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Optogenetic control of neural activity in deep brain regions ideally requires precise and flexible light
delivery with non-invasive devices. To this end, Tapered Optical Fibers (TFs) represent a versatile
© tool that can deliver light over either large brain volumes or spatially confined sub-regions, while
. being sensibly smaller than flat-cleaved optical fibers. In this work, we report on the possibility of
. further extending light emission length along the taper in the range 0.4 mm-3.0 mm by increasing
. the numerical aperture of the TFs to NA = 0.66. We investigated the dependence between the input
. angle of light (6,,) and the output position along the taper, finding that for 6;, > 10° this relationship
is linear. This mode-division demultiplexing property of the taper was confirmed with a ray tracing
: model and characterized for 473 nm and 561 nm light in quasi-transparent solution and in brain slices,
. with the two wavelengths used to illuminate simultaneously two different regions of the brain using
. only one waveguide. The results presented in this manuscript can guide neuroscientists to design their
. optogenetic experiments on the base of this mode-division demultiplexing approach, providing a tool
. that potentially allow for dynamic targeting of regions with diverse extension, from the mouse VTA up
: tothe macaque visual cortex.

. Over the past decade, optogenetic stimulation has had a remarkable impact on neuroscience research as it permits
* millisecond precision manipulation of genetically-targeted neural populations'~>. However, harnessing the full
. potential of the optogenetic approach requires light to be delivered to the opsin-transfected neuron under tight
: spatiotemporal control. This task is even more arduous when targeting brain regions beyond 1 mm depth, as
common light-delivery methods (cleaved fiber optics and two-photon excitation) fail in penetrating such depths
or are highly invasive. Driven by the experimental need for novel approaches, research in innovative technologies
for deep brain light delivery has produced several promising solutions such as multi-dimensional wave-guides or
. high-density pLED probes*2°. In a recent work?! we demonstrated a simple and cost-effective device based on a
: thin Tapered Optical Fiber (TF) that can perform both homogeneous light delivery and dynamically-controlled
. spatially-restricted illumination over brain regions extending up to ~1.8 mm in the dorso-ventral direction. This
. was done by exploiting TFs light-emission properties that are determined by the subset of guided modes that
. propagates in the taper?2. Experiments from two independent research groups have shown in the last year the
great advantages of TFs for in vivo control of neural activity in different animal models. For example, wide-volume
illumination was obtained in the motor cortex and in the striatum of both free-moving and head restrained
mice?!, as well as in the Frontal Eye Field of non-human primates?. TFs also allowed for site selective light deliv-
. ery in the striatum to control specific locomotion behavior, on the base of different modal subsets injected into
* the fiber to illuminate ventral or dorsal striatum using only one implant?'.
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Building on this background, here we analyze the use of high-NA fibers to obtain wide volume or
spatially-selective light-delivery over ~3 mm, a light emission length that is suitable to cover the extent of brain
regions of several animal models, from mice to non-human primates. We demonstrate that a linear relation-
ship exists between the position of the emission region along the taper and the input angle at which light is
injected into the fiber. In addition, we characterize mode-division demultiplexing from 0.66NA TF at 473 nm and
561 nm in fluorescent solution and in mouse brain slices. Assessing TFs light-delivery performances at longer
wavelengths is indeed a crucial aspect for using this technology with a broad set of opsins**-?. The versatility
of TFs as customizable light-delivery tools may be seen as a promising resource for neuroscientists seeking to
obtain bi-directional optogenetic modulation of neural activity in shallow or deep brain regions, with the results
reported in this paper giving access to a set of quantitative characterization useful for experimental design with a
wider range of opsins in multiple regions of the brain.

Theoretical Background

When injecting light in the whole fiber numerical aperture (NA) with a Gaussian beam, light-delivery devices
based on TFs, schematically displayed in Fig. 1a, can illuminate large brain volumes by emitting radiation from a
long segment of the taper surface*"?*. This occurs because of a gradual loss of light along the taper generated by
the progressive narrowing of the waveguide diameter a(z). Given a fiber with initial diameter a,, the transversal
propagation constants k, of the guided modes increases from the initial value k,(a,) following the relation?

a
k(a) ~ =2k, (a,).

t a 10 (1)
The behavior of some k; values as a function of a is shown in Fig. 1a as a reference for the reader. Since the taper
can support light propagation only for modes with?’

k(@) < Ky oy = koNA = ZT”NA,

t, max (2)
where X is the propagating wavelength, each mode that does not fulfill this constraint is out-coupled. If the radia-
tion injected into the tapered region of the waveguide is composed by guided modes with k, in the interval [0, k, ,,,,,],
the condition in equation 2 will be gradually broken along the taper. This is shown in Fig. 1a where transverse
propagation constants (colored lines) overtake the k.. threshold (dashed line). As a consequence, higher order
modes with higher transversal propagation constants tend to be out-coupled at larger taper diameters. Low order
modes with low k, are instead out-coupled close to the taper tip. It follows that an optical fiber supporting a larger
k; max and sustaining a higher number of modes is expected to produce tapered sections with a longer region able
to optically interface with the environment. Following Snyder et al.?’, the total number of guided modes (M(z))
for a section of diameter a(z) can be approximated as

2
M(z) ~ %%a(z)NA} .

3)

As a direct consequence, fibers with higher core size and higher NA can sustain a larger number of guided modes
(Fig. 1b) and the number of guided modes diminishes when approaching the fiber tip (Fig. 1c). These two param-
eters are reported in Fig. 1b and ¢, respectively, as a support for the following description.

Results

Effects of NA and maximum transverse propagation constant on the emission properties of
tapered optical fibers. Building on the well-known properties described in Section 2, we considered
three optical fibers that support an increasing number of modes distributed over widening intervals of trans-
verse constants [0, k .,,] with similar taper angles ({~3.7°). Namely, we investigated fibers with NA =0.66
with a, =200 um and compared them with previous results for fibers with NA = 0.22 and a,= 50 ym and with
NA =0.39 and a, =200 um?'.

The extent of the taper segment emitting light (hereafter referred to as “emitting length”, EL) was measured as
the distance from the tip at which the detected fluorescence decreases to half of the intensity at the fiber tip (see
emission profiles displayed in Fig. 1d,e and detailed definition in Methods). For the same taper angle ({)~3.7°),
TFs with higher NA are optically active over a longer taper region (Fig. 1e), as relation 2 starts to be broken farther
from the taper tip. In detail, 0.22 NA fibers show EL~484 um, for 0.39 NA TFs EL~1220 um, and EL~2038 um for
0.66 NA. Data pertaining 0.22 NA and 0.39 NA fibers were reused from Pisanello et al.*!, with the goal to com-
pare higher NA TFs performance with known TFs. It is interesting to notice that NA = 0.66 TF have a shorter EL
(1874 um) when injected with 561 nm light (Fig. 1e, yellow curve), as expected due to the lower number of guided
modes (and lower k; ) at red-shifted wavelengths (see Fig. 1¢).

Although the number of guided modes decreases as soon as the waveguide narrows (Fig. 1c) and relation (2)
is broken just after the taper entrance for modes with high k, (Fig. 1a), light emission starts to be appreciable in
the fluorescence measurements only at a First Emission Diameter (FED) that depends on fiber NA and wave-
guide size (Fig. 1f). This can be ascribed to the fact that high order modes have higher propagation losses with
respect to low order modes and they are excited with lower power efficiency by a Gaussian beam focused on the
fiber core?”8. As shown in Fig. 1f, fibers with large core size and large NA (e.g. supporting a larger number of
modes and a higher k; ,,,,) lead to higher values of the FED, which do not depend on the taper angle 1. For the
fibers investigated here, this leads to the observation that the higher the NA, the higher the ratio between the
FED and the fiber diameter at the taper entrance: 55/125 = 0.44 for NA =0.22, 126/225 = 0.56 for NA =0.39 and
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Figure 1. Tailoring TF devices emission lengths. (a) (fop) Schematic representation of a tapered optical fiber.
(bottom) Evolution of the transversal propagation constant of four different guided modes as a function of the
taper diameter. (b) Number of modes sustained by fiber optics with increasing core size and NA. (¢) Number

of guided modes at increasing diameters of the tapered section for fibers with 50 um core/0.22 NA at 473 nm
(red curve), 200 um core/0.39 NA at 473 nm (green curve), and 200 um core/0.66 NA at 473 nm (blue curve)

and 561 nm (yellow curve). (d) Fluorescence image of light emission for a fiber with 50 um core/0.22 NA (left),
200 um core/0.39 NA (center), and 200 um core/0.66 NA (right), ~3.7° taper angle, injected with 473 nm light;
scale bars are 1 mm. (e) Normalized intensity profile measured along the taper surface for the three fibers in
panel (d) injected with 473 nm light; the yellow curve represents the emission profile of a NA =0.66 TF injected
with 561 nm light. (f) First Emission Diameters (leff) and Emission Lengths (right) for different fiber types

with increasing taper angle. (g) Diagram of dorso-ventral depth of brain regions targetable with optogenetic
stimulation in mouse, rat and macaque. The shaded areas in the background represent the dorso-ventral
extension of each region as obtained from on-line brain atlas. Colored bars display the maximum emission length
provided by TFs with NA = 0.22 (dark blue), NA =0.39 (orange), and NA = 0.66 (pale blue). M1, primary motor
cortex; HP hippocampus; CTX, cortex; STRd, dorsal striatum; VTA, ventral Tegmental Area; V1, primary visual
cortex. For panels d-g, data pertaining 0.22 NA and 0.39 NA fibers were reused from Pisanello ef al.?!.
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Figure 2. Spatially selective light delivery using high-NA TF. (a) Diagram of the optical setup used for mode
division demultiplexing (L1, L2, L3 lenses; GM galvanometric mirror). Laser light enters the fiber patch cord

at an angle and is out-coupled from the taper surface immersed in fluorescein. A sSCMOS camera acquires
fluorescence images of the light emission. The GM motion is synchronized with the camera acquisition via
custom software (see Methods). (b) Left, emission images for a NA = 0.66, 200 um core size fiber with increasing
input angle. Scale bars are 250 um. Center, diagram of the tapered section. The blue line indicates the profile
along which the intensity was measured. Right, intensity profiles measured at different input angles with respect
to the distance from the tip. Four selected regions are selected by varying the input angle. (c) Position of the
intensity centroid of the emission region (blue circles) and positions of the FWHM values of the emission region
(pale blue dots) with respect to the input angle for a NA =0.66 TF. The red line indicates a linear fit performed
on the centroid position. Ray tracing simulations results are displayed as black diamonds, with a linear fit shown
as a black dashed line. (d) As in panel (c) for a NA =0.39 TFs. (e) Far field images of the patch cord injected
with 6=10°, 20° at 473 nm. Scale bars are 0.15-27/X. (f) Top, centroid and boundaries of the injected k-subset
versus input angle. Bottom, centroid position versus the injected k, for 0.66 NA, orange line, and 0.39 NA,
dashed blue line.

154/230=10.67 for NA =0.66. At the same time, we observed a diminished FED (130 um) for NA =0.66 TFs when
injected with 561 nm light. This is consistent with equations 1-2, as a longer wavelength implies a smaller ki ..,
that in turn translates to a smaller FED. In Fig. 1f, data pertaining 0.22 NA and 0.39 NA fibers were reused from
Pisanello ef al.?!, with the goal to compare higher NA TFs performance with known TFs. Therefore, 0.66NA fibers
are expected to support the longest ELs.

Given the independence of FED on 1, EL is expected to depend on the taper angle for a linear taper profile
following the relation

- FED
T2 tan(v/2) (4)
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Figure 3. Characterization of light coupling efficiency and output power density for NA = 0.66 TFs. (a) Light
coupling across the NA =0.66 angular acceptance. The input power (red line) was measured at the entrance of
the tapered region. The output power (black line) was measures in close proximity to the taper tip, as shown in
the inset. A drop in power output was observed for low input angles. (b) Power coupling efficiency, calculated
as the ratio between output and input power, versus light input angle. The coupling efficiency is approximately
constant for 6;, > 10°. (c) Scanning electron microscope images of a NA 0.66 TE While the left panel shows a
homogeneous portion of the taper region, scale bar 400 um, the close-up in the right panel shows degradation of
the taper surface in proximity of the tip, scale bar is 20 um. (d) The three panels show the distribution of power
density on the taper surface when 12 mW/mm? are emitted for three input angles, namely 6, = 15°, 24°, 35°.
As light is out-coupled from a wider region when the input angle increases, the input power has to be varied
accordingly to maintain a constant output power density.

as shown by the good agreement with experimental data displayed Fig. 1f. The scale factor o was defined as
the ratio between the EL and the FED distance from the taper tip for {=3.7°, and was similar across NAs
(ctna—o.66 = 0.8652, iya—o.30 = 0.8956 and cugs—g 2, = 0.8848). The fiber allowing for the longest emission for the
same 1) is the one that distributes the widest range of k; on the widest number of guided modes, i.e. the 0.66NA
fiber. In particular, increasing numerical aperture to 0.66, allowed reaching emission lengths of ~3 mm, against
the ~1.8 mm obtained previously?!. In light of these results, the FED can be identified as a chief design parameter
for TFs, taking into account the effects on taper emission of several constitutive parameters of the fiber: the num-
ber of guided modes that propagates in the taper and of their k, values in relation with k; .

The relation linking TFs emission length to NA and taper angle (equation 4) allows choosing the correct
device to match the size of targeted structures in the living brain. As schematically shown in Fig. 1g, probes with
NA =0.22 and limited core size (a,= 50 pm) are suited to target regions in mouse cortex or deep nuclei such as
the ventral tegmental area (VTA). While 0.22 NA/50 um core fibers can illuminate a relevant portion of the mouse
hippocampus, devices with larger NA and core, such as 0.39 TFs with 200 um core, are more appropriate for this
task as they can be engineered to illuminate up to 1.8 mm in the dorso-ventral axis. These TFs can be applied to
target both dorsal and ventral, for instance. However, this emission length cannot cover both a cortical-striatal
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Figure 4. High NA TFs: light delivery at 561 nm and in brain tissue. (a) Spatially selective light delivery
observed for a NA = 0.66, 200 um core size fiber injected with 561 nm light and submerged in a PBS-eosin
solution. Scale bars are 200 pm (b) Emission profiles measure along the taper surface for the input angles shown
in panel (a). (c) Position of the intensity centroid of the emission region (orange circles) and positions of the
FWHM values of the emission region (pale orange dots) with respect to the input angle. The red line indicates

a linear fit on the centroid position. (d) Large volume illumination obtained by injecting 473 nm light over the
fiber full NA once inserted in mouse striatum; scale bar is 500 um. (e) False color overlay of adjacent regions
illuminated with spatially selective light delivery at 473 nm, scale bar is 500 um. (f) Position of the intensity
centroid of the emission region (blue circles) and positions of the FWHM values of the emission region (pale
blue dots) with respect to the input angle. (g) Large volume illumination obtained by injecting 561 nm light over
the fiber full NA once inserted in mouse cortex and hippocampus; scale bar is 500 um. (h) False color overlay of
adjacent regions illuminated with spatially selective light delivery at 561 nm, scale bar is 500 pm. (g) Position of
the intensity centroid of the emission region (yellow circles) and positions of the FWHM values of the emission
region (yellow dots) with respect to the input angle.
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projecting region and the dorsal ventral axis of mouse striatum. In addition it cannot cover the full extent of rat
motor cortex (M1) or the macaque visual cortex (V1) depth. The introduction of 0.66NA TFs is therefore essential
to efficiently deliver light in several functional regions, as shown in Fig. 1g. These TFs can also potentially cover
the full dorso-ventral extension of the above-mentioned regions and might be exploited to simultaneously reach
cortical and subcortical regions in the mouse and the rat (Figs 1g, 4). The shaded areas in the background repre-
sent the dorso-ventral extension of each region as obtained from on-line brain atlases?-.

Linear control of TFs emission regions.  As previously demonstrated, the light emitting portion of TFs
can be dynamically controlled by remotely adjusting the light input angle?!. In fact, coupling light into TFs with
an angle-selective launching system selects well-defined subsets of bounded modes that propagate into the optical
fiber, which are then out-coupled at different taper sections?!. In the following the relationship between the input
angle and the out-coupling position along the taper is quantitatively estimated.

To this purpose the light redirection system displayed in Fig. 2a was implemented: a lens L1 focuses a Gaussian
laser beam onto the rotation axis of a galvanometer mirror (GM). The beam is deflected by the GM of an angle
Om> collimated by lens L2 and focused onto the fiber by lens L3 at an angle 0,,. The taper was submerged in a
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PBS:fluorescein bath to analyse the light emission geometry through an epi-fluorescence microscope as a func-
tion of 0;,. The GM deflection was synchronized with the acquisition camera (see Methods) to speed up the
acquisition of closely spaced emission profiles (~0.5° step in input angle). 0.39 NA and 0.66 NA TFs with 200 um
core diameter were tested, both with \{)~3.7°. As discussed in the previous paragraph, 0.66 NA fibers sustain a
high number of guided modes (~4.0 x 10°) distributed over a large ensemble of transverse propagation constants
(kymax=38.7 x 107> nm~" for \=473 nm). Representative images of light emission for four different 6, are displayed
in Fig. 2b. As shown by the emission profiles in the proximity of the linear taper surface (Fig. 2b, right), it is possi-
ble to dynamically redirect light output over four different emission regions with equally spaced emission peaks.
By extracting the centroid of the emission region (c) and the relative FWHM (Ac) from the emission profile at each
input angle (definitions of ¢ and Ac in Fig. 2b and in Methods), we found that ¢ depends linearly on the input angle
0 for 6 > 10° (with a slope of ~58 pm/°, fit RMSE of 11 pm) and can be dynamically moved along ~1.8 mm (Fig. 2¢).
Moreover, the FWHM was found to be approximately constant at Ac= 5504 5um for 6 > 10°. This behaviour
was confirmed by ray tracing simulations that, as displayed in Fig. 2c, highlight the linear relation between
the position of the emission region and 0. Experimental and simulated data are in good agreement (Fig. 2¢).
For 0.39 NA fibers with the same taper angle, supporting a lower number of modes (~1.3 x 10° at 473 nm) and
a narrower range of k; (k, ,,,,=5.2 x 107> nm™' for A\=473 nm), ¢ can be moved along ~1.4 mm, although the
position of the centroid slightly deviates from a linear dependence (slope fit of ~50 um/°, fit RMSE of 76 um), as
shown in Fig. 2d.

Building on these measurements, we analyzed the relationships between guided modes and emission prop-
erties of TFs with different numerical apertures. To confirm that the observed difference between geometrically
identical 0.39 NA and 0.66NA TFs is related to the different extent of k, values sustained by the two fibers, we used
the method proposed in ref.? to measure the subsets of k, injected into 0.66 NA and 0.39 NA TFs for each input
angle. Briefly, we injected light on a patch cord fiber and then imaged far field of the fiber emission on a CCD
camera (Supplementary Figure 1). As shown in Fig. 2e, this produced light rings whose diameter is proportional
to the input angle and can be linked to the transverse propagation constant k,. In order to characterize the injec-
tion of modal subset with a k,(0) £ Ak,(0) curve, we extracted the output ring diameter and its FWHM for each
input angle (see Methods). The results of the measurement are reported in Fig. 2f (top). As expected, k,(6) values
for 0.39 and 0.66 NA fibers are almost overlapping for 6 > 10°. For the same injected k, value, emission from the
0.66 NA TF is closer to the fiber tip (Fig. 2f, bottom) due to the higher refractive index, and light emission can be
moved on a wider taper extent by virtue of the higher k, ,,, supported by the 0.66 NA TE.

Another important aspect to evaluate the influence of injected k; values on TFs light emission properties is
the different attenuation of light injected at different 6;, as high order modes have higher attenuation constant
than do low order modes®%. This is visible in the measurements displayed in Fig. 3a (red curve): before enter-
ing the taper, light power slightly decreases as a function of 6;, and the same happens at the taper output (black
curve). Interestingly, in the range of input angle for which ¢ depends linearly on 0, (i.e. 6;, > 10°), the coupling
efficiency between the taper input and the taper output remains approximately constant, as shown in Fig. 3b. A
drop in coupling efficiency was observed for low injection angles. This effect was explained by SEM inspection,
which revealed lower surface quality at the very tip of the taper (Fig. 3¢c). On the basis of these considerations,
the output power density distribution around the taper for different input angles was assessed from the measured
emission profiles (see Methods for details on the performed calculations). Sample diagrams for three different 6;,
in the linear range are shown in Fig. 3d. The average power density can be maintained constant over the different
emission regions by slightly increasing the total output power as a function of 6;,, compensating for the increase
of the optically active surface of emitting regions at higher diameters. For the particular case shown in Fig. 3d,
an increase of ~3 fold, roughly similar to the increase in optically active surface, holds the average power density
constant (12 mW/mm?) for 6, = 15°, 24°, 35°. This is well above the widely recognized threshold for obtaining
optogenetic control of neural activity with ChR2 (1 mW/mm?)* and obtained with relatively low input powers
(ranging from 0.8 to 2.1 mW).

Yellow and dual-wavelength light delivery with high-NA TFs in brain tissue. New optogenetic
actuators have been developed in the last years, with activation peaks spanning the visible spectrum?*-%¢. In par-
ticular, optogenetic inhibition of neural activity has been demonstrated by delivering yellow light over a neural
population transfected with inhibiting opsin probes, such as Halorhodopsin®. Moreover, a recent work used a
TF-based device to achieve neuronal inactivation over a large volume in the non-human primate cortex by tar-
geting a red light-sensitive halorhodopsin (Jaws) with 635 nm light?*. Since both the number of guided modes
and the width of the k, values sustained by TFs decrease at higher wavelengths (M~4 x 10°, 3 x 10°, 2 x 10° for
473, 561 nm and 635 nm respectively, see equations 2 and 3), it is important to assess TFs performances for
site-selective optogenetic inhibition. Fluorescence emission profiles for angle-selective injection (Fig. 4a,b) were
acquired in a water:eosin solution (see Methods) to test fiber response at 561 nm light. As observed for blue wave-
lengths, we found that the position of the emission region centroid moves linearly as a function of the input angle
for 0;, > 10° (Fig. 4c) (fit slope ~60 um/° and RMSE 25 um).

In order to verify that the emission features described so-far are not modified by tissue absorption and scatter-
ing, light delivery performances were tested in brain tissue by inserting 0.66 NA TFs in fixed mouse brain slices
previously stained with SYBR green and MitoTracker deep red to test fibers properties at 473 nm and 561 nm,
respectively. Figure 4d shows the full NA emission in the mouse striatum with 473 nm light exciting SYBR green.
Spatially selective light delivery was characterized by stimulating fluorescence emission from the taper while
remotely varying the input angle with a step of 0.5°. Figure 4e shows a false color overlay of the fluorescent emis-
sion excited over four adjacent brain regions with 473 nm light. Images 4d-e were acquired with a green fluores-
cence filter (525/50). As for the characterization in fluorescein, we used the emission profiles measured along the
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Figure 5. Simultaneous dual-wavelength mode-division demultiplexing in brain tissue with high NA TE.

(a) Brightfield image of the location of a NA = 0.66 TF inserted in a mouse coronal brain slice with the tip
reaching the hippocampus. Scale bar is 500 um and is common to all micrographs in the figure. (b) Green (b1),
red (b2) and overlay (b3) channels of simultaneous excitation of SYBR green fluorescence in the hippocampus
and MitoTracker deep-red fluorescence in the cortex. Panel (b4) schematically shows the light injection
configuration, with 473 nm entering at ~4° and 561 nm entering at ~20°. (c) Green (c1), red (c2) and overlay
(c3) channels of simultaneous excitation of SYBR green fluorescence in the cortex and MitoTracker deep-red

fluorescence in the hippocampus. Panel (c4) schematically shows the light injection configuration, with 473 nm
entering at ~20° and 561 nm entering at ~5°.

taper surface to extract centroid c and FWHM Ac of the emission region for each input angle. As shown in Fig.
4f, scattering from brain tissue slightly widens the distribution of the light emitted for a given modal subset, but
the overall behavior of ¢ vs 6,, is not affected, with some deviations from the linearity measured in fluorescein
due to the non-homogeneity of tissue scattering. We then performed an analogous measurement by inserting
a NA =0.66 TF of similar taper angle in a brain slice stained with MitoTracker deep red. Figure 4g shows the
full NA emission distributed between cortex and hippocampus with 561 nm light. Afterwards, we repeated the
evaluation of site selective mode-division demultiplexing. Figure 4h shows a false color overlay of the fluorescent
emission excited over four adjacent brain regions with 561 nm light. Images 4g-h were acquired with a red fluo-
rescent filter (716/40). The position of the centroid c and FWHM Ac were extracted and reported in the graph
in Fig. 4i. Also in this case, a wider Ac was observed due to tissue scattering, with an almost-preserved linear
behavior as a function of 0,,,.

Simultaneous mode-division demultiplexing at 473 nm and 561 nm was demonstrated by independently rout-
ing two laser beams into a TF inserted in a coronal mouse brain slice co-stained with SYBR-green and MitoTracker
deep-red. Figure 5a shows a NA =0.66 TF inserted in a coronal brain slice with the tip reaching the hippocampus. We
simultaneously confined light emission from SYBR-green in the hippocampus and MitoTracker deep-red in the cortex
(Fig. 5b), and then swapped the excitations (Fig. 5¢). Red and green channels images were acquired by changing the flu-
orescence filters during simultaneous excitation at 473 nm and 561 nm (see Methods). Figures 5b3-c3 show overlays of
the two channels, respectively acquired for each configuration, as schematically depicted in fig. 5b4-c4. Supplementary
Figure 3 shows co-localized light stimulation at 473 nm and 561 nm both in the cortex (Supplementary Figure 3b) and
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the hippocampus (Supplementary Figure 3¢). These measurements confirm that a single TF device can perform inde-
pendent dual-wavelength light delivery over two functionally distinct brain regions.

Discussion

Delivering light in a controlled fashion is required in order to fully exploit the potential of optogenetic techniques
in controlling and monitoring neural circuits®?. To this end, light delivery based on TFs offers an innovative tool
to reach deep brain regions that are precluded to ordinary optogenetic stimulation protocols. By using 0.22, 0.39
and 0.66 TFs the possibility of tailoring emission length of TFs devices is extended to the interval ~0.4mm to
~3 mm, with a simple relationship (equation 4) to define taper angle and fiber NA. This tuning range well matches
with the extent of brain structures of different animals including mice, rats and non-human primates, as shown
in Fig. 1g.

By injecting defined subsets of guided modes within specific k, intervals, far field analysis allowed measure-
ment of the direct relationship between the light output position along the taper and the injected k, values. This
revealed a linear dependence for input angles 0;, > 10° for both blue and yellow light. Within the linear region, the
output power remains almost constant, while the emitted power density slightly decreases due to the increase of
waveguide diameter when the emitting region moves farther from the taper tip.

TFs represent a unique approach to deliver light into the living brain with reduced invasiveness, as they allow
for site-selective stimulation over wide volumes without the implantation of electric devices or of multiple wave-
guides. Although uncoated TFs cannot produce an illumination spot as tight as microfabricated TFs*** or cylin-
drical fibers*, they provide the user with dynamic re-configuration between wide-volume and site-selective light
emission. Moreover, there is no need to determine the illumination area a priori, as light emission can be moved
continuously across the entire optically active range?!. Therefore, we view these approaches as complementary
rather than exclusive.

All these features let us envision that the here-presented results can help neuroscientists in improving exper-
imental protocols targeting sub-cortical regions of the mouse brain, functional structures of larger rodents and
non-human primates, as well as analysis methods not compatible with conducting metals (such as opto-fMRI),
placing TFs as a great complement to available methods to deliver light into brain.

Materials and Methods

Device structure and fabrication process. Tapered optical fibers with taper angles ranging from 2° to 8°,
fabricated from fiber cords with NA =0.22 core/cladding = 50/125 um (Thorlabs FGO50UGA), NA = 0.39 core/
cladding =200/225 um (Thorlabs FT200UMT), NA = 0.66 core/cladding =200/230 um (Plexon PlexBright High
Performace patch cable) were obtained from OptogeniX (www.optogenix.com). Tapers were fabricated by heat-
and-pull method using a laser puller. Output power of the CO, laser, scanning length over the fiber, and pulling
force temporal pattern have been optimized to obtain the desired taper shapes. Details of the procedure are pro-
vided in previous works?!"*>, Fibers were connected to ceramic or metallic ferrules with a diameter of 1.25 mm.
Supplementary Figure 4 shows cross section images of the tapered region for NA =0.66 and NA 0.39 fibers.
These were obtained by cutting and polishing the 0.39 and 0.66 TFs at diameters of ~85 pm and ~125 pum respec-
tively with the aid of a 127 um bare ferrule. Interestingly, while no sign of polymeric cladding was observed for
NA =0.39 fibers, the boro-silicate cladding in NA = 0.66 TFs can be distinguished. The ratio between the core and
cladding diameter at the investigated section (110/125=0.88) and at the input facet of the fiber (200/230=0.87)
is constant, suggesting that core and cladding reduce proportionally in the NA =0.66 fibers used.

Emission properties characterization. Data acquisition. The emission properties of the devices were
characterized with two different light coupling systems: (i) injection of the whole numerical aperture accepted
by the fiber and (ii) injection of a defined input angle 6,,. Laser light was injected at 473 nm (Laser Quantum Ciel
473) and 561 nm (Coherent OBIS 561 nm LS). In both systems, the taper was coupled to a patch fiber with match-
ing NA and core size by a ferrule to ferrule butt-coupling. In the full NA injection configuration of case (i) light
was coupled to the fiber patch cord with an Olympus objective AMEP-4625 (focal length 4.5 mm, N.A. =0.65), or
with fiberports (Thorlabs PAF-SMA-5-A focal length 4.6 mm, N.A. =0.47, PAF-SMA-7-A focal length 7.5mm,
N.A.=0.29). To fill the entire clear aperture of the coupling lens, the laser beam was expanded by a proper factor
through a beam expander realized with off-the-shelf lenses.

The angle-selective launch system of case (ii) was implemented using a galvanometric-mirror based scanning
system. Two lenses L1 and L2 (Thorlabs LA1050-A with focal length f; =100 mm and AL50100-A with focal
length f, =100 mm, respectively) relayed the laser beam and converted the angular deflection of the GM mirror
(Sutter RESSCAN-GEN) into a displacement ¢ perpendicular to the optical axis of the system. Lens L3 (Thorlabs
AL4532-A with focal length £, = 32 mm and a 45 mm aperture) focused the light onto the patch fiber core. The
actual input angle 6 was measured by registering the displacement of the laser spot on a digital camera placed in
front of the coupling lens for a known mirror deflection. The tapered fibers were immersed in a PBS:fluorescein
or PBS:eosin solution to image light emission patterns with input wavelengths of 473 nm or 561 nm, respec-
tively. Images were acquired using an upright epi-fluorescence upright microscope (Scientifica Slicescope)
equipped with a 4 x objective (Olympus XLFLUOR4X/340 with immersion cap XL-CAP), fluorescence emis-
sion filters (525/50 for fluorescein emission and 605/70 for eosin emission) and a sSCMOS camera (Hamamatsu
ORCA-Flash4.0 V2). Optical output power was measured in air with a power meter (Thorlabs PM100USB with
S120VC sensor head). Power coupling efficiency was measured as the ratio between taper and patch fiber optical
power output.

Tapered fiber emission in brain slices was measured by inserting the light emitting region of the taper in
coronal mouse brain slices fixed in PFA and stained with SYBR green (59430, Sigma Aldrich) or both SYBR
green and Mitotracker deep-red (M22426, Thermo Fisher Scientific). Excitation laser light at 473nm and/or
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561 nm was coupled with system (i) and (i) into the tapered fiber. Detection of fluorescence was performed
through an epi-fluorescence upright microscope (Scientifica Slicescope) equipped with a 4 x objective (Olympus
XLFLUOR4X/340 with immersion cap XL-CAP) and a sSCMOS camera (Hamamatsu ORCA-Flash4.0 V2).
Simultaneous light injection at 473 nm and 561 nm was obtained by combining two independent scan path in
front of lens L3 using a beam splitting cube mounted on a translation stage (Supplementary Figure 5). Images
were acquired by subsequently filtering SYBR-green and MitoTracker deep-red emission with fluorescence filters
(525/50 and 716/40 respectively). Supplementary Figure 6 shows a proposed setup to independently perform
simultaneous mode division demultiplexing with three different wavelengths by combining three different galva-
nometric scanners by means of dichroic mirrors.

Data analysis. A set of intensity profiles was extracted from the fluorescence images collected with coupling
scheme (i) and (ii). Profiles were measured along a line drawn just outside the taper, parallel to the waveguide
surface. Profiles given by full N.A. excitation were used to quantify both the First Emission Diameter (FED) and
the total length of the emission region (Emission Length, EL). The FED was defined as the position at which
the intensity recorded by the sSCMOS sensor is half of the average intensity detected in the pixel with a recorded
intensity exceeding 90% of the maximum recorded intensity (Supplementary Figure 2). The same intensity pro-
files were used to estimate the power density distribution along the taper when the coupling scheme (ii) was
used. Assuming a rotational symmetry around the taper axis of the power density distribution p, a Matlab code
has been developed to calculate p starting from the total output power and the intensity profile extracted from
the image. Spatial selectivity in light out-coupling from the taper was quantified from the profiles measured with
angle-selective excitation. The centroid and Full Width at Half Maximum (FWHM) positions of the emission
region were measured for each input angle 6 with respect to the fiber tip. Linear fits as function of the input angle
0 were computed on the centroid position and both the FWHM boundaries positions. Data points for which the
lower bound of the emission region was coincident with the fiber tip were excluded from the fit computation
because the presence of the taper tip affects these measurements by breaking the shape symmetry.

Injected k, measurements. The value of the transversal propagation constant k; of the light guided by the
optical fiber as a function of the input angle was measured by imaging the farfield pattern of the light outcoupled
by the facet of an optical fiber stub while changing 6 at the input facet, as previously described?**. In particular,
Olympus objective AMEP-4625 (focal length 4.5 mm, N.A.=0.65) was used to generate the farfield pattern, and
a two-lens imaging system (realized with Thorlabs AC254-040-A-ML and AL50100-A) was used to magnify the
pattern over the chip of the sSCMOS sensor (Hamamatsu ORCA-Flash4.0 v2). The signal detected at distance r
from the center of the chip is associated to k, by the equation

4.5mm - 100.0 mm A
r= tan|sin” | —Kk,||.
40.0 mm 2m

)

For each input angle, the k, at which the maximum signal is detected and the half-prominence width of the peak
were extracted from the disk- or ring-shaped images recorded by the sCMOS sensor.

Ray tracing simulations. Ray tracing simulations were performed with the commercial optical ray tracing soft-
ware Zemax-OpticStudio (http://zemax.com). 0.66NA TFs were modeled as straight core/cladding nested cylin-
ders followed by a conical taper section with 3.7° angle. Core/cladding refractive indexes were set as core=1.63
and cladding = 1.49 as retrieved from ref.””. Tapered sections were modeled by nesting two cones with a common
vertex. Core/cladding diameters were set as the manufacturer nominal values of 200/230 um. The length of the
core/cladding non-tapered segment was set to 50 mm. The source (5M rays) was modeled as a circular homoge-
neous light distribution coupled in the fiber with an ideal paraxial lens. Different input angles were simulated by
modulating the tilt of the source-lens system with respect to the fiber axis. The irradiance profiles of the emitted
light were detected by placing a rectangular, pixelated detector (6000 x 41) in close proximity (~50 um) of the
taper surface.

Data availability. Data are available from the corresponding author on reasonable request.

References
1. Hausser, M. Optogenetics: the age of light. Nat. Methods 11, 1012-1014 (2014).
. Deisseroth, K. Optogenetics. Nat. Methods 8, 26-29 (2011).
. Miesenbdock, G. The Optogenetic Catechism. Science 326, 395-399 (2009).
. Scharf, R. et al. Depth-specific optogenetic control in vivo with a scalable, high-density pLED neural probe. Sci. Rep. 6, 28381 (2016).
. Warden, M. R, Cardin, J. A. & Deisseroth, K. Optical Neural Interfaces. Annu. Rev. Biomed. Eng. 16, 103-129 (2014).
. Kim, T.-L. et al. Injectable, Cellular-Scale Optoelectronics with Applications for Wireless Optogenetics. Science 340, 211-216 (2013).
. Jeong, J.-W. et al. Wireless Optofluidic Systems for Programmable In?Vivo Pharmacology and Optogenetics. Cell 162, 662-674
(2015).
8. McCall, J. G. et al. Fabrication and application of flexible, multimodal light-emitting devices for wireless optogenetics. Nat. Protoc.
8,2413-2428 (2013).
9. Park, S. I et al. Soft, stretchable, fully implantable miniaturized optoelectronic systems for wireless optogenetics. Nat. Biotechnol. 33,
1280-1286 (2015).
10. Park, S. I. et al. Stretchable multichannel antennas in soft wireless optoelectronic implants for optogenetics. Proc. Natl. Acad. Sci.
113, E8169-E8177 (2016).
11. Gofller, C. et al. GaN-based micro-LED arrays on flexible substrates for optical cochlear implants. J. Phys. Appl. Phys. 47, 205401
(2014).
12. Wu, E et al. Monolithically Integrated uLEDs on Silicon Neural Probes for High-Resolution Optogenetic Studies in Behaving
Animals. Neuron 88, 1136-1148 (2015).

NG W

SCIENTIFICREPORTS | (2018) 8:4467 | DOI:10.1038/s41598-018-22790-z 10


http://zemax.com

www.nature.com/scientificreports/

13. Wu, E et al. An implantable neural probe with monolithically integrated dielectric waveguide and recording electrodes for
optogenetics applications. J. Neural Eng. 10, 056012 (2013).

14. Zorzos, A. N., Scholvin, J., Boyden, E. S. & Fonstad, C. G. Three-dimensional multiwaveguide probe array for light delivery to
distributed brain circuits. Opt. Lett. 37,4841 (2012).

15. Lee, J., Ozden, I, Song, Y.-K. & Nurmikko, A. V. Transparent intracortical microprobe array for simultaneous spatiotemporal optical
stimulation and multichannel electrical recording. Nat. Methods 12, 1157-1162 (2015).

16. Segev, E. et al. Patterned photostimulation via visible-wavelength photonic probes for deep brain optogenetics. Neurophotonics 4,
011002 (2016).

17. Canales, A. et al. Multifunctional fibers for simultaneous optical, electrical and chemical interrogation of neural circuits in vivo. Nat.
Biotechnol. 33,277-284 (2015).

18. Park, S. et al. One-step optogenetics with multifunctional flexible polymer fibers. Nat. Neurosci. 20, 612-619 (2017).

19. Pisanello, E, Sileo, L. & De Vittorio, M. Micro- and Nanotechnologies for Optical Neural Interfaces. Front. Neurosci. 10, (2016).

20. Cho, Y. K. et al. Roadmap on neurophotonics. J. Opt. 18, 093007 (2016).

21. Pisanello, E. et al. Dynamic illumination of spatially restricted or large brain volumes via a single tapered optical fiber. Nat. Neurosci..
https://doi.org/10.1038/nn.4591 (2017).

22. Pisanello, M. et al. Modal demultiplexing properties of tapered and nanostructured optical fibers for in vivo optogenetic control of
neural activity. Biomed. Opt. Express 6, 4014 (2015).

23. Acker, L., Pino, E. N., Boyden, E. S. & Desimone, R. FEF inactivation with improved optogenetic methods. Proc. Natl. Acad. Sci. 113,
E7297-E7306 (2016).

24. Fenno, L., Yizhar, O. & Deisseroth, K. The Development and Application of Optogenetics. Annu. Rev. Neurosci. 34, 389-412 (2011).

25. Guruy, A, Post, R. ], Ho, Y.-Y. & Warden, M. R. Making Sense of Optogenetics. Int. J. Neuropsychopharmacol. 18, pyv079 (2015).

26. Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M. & Deisseroth, K. Optogenetics in Neural Systems. Neuron 71, 9-34 (2011).

27. Snyder, A. W. & Love, J. Optical waveguide theory. (Springer Science & Business Media, 2012).

28. Botta, E. & Bressani, T. Elementi di elettromagnetismo avanzato. (Aracne editore, 2009).

29. Lein, E. S. et al. Genome-wide atlas of gene expression in the adult mouse brain. Nature 445, 168-176 (2007).

30. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates. (Elsevier, 2007).

31. Mikula, S., Trotts, I, Stone, J. M. & Jones, E. G. Internet-enabled high-resolution brain mapping and virtual microscopy. NeuroImage
35,9-15 (2007).

32. Packer, A. M., Roska, B. & Hausser, M. Targeting neurons and photons for optogenetics. Nat. Neurosci. 16, 805-815 (2013).

33. Pisanello, E. et al. Multipoint-Emitting Optical Fibers for Spatially Addressable In Vivo Optogenetics. Neuron 82, 1245-1254 (2014).

34. Nguyen, H. et al. Fabrication of multipoint side-firing optical fiber by laser micro-ablation. Opt. Lett. 42, 1808 (2017).

35. Sileo, L., Pisanello, M., De Vittorio, M. & Pisanello, E. Fabrication of multipoint light emitting optical fibers for optogenetics. in (eds
Hirschberg, H. et al.) 930520, https://doi.org/10.1117/12.2075819 (2015).

36. Della Patria, A., Pisanello, M., Sileo, L., De Vittorio, M. & Pisanello, F. Influence of laser beam quality on modal selection in tapered
optical fibers for multipoint optogenetic control of neural activity. In 1-4 (IEEE, https://doi.org/10.1109/ICTON.2016.7550329
2016).

37. Refractive index database. Available at http://www.filmetrics.com/refractive-index-database (2016).

Acknowledgements

The authors thank Andrea Della Patria for providing guidance and useful insights with Ray Tracing simulations. E
Pisanello, F. Pisano, E.B. and E.M acknowledge funding from the European Research Council under the European
Union’s Horizon 2020 research and innovation program (#677683); B.S. and M.D.V. acknowledge funding from
the European Research Council under the European Union’s Horizon 2020 research and innovation program
(#692943). L.S., M.P, M.D.V. and B.L.S. are funded by the US National Institutes of Health (U01NS094190); G.M.
and B.L.S. are funded by the Simons Collaboration on the Global Brain.

Author Contributions

M.P. and E. Pisano equally contributed to this work. M.P. and F. Pisano developed the experimental setup,
performed the experiments and analyzed the data. L.S. engineered the devices. E.M., M.P,, F. Pisano and E
Pisanello implemented ray tracing simulations. E.M., E.B. and B.S. stained brain slices. M.P, F. Pisano, L.S., G.M.,
B.L.S., M.D.V. and F. Pisanello developed and optimized the tapered fiber design. B.L.S, M.D.V. and E. Pisanello
conceived and supervised the research. M.P,, E. Pisano and E Pisanello wrote the manuscript with contributions
from all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22790-z.

Competing Interests: M.D.V., E. Pisanello, B.L.S., and L.S. are co-founders of Optogenix LLC, a company based
in Italy that produces and markets the tapered fibers described here.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:4467 | DOI:10.1038/s41598-018-22790-z 11


http://dx.doi.org/10.1038/nn.4591
http://dx.doi.org/10.1117/12.2075819
http://dx.doi.org/10.1109/ICTON.2016.7550329
http://dx.doi.org/10.1038/s41598-018-22790-z
http://creativecommons.org/licenses/by/4.0/

	Tailoring light delivery for optogenetics by modal demultiplexing in tapered optical fibers

	Theoretical Background

	Results

	Effects of NA and maximum transverse propagation constant on the emission properties of tapered optical fibers. 
	Linear control of TFs emission regions. 
	Yellow and dual-wavelength light delivery with high-NA TFs in brain tissue. 

	Discussion

	Materials and Methods

	Device structure and fabrication process. 
	Emission properties characterization. 
	Data acquisition. 
	Data analysis. 

	Injected kt measurements. 
	Ray tracing simulations. 

	Data availability. 

	Acknowledgements

	﻿Figure 1 Tailoring TF devices emission lengths.
	﻿Figure 2 Spatially selective light delivery using high-NA TF.
	Figure 3 Characterization of light coupling efficiency and output power density for NA = 0.
	Figure 4 High NA TFs: light delivery at 561 nm and in brain tissue.
	Figure 5 Simultaneous dual-wavelength mode-division demultiplexing in brain tissue with high NA TF.




