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Modulation of neuronal activities by light [e.g., laser or light-emitting diode] using optogenetics

is a powerful tool for studies on neuronal functions in a brain. Herein, flexible thin-film optical

waveguide arrays based on a highly biocompatible material of parylene are reported. Parylene-C

and -N thin layers with the different refractive indices form the clad and the core of the waveguide,

respectively, and neural recording microelectrodes are integrated to record optical stimuli and

electrical recordings simultaneously using the same alignment. Both theoretical and experimental

investigations confirm that light intensities of more than 90% can propagate in a bent waveguide

with a curvature radius of >5 mm. The proposed flexible thin-film waveguide arrays with

microelectrodes can be used for numerous spherical bio-tissues, including brain and spinal cord

samples. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929402]

Compared to electrophysiology, optogenetics,1 which

combines optical and genetic methods to allow neuronal

activity to be modulated by light, potentially provide a better

understanding of neural circuit functions in the brain. To

realize optogenetics with a high spatial resolution, micro-

scale light sources integrated with microscale-electrode array

devices have been proposed.2–5 However, stiff material–

based conventional optical devices (e.g., glass fiber and

silicon) increase the damage in the brain/tissue,6,7 preventing

chronic studies of neurons. Although recent advances in

light-emitting diode (LED) processes enable the integration

of microscale-LEDs, embedded light source LEDs3 induce

electrical crosstalk/noise during the electrical recording of

neuronal activities (�tens of microvolts in an extracellular

recording). To further enhance the spatial resolution of

conventional optogenetics, microscale optical stimulation

and electrical measurement8 must have the same alignment.

In addition to these device requirements, a transparent device

substrate would be valuable for device placement on a tissue

and future cortical imaging applications.9

To address the aforementioned technological challenges

of conventional optical devices in optogenetics, the approach

reported here is based on waveguide arrays of parylene films.

The advantages of fabricating waveguide arrays from a pary-

lene film include (i) flexibility, (ii) high biocompatibility,

and (iii) a transparency. Although a parylene film has these

features, optical propagation of a curved parylene-film wave-

guide array has yet to be demonstrated. For optogenetic

applications, parylene waveguides can be integrated with an

array of microscale electrodes, enabling simultaneous optical

and electrical measurements with the same alignment

(Fig. 1). In addition, light stimuli–induced noise can be elim-

inated by placing the light source (e.g., laser, LED) outside

of the electrically shielded measurement system. As a step

toward future optogenetic applications, herein we develop a

fabrication process for a parylene-film waveguide array,

discuss the process compatibility with microelectrodes, and

clarify the bending and the illumination capabilities by

demonstrating optical propagation in a fabricated device

with a curvature radius.

To realize a parylene-based waveguide, parylene-C and

-N layers with the different refractive indices (parylene-C:

1.639, -N: 1.661) were selected as the cladding and core,

respectively. The optical properties of a bent parylene-film-

waveguide with a 6-lm-thick parylene-C clad/6-lm-thick

parylene-N core/6-lm-thick parylene-C clad were calcu-

lated. The light-intensity attenuation cB associated with film

bending is expressed as

cB ¼ 10 log Rð Þ aþ 2

2a

� �
r

RD

� �" #
; (1)

FIG. 1. Schematics of a parylene-film waveguide array with microelectro-

des. (a) Cross section of the proposed waveguide device. Parylene-C and -N

layers with the different refractive indices (parylene-C: 1.639, -N: 1.661)

serve as the clad and the core, respectively. Pt metal layer, which works as

the neural recording microelectrode and the light shield, is connected to an

amplifier system. (b) Conceptual image of the waveguide array placed on a

neuronal tissue showing simultaneous optical stimulation and electrical

recording of neurons for optogenetic applications.
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where r is the core radius, a specifies the shape of the refrac-

tion index (a¼ 2 for a parabolic profile, a¼1 for a step

profile), R is the curvature radius of the bend, and D is the

relative refractive index difference between the core and the

cladding.10 The calculated result shows that more than 50%

of the light intensity can propagate in the bent waveguide

with a curvature radius of> 2 mm (Fig. 2(a)). Additionally,

the depth of the evanescent wave is calculated by

Dp ¼
k

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1

2 sin2h� n2
2

q ; (2)

where Dp is the depth of the evanescent wave, k is the wave-

length, n1 is the refractive index of the core material, n2 is

the refractive index of cladding material, and h is the angle

of the incident. The depth of the evanescent wave is

<700 nm for a wavelength of 438 nm, 475 nm, or 580 nm

(Fig. 2(b)). These results indicate that the waveguide can be

placed on the surface of numerous biological samples with a

curvature (e.g., brain and spinal cord) and >1-lm-thick

parylene-C is sufficient as the cladding layer.

A preliminary experiment on the optical propagation in

the parylene-film waveguide was executed based on the cal-

culations. The parylene-waveguide was prepared by

parylene-based micro electro mechanical system (MEMS)

fabrication technology (Fig. 2(c)).11 First, parylene-C and -N

(both 6-lm thick) were deposited on a silicon (Si) substrate

as the cladding layer and the core, respectively (Fig. 2(c1)).

The core was patterned by oxygen plasma (Fig. 2(c2)) and

then the cladding layer was deposited (Fig. 2 (c3)). Finally,

the edge of the core was exposed by parylene patterning

(Fig. 2(c4)), and the parylene optical waveguide array film

was peeled off from the Si substrate (Fig. 2(c5)). The

designed width of the core parylene-N was 500 lm, which

allows for subsequent coupling with an optical fiber. The

length of the core parylene-N was 20 000 lm.

Figs. 2(d) and 2(e) show the fabricated parylene-

waveguide array. To confirm light propagation in the

individual waveguides, an optical fiber (diameter: 1 mm)

connected to a LED was placed on the backside of a wave-

guide in the array (Fig. 2(d)). The LED emission with a

wavelength of 438 nm illuminated the edge of the waveguide

(Figs. 2(f) and 2(g)). Although the neuronal experiments

with the proposed waveguide arrays will be discussed in the

future, the employed wavelength is applicable for optoge-

netic excitation of neurons.1

Fig. 3(a) shows the fabrication process of the parylene-

waveguide array embedded in microelectrodes (Fig. 1(a)).

First, a sacrificial titanium (Ti) layer (�100 nm) was sput-

tered on the Si-substrate (Fig. 3(a1)). Next, parylene-C

(10 lm) was deposited as the substrate and then Ti and plati-

num (Pt) (�100 nm) was sputtered as the light shielding layer

(Fig. 3(a2)). Similar to the aforementioned preliminary

experiment (Fig. 2(c)), parylene-C (6 lm) and parylene-N

(6 lm) were deposited as the bottom cladding and core layers,

respectively (Fig. 3(a3)) and patterned by oxygen plasma

with a mask layer of Ti (Fig. 3(a4)). The Ti mask was

removed after patterning. After the deposition and formation

FIG. 2. Calculation and preliminary experimental results of parylene-C(clad)/-N(core)/-C(clad) waveguide. (a) Calculated propagation efficiencies of bent

parylene-waveguide with curvature radii from 1 mm to 100 mm. Note that the core parylene-N is 6-lm thick and light attenuation of the waveguide is not con-

sidered. (b) Calculated depth of the evanescent wave–incidence angle characteristic of parylene-N(core)/-C(clad) as a function of wavelength (438 nm –580 nm

for optogenetic applications). (c) Fabrication process of a parylene-N (core)/-C (clad) waveguide array for the preliminary light propagation tests: depositions

of Parylene-C and -N layers on a Si substrate (c1), patterning of parylene-N/-C to form the core (c2), deposition of second parylene-C for the upper cladding

layer (c3), patterning of the parylene substrate (c4), and removal of the parylene waveguide array from the Si substrate (c5). (d) Photograph depicting the

experimental setup for the preliminary light propagation tests of the fabricated waveguide array. One waveguide in the array is coupled with an optical fiber,

which is connected to an LED with the wavelength of 438 nm. (e) Photograph of the tip portion of the parylene-waveguide array. Except for the tip portion, the

waveguide array is covered with tape to shield the light. (f) CCD image showing light illumination from the tip section of the coupled waveguide. (g)

Normalized light intensity distribution from the CCD image (f). Scale bars in (e), (f), and (g) are 3 mm.
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of the top parylene-C clad (6 lm) (Fig. 3(a5)), a Pt layer was

sputtered and Pt/Ti layer was formed by argon plasma etch-

ing as the recording microelectrode (500 lm� 500 lm for the

recording site) and the light shield, respectively (Figs. 3(a6)

and 3(a7) and the supplementary material12). Then parylene-

C (10 lm) was deposited as an insulator (Fig. 3(a8)). Finally,

after the hard mask of Ti was sputtered and patterned by CF4

plasma, the parylene substrate was patterned by oxygen

plasma (Fig. 3(a9)), and the device was released from the Si-

substrate by Ti sacrificial layer etching with an ammonium

solution (Fig. 3(a10)). The designed width of the core

parylene-N and the center-to-center spacing between the

waveguides were 70 lm and 1500 lm, respectively. These

parameters were chosen for the subsequent coupling with

the optical fiber. There were eight waveguide channels in the

array within the 13 100 lm–wide parylene substrate. The

length of the core was 10 000 lm, which is shorter than that

of preliminary devices (20 000 lm, Figs. 2(d)–2(g)).

The fabricated device was packaged with a polymer-

based flexible-printed-circuit (FPC) (Fig. 3(b)), and the

impedance of the microelectrode was measured in a

phosphate-buffered saline (PBS) at room temperature (Fig.

3(c)). The measured impedance at 1 kHz was �1.1 kX, which

is low enough to record the neural signals, including electro-

corticograms (ECoGs) (<500 Hz),13 intracortical local field

potentials (LFPs) (<500 Hz), and action potentials (APs)

(�1 kHz).14 Similar to the preliminary test (Fig. 3(d)), light

propagation in the waveguide and illumination through

the center of the electrode were observed using the same

LED light source (wavelength¼ 438 nm) (Figs. 3(d)–3(g)).

The intensity of the light stimulation through the waveguide

depends on the input power of the light source. From the

transmission tests using an input LED power of 285 mW

(Figs. 3(f) and 3(g), the used fiber diameter is 3 mm), the

intensity per area measured at the edge of the fabricated

waveguide is 1.43 mW/mm2. Although the mismatches

(lateral offset, NA mismatch, angular misalignment, and core

diameter mismatch etc.) between the fiber (3-mm diameter)

and the waveguide (6-lm� 70-lm cross-sectional area)

caused losses in the connection, the measured intensity of

the fabricated waveguide is sufficient for light stimuli to neu-

rons in optogenetics [e.g., 0.1 mW/mm2� 1 mW/mm2 for

channelrhodopsin-2 (ChR2)].1,15,16 These results indicate that

the proposed optical stimulating waveguide and electrical

recording microelectrode can be integrated within a flexible

parylene thin-film for numerous optogenetic applications.

To confirm the light propagation in the bent waveguide, a

bending test on the fabricated microelectrode/waveguide array

was conducted. In this experiment, the optical fiber, which

was connected to the LED (wavelength¼ 438 nm), was

located on the backside of the fabricated waveguide. Light

was illuminated through the waveguide while the device was

bent by tweezers (Fig. 3(h) and the supplementary material12).

To further assess light attenuation associated with bending of

the waveguide (Fig. 2(a)), the waveguide was bent by placing

the device substrate on a curved jig. In this experiment, three

concave jigs with various curvature radii (2 mm, 5 mm, and

10 mm) were prepared by a 3D printer (Replicator 2�,

FIG. 3. Fabrication and characterizations of parylene-waveguide array with microelectrodes. (a) Fabrication process of a parylene-waveguide array with

microelectrodes: sputtering sacrificial bottom-Ti layer (a1), parylene-C deposition and Pt sputtering (a2), depositions of parylene-C and -N layers and pattern-

ing by O2 plasma with a mask layer of Ti (Ti is removed after patterning) ((a3) and (a4)), deposition and patterning of the second parylene-C layer (a5), sput-

tering of the second Pt layer and the patterning by RIE ((a6) and (a7)), deposition of the forth parylene-C layer as the upper insulating layer (a8), patterning of

the device substrate of parylene by O2 plasma with a Ti-mask (a9), and releasing of the parylene waveguide substrate by etching the sacrificial bottom-Ti layer

(a10). (b) Photograph of a fabricated waveguide array with a microelectrode packaged with a polymer-based FPC. Film device consists of an array of eight

microelectrode/waveguides with a 1500-lm center-to-center spacing between the waveguides. Each microelectrode is electrically connected via the FPC. Slits

embedded in the FPC are designed for subsequent fiber alignments and couplings. US penny is shown for comparison. (c) Magnitude and phase electrical im-

pedance of the Pt-microelectrode measured in room temperature PBS. (d) Photograph of the experimental setup for light propagation tests of the fabricated

microelectrode/waveguide array. Similar to Fig. 2(d), one waveguide in the array is coupled with an optical fiber (wavelength of LED¼ 438 nm). (e)

Microscope image of the tip section of the microelectrode/waveguide. CCD image of (f) light illumination from the edge of the waveguide and (g) the normal-

ized light intensity distribution, and (h) demonstration of the light illumination from a bent parylene waveguide. Light was illuminated through the waveguide

while the device was bent by tweezers. Scale bars in (e)–(g) are 500 lm.
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MakerBot Inc.) (Fig. 4(a), “Schematic image” and “Side

view”). The results confirm that the attenuated light illumina-

tion is associated with device bending (Fig. 4(a), “LED on”

and “Normalized image”). Compared to the curvature radius

of infinity (the normalized maximum light intensity was set to

1.00), the normalized intensities at the curvature radii of

2 mm, 5 mm, and 10 mm were 0.282, 0.929, and 1.00, respec-

tively (Fig. 4(b)). The calculated data agrees well with the ex-

perimental data (Fig. 2(a)), indicating that the flexible

waveguide can be used for numerous biological tissues with

sub-ten millimeter curvatures (>5 mm) without significant

light attenuation (>90% light intensity).

We propose a parylene-film flexible waveguide, which

has a light source outside of the measurement system, because

this measurement scheme eliminates light stimuli–induced

noise (e.g., electrical signals for the light source of laser or

LED) (Fig. 1(a)). For the optogenetic applications, an outside

light source (e.g., laser, LED)8 can realize a light intensity suf-

ficient to stimulate neurons (> 1 mW/mm2)1,15,16 and provide

numerous wavelengths of light stimuli for optogenetic applica-

tions without replacing the waveguide device, which is in

physical contact with the biological tissue. As demonstrated in

the illumination tests, the mismatches between the optical fiber

and the fabricated waveguide caused the reduced optical power

(1.43 mW/mm2 at the edge of the waveguide), which will be

improved by considering the fiber-waveguide connection (e.g.,

connector/adaptor, mirror,17 lens,18 grating,19 or micro-LED

light source integrated with the waveguide).

According to device bending tests, the proposed device

is applicable to biological tissues with a sub-ten millimeter

curvature without significant light attenuations (>90% light

intensity for >5 mm curvature radius, Fig. 4(b)). The curva-

ture radii of mouse’s and rat’s brain surfaces in the coronal

section are �6.0 mm and �9.7 mm, respectively, which are

obtained at 6-mm caudal from each bregma. Since the light

intensity can be increased with increase in intensity of the

light source, the proposed device can possibly be used for

macaque’s spinal cord, which has a curvature radius of

�3.5 mm. In the optogenetic applications, the waveguide

film enables the conformal wrapping of the tissue, while the

tissue is illuminated. Although herein we discuss the bending

properties of the waveguide, the proposed device should be

applicable to “flat” biological samples, including retina,5,20

brain slices,21 and cultured neurons.15

In the future, we plan to form the waveguide array into a

shank array, which will allow the parylene-waveguides to

penetrate into a tissue and illuminate deep layer neurons. Such

shank-waveguide arrays can be formed by simply utilizing a

shank layout of the parylene-film substrate. These thin-film

flexible shank microelectrode/waveguide arrays can penetrate

into a tissue by using a releasable structural support.3 The

light-evoked electrical activities of the deep layer neurons can

be detected with integrated microelectrodes (Fig. 3(a)), poten-

tially realizing multisite deep-layer optogenetic applications.

The proposed fabrication process allows the integration

of microelectrodes composed of not only Pt but also other

FIG. 4. Experimental results of the light illumination from a bent parylene waveguide. (a) Light illumination from a bent waveguide with various curvature

radii of 2 mm–10 mm. Illumination with “flat” waveguide is also tested (right panels). Panels from top to bottom correspond to schematics of the setup, device

side-view, device top-view, CCD image while illuminating, and the normalized intensity distribution. (b) Normalized maximum intensity taken from the exper-

imental results [bottom panels in (a)]. Intensity values are 0.282, 0.929, 1.00, and 1.00 for the curvature radius of 2 mm, 5 mm, 10 mm, and infinity (flat),

respectively. Theoretical intensity is also graphed. Scale bars in (a) are 500 lm.
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materials, depending on the specific device application. An

organic material such as poly(3,4-ethylenedioxythiophene)

(PEDOT)22 can be used as the electrode in an all organic

material–based device for chronic applications that require a

high biocompatibility. In addition, integration of a transpar-

ent electrode and interconnection, such as indium tin oxide

(ITO),23,24 PEDOT, and grapheme,9 can be used for an

all transparent material–based device, realizing a powerful

tool in simultaneous optogenetic and optical imaging

applications.9

In summary, a flexible thin-film highly biocompatible

waveguide array is fabricated using parylene-based MEMS

fabrication technology. Parylene-C and -N with the different

refractive indices can serve as the clad and core of the wave-

guide, respectively, with wavelengths of 438 nm–580 nm for

optogenetic applications. Both theoretical calculations and

bending tests on prepared waveguides confirm that a light in-

tensity of more than 90% can propagate in a bent waveguide

with a curvature radius of >5 mm. This flexible waveguide

has potential not only for numerous spherical tissues (e.g.,

rodent brain and monkey’s spinal cord) but also for flat tis-

sues (e.g., retina and brain slices). In addition, the waveguide

array can be integrated with microelectrodes, allowing light-

evoked neural activities (ECoG, intracortical LFP, and AP)

to be simultaneously recorded using the same alignment.

These results demonstrate that the proposed parylene-

waveguides can be used for optogenetic applications.

In the future, this electrode/waveguide array will be

used as a multisite penetrating device into a tissue by form-

ing a shank shape on the parylene-substrate. Compared to

the conventional optical devices, this penetrating parylene-

film electrode/waveguide array has the high biocompatibility

and flexibility, in which properties minimize the device pen-

etration�induced neuronal tissue damage. Because the de-

vice features of thin-film flexible multichannel waveguides

and a post-silicon process are feasible, this technology has

the potential for diverse applications, including optical inter-

connections for device-to-device communications25 and op-

tical pressure sensors.26
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