thus, also to the evanescent field intensity.[**] The pen-
etration depth can then be extracted for the sucrose solution via
an exponential fit of the data plotted in Panel (iii) and then cal-
culated for a water cladding,*’} which results in d, = 80 nm.
This value lies in the achievable range of the setup in combina-
tion with the sample, which is illustrated by the shaded area in
Panel (iv).

Subsequently, we measure the penetration depth when excit-
ing the beads through the photonic waveguide. Figure 3¢ shows
the measured FITC-excitation in the evanescent field. Since the
evanescent field is restricted to the waveguide surface, stronger
localized spatial resolution is achieved. Hence, only one bead
is visible in Panel (i) although several beads are present in the
FOV (compare Figure S4 Supporting Information). The magni-
fication of the single bead in Panel (ii) shows that the evanes-
cently excited region of the bead is slightly elliptical. The reason
for this shape is that the bead is located on the edge of the waveg-
uide so that the evanescent field is spatially restricted in the x-
direction. The exponential fit of the detected fluorescence signal
gives a penetration depth of 57 nm in water. This result is in good
agreement with the corresponding simulation for the fundamen-
tal TE-like mode of the used waveguide geometry as shown in
Panel (iv).

In both experiments shown in Panel (b, iii) and (c, iii), the expo-
sure time is 100 ms and the maximum of counts in the center of
the bead, i.e., directly at the surface of the sample, is ~2.5e3. This
implies, that the power density at the surface in both experiments
is almost equal. While the power exiting the microscope objective
was ~#10 mW, the power exiting the fiber was only a tenth of that
(~1.2 mW). This again shows that significantly lower power is
needed to arrive at the same power density at specific spots on
the sample when a waveguide is used in comparison to objective
exposure.

5. Evanescent Field Interaction with Living
Neurons

The setup shown in Figure 3a is also used for in-vitro experi-
ments, in which the outreaching evanescent field of the waveg-
uide interacts with living hippocampal neurons growing on the
functionalized surface of the photonic platform. The chip de-
sign comprises multiple parallel, 4.5 um wide and 300 nm high,
straight OrmoComp waveguides with a spacing of 15.5 um. Ta, O
gratings underneath span the entire length of the sample so that
each waveguide can be accessed individually with the cleaved
fiber from above. The optogenetically engineered neurons grow-
ing on the surface of the waveguides express mCherry-labeled
ChR-2 and are incubated with the calcium indicator Rhod-3
for neural activity recording. Both fluorescent markers are visi-
ble in the fluorescence microscopy images in Panel (i) of both
Figure 4a,b, owing to excitation with 561 nm. To distinguish be-
tween transduced neurons and neurons, which are only incu-
bated with Rhod-3, an untagged version of ChR2 or a different
calcium indicator such as Fura-2 with excitation in the ultraviolet
could be used.

Two different experiments are carried out in which the method
to guide the stimulation light to the target cells is varied. In a ref-
erence measurement, both the stimulation laser beam to trigger
ChR-2 (488 nm) and the excitation laser beam to excite Rhod-3 for
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imaging (561 nm) are focused by the 20x microscope objective on
the sample surface in epi-mode (Figure 4a). In the second exper-
iment, the stimulation laser (491 nm) is coupled into the waveg-
uide via the grating, while the excitation laser beam (561 nm) is
still focused onto the sample by the objective (Figure 4b). Neu-
ral activity, i.e., a change in calcium concentration indicated by a
varying Rhod-3 fluorescence signal, is recorded through the ob-
jective underneath the chip in both cases.

The stimulation protocol for both measurements is shown in
the upper plot of Figure 4a, Panel (ii). Background activity and
noise are recorded for 20 s, followed by 10 stimulation pulses
with a frequency of 1 Hz and a duration of 60 ms. The entire
recording lasts 60 s. The lower plot of Panel (ii) shows the moni-
tored time domain response of neurons averaged over the entire
FOV (1200x1200 pixels) with a sampling frequency of 10 Hz and
a camera exposure time of 10 ms. Neural spikes in response to
each stimulation pulse are clearly visible. In order to determine
which neurons or even parts of neurons in the FOV exactly re-
sponded, each pixel is evaluated separately. The corresponding
time signal of a single pixel is much noisier compared to the av-
eraged signal plotted in Panel (ii). To extract weak spiking signals
from the noisy data, only the time window from 21 to 31 s in
which the stimulation occurs is taken into account. The time sig-
nal is transformed to the frequency domain using the fast Fourier
transform (FFT). For an ideal signal with 10 consecutive expo-
nentially decaying peaks of 1 Hz, we would expect distinct peaks
for frequencies with integer multiples of 1 Hz in the frequency
domain (compare Figure S7, Supporting Information). Thus, as
a figure of merit for a responding pixel, the amplitudes of 1, 2,
3,4, and 5 Hz are added up and normalized to the pixel with the
maximum value in the entire FOV. In this way, the direct cur-
rent (DC) offset in the time domain is omitted. The normalized
response of the neurons shown in Panel (i) is plotted in Panel
(iii). Bright pixels show a coherent response to the stimulation
pattern, while dark pixels do not respond. From this image, it is
clearly visible that more or less all cells distributed over the whole
FOV are stimulated. This is in line with our expectations since the
beam diameter of the focused stimulation laser beam covers the
entire region.

In the second experiment, the stimulation laser is coupled into
the waveguide, which leads to spatially confined optical power
(compare Figure S5, Supporting Information). The position of
the waveguide is indicated in white in Figure 4b, Panel (iii). It
is almost horizontally aligned and covers only a fraction of the
FOV. The time domain signal averaged over the orange outlined
rectangle illustrated in Figure 4b, Panel (i) is plotted in Panel (ii).
Clear peaks in coherence with the stimulation pulses can be iden-
tified. The normalized amplitudes of integer multiples of 1 Hz
are plotted in Panel (iii). Only neurons in close vicinity to the
waveguide show activity in the stimulation time window, while
neurons further away do not respond. Thus, the spatial resolu-
tion for neural stimulation is considerably improved compared
to the stimulation via the objective. The lower plot of Panel (ii)
shows the recorded averaged time signal for the same rectangu-
lar region. However, for this measurement, the fiber was slightly
misaligned so that no light was coupled into the waveguide. In
this plot, no peaks are visible, which hints that the cells do not re-
spond. For a more detailed description of the measurement pro-
tocol and the evaluation procedure refer to the SI.
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Figure 4. Demonstration of evanescent field interaction with living neurons. a) Fluorescence microscopy image of neurons growing on a photonic chip,
Panel i). Neurons express mCherry-labelled ChR-2 and are incubated with the calcium indicator Rhod-3, both visible owing to excitation with 561 nm.
ii) Stimulation protocol for both objective and waveguide stimulation (upper plot). After 20 s background recording, the neurons are stimulated with 10
stimulation pulses with a frequency of 1 Hz and a duration of 60 ms. The lower plot shows the monitored time domain response of neurons averaged
over the entire field of view based on Rhod-3 fluorescence signal detection with a sampling frequency of 10 Hz and a camera exposure time of 10 ms. The
causal relationship between stimulation and neural activity is clearly visible. For a more detailed description of the measurement protocol refer to the
Sl. i) Normalized response of neurons shown in (i). The time signal in the relevant time window from 21to 31 s is extracted for each pixel separately.
In order to visualize cell response in the noisy signal, the time signal was transformed to the frequency domain using the fast Fourier transform (FFT).
Amplitudes of integer multiples of 1 Hz (which corresponds to the stimulation frequency) were added up, normalized to the maximum value, and plotted
for each pixel. Hence, bright pixels in (iii) show a coherent response to the stimulation pattern, while dark pixels do not respond. It is clearly visible
that cells distributed over the entire field of view were stimulated. b) Fluorescence microscopy image of neurons, Panel (i). The upper plot of Panel
(i) shows the monitored time domain response of neurons averaged over the in (i) in an orange outlined rectangular area. The time domain signal
peaks in coherence with the stimulation pulses (plotted in Figure 4a, Panel (ii)). The lower plot shows the recorded averaged time signal for the same
region, however, for this measurement, the fiber was slightly misaligned so that no light was coupled into the waveguide. No response is visible. (iii)
Normalized response of neurons shown in (i). The almost horizontally aligned stimulation waveguide is indicated in white. Only neurons in close vicinity
to the waveguide show activity in the stimulation time frame, while neurons further away do not respond. Thus, the spatial resolution for stimulation is
considerably improved.

6. Discussion beads) in the FOV is challenging. The result is a large heat input
into the sample, a widespread bleaching of fluorescent dyes, and

Our low-loss photonic platform at 488 nm wavelength with effi- unnecessary stress of off-target cells.
cient fiber-to-chip coupling serves as a nontoxic substrate for neu- A key advantage of the presented photonic platform compared
ral cell culture, which we demonstrate in the experiment through 5 conventional approaches is the separation of the stimulation
the interaction of the waveguide’s evanescent field with living  5nq imaging pathway. The stimulation pathway via waveguide
neurons. A clear cell activity coherent with the stimulation pat-  engables very specific local stimulation of individual cells in the in-
tern through the waveguide is observed. plane (x,z-) direction with high resolution as shown in Figure 4b.
The platform offers high stimulation resolution in the  Thjs s due to the confinement of the light in the waveguide (see
out-of-plane (y-) direction on the nanoscale. This is verified by  Figure S5, Supporting Information), which also limits the sam-
determining the penetration depth of the evanescent field, which  ple yolume subjected to heat input and bleaching. At the same
amounts to ~57 nm in water. In contrast, epi-illumination witha  {jme, the neural activity in a larger FOV can be imaged indepen-
microscope objective leads to light penetrating the entire sample  dently. The x,z-stimulation resolution is determined by the de-
volume in the y-direction, so that the stimulation resolution  gjgn of the photonic circuit, the exact overlap between the stim-
cannot be defined. This unrestricted illumination is helpful in  ]ation waveguides and the neurons, and the control of individ-
experiments, in which also ChR-2 located in higher cell layers 5] waveguides. In general, the stimulation resolution can be im-
are supposed to be triggered. In the in-plane (x,z-) direction,  proved by minimizing the overlap of the cell with the individual
the stimulation resolution of the objective-based stimulation is  gtimulation spots or by decreasing the waveguide dimensions.

determined by the diameter of the focused laser beam, which  The cut-off width of an OrmoClear waveguide is ~350 nm for a
is larger than the FOV of the camera. This leads to a large-area wavelength of 488 nm.

exposure as visible in F.igure. 4a; Fi.gure S4, Suppo‘rting Infor- In this work, the photonic design consists of parallel waveg-
mation) and hence precise stimulation of only specific cells (or  yides of which only one is selected at a time. An overlap of a
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neuron with multiple waveguides allows for the simultaneous
or sequential selection of several waveguides and, thus, enables
flexible spatial and temporal stimulation patterns in one direc-
tion (here x-direction). This layout even allows for experiments
in which part of a cell is stimulated with a certain wavelength,
while another part is inhibited by another wavelength in an adja-
cent waveguide given that the cell expresses the respective light-
triggered proteins. A smaller pitch between adjacent waveguides
increases the number of individually addressable waveguides per
area and, thus, the stimulation resolution.

Flexible spatial and temporal stimulation configurations in 2D
(here x- and z-direction) are achieved with an array of waveguide
crossings, for instance. The guided optical power in the waveg-
uides can be adjusted so that the threshold power density for cell
stimulation is only exceeded at the crossing points, where the
power of two or more waveguides adds up.[*! In this way, we can
restrict the spatial stimulation patterns to areas with a size of a
few squared micrometers or even nanometres, which we can in-
dividually address. This allows for the stimulation of single neu-
rons or even single branches of neurons. A side benefit of the
reduced power is the reduction of phototoxicity.

However, the waveguides are unsuitable for large-area stim-
ulation as it is possible with the microscope objective. In order
to stimulate an entire cell, the total overlap of waveguide and cell
can be increased by using meander-shaped designs, for instance.
In this way, very long interaction ranges are possible and larger
portions of a cell can be stimulated with the same waveguide.
This is advantageous compared to the out-coupling method pre-
sented by Welkenhuysen and coworkers.[?*] We also note that the
fact that neurons in close vicinity to a waveguide surface can be
stimulated by the evanescent field should also be taken into ac-
count in experiments using invasive optoprobes, where it might
lead to unwanted cross-talk.

Independently from the stimulation pathway, the high spatial
resolution read out even of single synapses is accomplished
through the 100x magnification oil immersion objective of the
fluorescence microscope setup. The signal-to-noise ratio and
resolution in the z-direction (here defined as the y-direction) are
additionally improved if the microscope is used in TIRF mode.
At the same time, our approach further enables capturing a large
FOV with a 20x magnification (or less) objective. This is advan-
tageous for the study of large-scale neural network dynamics.
The recording from underneath requires a transparent substrate
which at first sight is unusual for photonic circuits. However,
the used hybrid polymer Ormocer can be readily spin-coated
on a standard microscope cover glass serving as an inexpen-
sive substrate. The developed NIL process to pattern low-loss
Ormocer waveguides is an easy and cost-effective replication
technique suitable for mass production. It can be carried out
with a multiple-use stamp even at wafer scale and without the
need for expensive lithography equipment.

An additional benefit is that due to the high confinement in
the waveguide only an extremely low power is necessary in or-
der to exceed the triggering threshold of ChR-2. This reduces the
heat input into cell tissue and, in addition, avoids phototoxicity
compared to stimulation via objective, by which a large amount
of cells is simultaneously illuminated.

Having said this, there is still room for improvement and fur-
ther investigations. An important aspect is cross talk which might
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originate from the optical fiber but also from the photonic waveg-
uide. In the first case, the distance between the fiber and the cells
under investigation can be increased with the help of sufficiently
long waveguides. Thus, scattered light that is not coupled into
the waveguide cannot lead to unintended cell stimulation. The
minimum distance should be evaluated in both simulation and
experiment. With regard to the waveguide, several issues have
to be taken into account. First, the distance between neighbor-
ing waveguides has to be sufficiently large so that no directional
coupling occurs. This limits the spatial resolution of two indepen-
dent stimulation spots. Second, a rough surface of the waveguide
leads to the coupling of guided modes to radiation modes. In this
case, the optical power is not confined to the waveguide anymore
but can have any propagation direction. This can be fixed by re-
ducing the surface roughness of the waveguide. Radiation loss
can also occur due to bent waveguides, which is not negligible in
particular for the used low-index contrast system.>"] A system-
atic investigation is necessary to determine the minimum bend
radius at which the radiated power does not stimulate off-target
cells.

In our experiments, the excitation pathway for imaging Rhod-
3 is through the objective microscope. However, with the pho-
tonic chip, it is also possible to implement waveguide-based TIRF
imaging.l’!l This means, that in addition to the stimulation wave-
length, also the excitation wavelength is coupled into the same or
a close waveguide. This is especially advantageous if a large FOV
is needed but a high z-resolution has to be maintained.3¢!

For aligned positioning of cells with respect to the photonic cir-
cuitry, dip-pen nanolithography can be employed. This process
allows for accurate surface functionalization at specific spots on
the sample, which restricts the areas of cell growth. In this way,
the neuron network can be adapted to the photonic circuit for
specialized investigations, for example, the stimulation of single
neurons. Moreover, by the choice of the used opsin or specific
targeting motifs to restrict opsin appearance to certain cell seg-
ments even more possibilities of exploration emerge and enrich
our tool for precise investigation of neurons on the synapse level
as well as complete network dynamics.

7. Conclusion

In summary, we demonstrate a low-loss photonic platform with
a waveguide propagation loss of —0.9 + 0.2 dB cm™' at 489 nm
wavelength. Convenient fiber-to-chip access to on-chip waveg-
uides compatible with NIL fabrication is realized using high-
index etched Ta, O5 or Al gratings. We experimentally determined
the evanescent field penetration depth of the waveguides in an
aqueous environment to be 57 nm with the help of FITC-covered
microbeads, which is in good agreement with our simulation. We
further show that the presented photonic platform is nontoxic
for living neural cell culture and uses surface functionalization
to induce neural growth. Distinct neural activity can be observed
in coherence with the stimulation pattern through the photonic
waveguide. We expect that the versatility of our photonic plat-
form for evanescent field stimulation of in-vitro neurons makes
it a highly attractive alternative to common measurement proce-
dures and that it will positively contribute to further progress in
neuroscience research.
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8. Experimental Section

Waveguide Fabrication: The waveguides were patterned via nanoim-
print lithography (NIL). Ormocer was spin-coated on a preprocessed sub-
strate, brought into contact with a transparent stamp, and cured via UV
exposure. After detachment, a thermal treatment was carried out to in-
crease the adhesion of the structures to the substrate. The residual layer
of the final sample, which is characteristic of the NIL process,[*?] was mini-
mized to 40 nm thickness to ensure good mode confinement in the waveg-
uide. This was achieved by diluting the Ormocer resist, hence, enabling a
thin initial resist thickness of 160 nm after spin coating. The used imprint
stamp, comprising the negative image of the pattern, was beforehand fab-
ricated with the same imprint process. For this purpose, a master chip was
used featuring a 330 nm thick structured SiN layer (realized by electron-
beam lithography and dry etching), which also defineed the height of the
imprinted waveguides. After photo-curing and hardbake, the volume of
the Ormocer resists shrank so that a mean waveguide height of 300 nm
resulted. More detailed process parameters can be found in the SI.

Edge-Coupling Access to On-Chip Waveguides: ~The refractive index con-
trast between the OrmoClear waveguide with n_OrmoClear = 1.566 @
A = 491 nm (OrmoComp waveguide with n_OrmoComp = 1.527 @
A = 491 nm) and the water cladding (n_water = 1.340 @ 4 = 491 nm)
amounted 0.144 (0.122). Thus, the coupling strength of a common Or-
mocer grating coupler was too low for efficient fiber-to-chip coupling with
single-mode fiber.334] In order to maximize the coupling efficiency by
edge-coupling instead, the waveguide width was chosen to match the
mode field diameter of the used optical fiber, assuming that the beam
exiting the fiber has the shape of a Gaussian beam with a beam waist di-
ameter equal the mode field diameter. The overlap integral between this
beam and the fundamental TE-like mode of a 4.5 um wide and 340 nm high
waveguide (slab height included) was calculated for various distances in z
and optimal alignment in both x- and y-direction and plotted in Figure S2
(Supporting Information). If the fiber and waveguide facet (SEM image
shown in the inset) were nearly in contact (z = 0 um), the coupling ef-
ficiency amounted 3.6 dB. For a distance of z = 10 um, the efficiency
was already reduced to —4.2 dB and then decreases almost linearly with
increasing distance. Fresnel reflection at the interfaces was negligible and
not considered in this calculation. In order to facilitate the cleaving of the
waveguide facet, the devices were stamped on the thermal oxide layer of a
silicon substrate. For five different 2 mm long, s-bend waveguides, an ex-
perimental coupling efficiency of — 5.5 + 0.3 dB/facet was achieved (prop-
agation losses neglected). This was a reasonable value compared to the
calculation. The edge-coupling method was used to determine waveguide
propagation losses.

Primary Mouse Hippocampal Neuron Culture Preparation: Hippocampi
were excised from new-born pups (C57/BL6 mice) and incubated in 0.1%
trypsin (Sigma T1005) solution with 20 ug mL~' DNase | (Deoxyribonu-
clease |, Serva 18 535) for 30 min at 37 °C. After washing using plat-
ing medium (2.5 g glucose, 100 mg NaHCO3, 50 mg transferrin (Cal-
biochem), 10% FBS (Biochrome), 1 mL 0.2 ML-glutamine (Sigma), 2.5 mg
insulin (Sigma) in 500 mL MEM (Gibco)), the cells were dissociated by
trituration in 1 mL of plating medium with 40 uyg mL~" DNase I. The cells
were counted and plated on Poly-D-Lysin-coated coverslips with the ap-
proximate density of 20 000 cells cm~2 in growth medium (Neurobasal A
medium (Gibco), 2% B27 (Gibco), 2 mm Glutamax (Gibco), 10 units mL
penicillin and 10 pg mL streptomycin (Gibco)). The glass coverslips were
previously coated by incubation in 0.75 ug Poly-D-Lysin solution for 1 h at
37 °C. To prevent excessive astrocytes proliferation, 2 days after the plating
Ara-C (Citarabin, Sigma C6645) was added to the medium of growing cells
to a final concentration of 4 pum. Lentiviral particles for ChR2 transduction
were added 3 days after plating at a concentration of TpuL mL™".

Lentiviral Particle Preparation: HEK293FT cells were transfected 24 h
after plating or upon reaching ~70% confluency on 10 mm round culture
plates. They were transfected by TransiT-293 transfection reagent (Mirus).
Per 10 mm plate, 23.6 pL TransiT-293 reagent is added to 1.18 mL Opti-
MEM media (Gibco). This mixture is incubated at RT for 10 min. After incu-
bation 5 ug lentiviral construct (pLenti-CaMKlla-hChR2(H134R)-mCherry-
WPRE), 2.5 pg helper plasmid, viral envelope (ENV, pMD2.G) and 2.5 ug
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of another packaging plasmid (pCMV R8.2) were added to Opti-MEM and
TransiT reagent mixture. This is followed by quick vortexing and incuba-
tion for 20 min at RT. Cell medium was exchanged with fresh medium
and a complete mixture of the DNA/TransiT reagent containing Opti-MEM
medium was added to each 10 mm plate. Then, the plates were transferred
into a humidified incubator (37 °C, 5% CO2) for 72 h. All DNA plasmids
used for transfection were purified with an endotoxin-free maxiprep pu-
rification kit (Qiagen). After 72 h, the medium was collected from 4-6
10 mm plates for harvesting lentiviral particles. The media were filtered
through the 0.4-micron filter to remove cell debris. Afterward, media were
centrifuged at 25000 RPM for 90 min. The supernatant was removed, and
the pellet was resuspended in 100200 pL Dulbecco’s phosphate-buffered
saline (DPBS, Gibco), and aliquots were stored at —80 °C, for transduction
of neurons.
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Supporting Information is available from the Wiley Online Library or from
the author.
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