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SUMMARY

The optogenetic probe has proven to be a valuable tool in neurosci-
ence, owing to its specific stimulus properties. Mechanically flexible
optogenetic probes are crucial for chronic and deep brain stimula-
tion, minimizing tissue damage, and improving long-term stability
and reliability. However, the current implantation of flexible poly-
mer probes often requires the use of additional auxiliary tools,
which complicate the surgical process and may cause severe inflam-
matory responses. In this paper, we propose a flexible polymer
waveguide optogenetic probe designed to be inserted directly
and precisely into the target brain area without additional assis-
tance through geometric and mechanical optimization of the probe.
It also exhibits superior long-term performance in minimizing the in-
flammatory response after implantation. We eventually succeed in
modulating mouse locomotor speed by brain secondary motor cor-
tex (M2) stimulation. This study provides a reference for the future
development of flexible waveguide optogenetic probes for reliable
and long-term implantation.
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INTRODUCTION

The comprehension of brain function and the therapeutic management of neurolog-

ical disorders highly hinge upon the ongoing development of sophisticated meth-

odologies to interrogate the intricate workings of the nervous system.1–5 In recent

decades, optogenetic techniques have emerged as potent instruments for precise

and efficacious neural modulation owing to their capacity for cell-specific target-

ing.6–8 For manipulating the activity of specific neurons or neuronal circuits in

deep brain regions, silica optical fibers9,10 serve as the commonly used optogenetic

probes. However, the average Young’s modulus of silica optical fibers is at least five

or six orders of magnitude greater than that of neuronal tissues.9,11 The significant

elastic mismatch can damage the native tissue, leading to severe inflammatory re-

sponses in the brain and neuronal apoptosis in the implanted area.12,13 To address

this problem, stretchable and flexible optoelectronic probes8,14–18 and polymer

waveguide probes19–23 have been developed with reduced tissue inflammation

and sustained stability in the probe performance for chronic implantation. Nonethe-

less, the intricate and costly manufacturing process of implantable optoelectronic

devices, coupled with the challenges of precise, deep, and low-damage implanta-

tion in the brain inherent in flexible polymer (such as Parylene,23 hydrogel,20,24,25
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:jianghanqing@westlake.edu.cn
mailto:kesi@zju.edu.cn
mailto:weigong@zju.edu.cn
mailto:lilan@westlake.edu.cn
https://doi.org/10.1016/j.xcrp.2024.102217
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2024.102217&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS Article
and polymethylhydrosiloxane (PDMS)26,27) probes, have impeded their widespread

adoption in practical applications.

Recently, SU-8, a commonly used epoxy-based polymer with low propagation loss in

the visible spectrum,28 has emerged as a prominent material candidate for optoge-

netic waveguide-integrated probes.29,30 The flexible probe based on SU-8 showed

the exceptional feature of scar-free integration with tissues due to its inherent flex-

ibility with a lower Young’s modulus,31 along with its advantageous characteristics in

experimental studies, such as reduced inflammation response, which has been

consistently corroborated in experimental investigations within the realm of flexible

electronics.31 Despite this, the feasibility and potential merits of using SU-8 as flex-

ible, low-loss waveguide probes for optogenetic brain modulation in animals have

not been thoroughly investigated.

In this study, we develop a simplified approach to constructing a flexible and durable

waveguide probe based on SU-8 for optogenetic modulation (Figure 1A), which

overcomes the fabrication complexity and implantation challenge of conventional

flexible probes. To simplify the implantation procedure, we establish a flexible wave-

guide probe implantation model without additional guiding fixtures by optimizing

the geometric structure of the probe profiles with mechanical analysis (Figure 1B).

The structurally optimized flexible probes can be directly implanted under the con-

dition that the critical buckling force (Fcb) of the flexible probe is greater than the crit-

ical penetration force (Fcp), significantly improving the implantation precision and

reducing the complexity of the surgery. Additionally, mechanical simulation and

bio-experiment results demonstrate that the use of flexible probes effectively de-

creases tissue inflammation following acute and long-term (4-month) periods in

comparison to rigid probes due to the reduced interaction between the adjacent

brain tissue and flexible probes during minor brain tissue micromotion. We then

implant the flexible waveguide probe into the secondary motor cortex (M2) of the

mice and successfully modulate their locomotor speed by delivering stimulation

light (Figure 1C), indicating its operational reliability. This approach presents a

design protocol that offers a paradigm for designing upcoming optoelectronic de-

vices and a prototype of flexible waveguide-integrated optogenetic probes that

could provide a benchmark for future optical human-machine interfaces.
RESULTS

Optical characterization of the SU-8 waveguide

The low transmission loss of the waveguide improves the optical transmission effi-

ciency, stability, and system performance of the device. Therefore, before preparing

the flexible waveguide probe, we first optimized the lithography process of the SU-8

waveguide to reduce the waveguide pattern roughness, which is the key to propa-

gation loss. Sidewall and cross-section images of the waveguide prepared by photo-

lithography are shown in Figures S1A and S1B, showing the smooth and straight

wall, which favors the reduction of the propagation loss. Subsequently, wemeasured

the optical propagation loss of waveguides at different wavelengths using the cut-

back method. The corresponding schematic diagram of the waveguide propagation

loss measurement setup is shown in Figures S2–S4. Waveguides have been found to

exhibit low loss propagation throughout the entire visible spectral range, which is

attributed to their high transmission in this range, as shown in Figure 2A. This feature

makes them a promising candidate for serving as a dual-color or even multicolor

light emitter, allowing them to switch between excitation and inhibition modes

during neuronal modulation.7,32 The results of the optical propagation loss
2 Cell Reports Physical Science 5, 102217, October 16, 2024



Figure 1. Conceptual illustration of a flexible waveguide probe with direct implantation capability and low tissue damage for optogenetic neural

activity modulation

(A) Conceptual diagram of flexible waveguide optogenetic probes for neuronal modulation.

(B) Schematic representation of the mechanical scenario at the surface of brain tissue faced by the flexible probe during implantation (left) and

schematic representation of the state of the flexible waveguide probe compared to the rigid probe in the brain tissue after implantation (right).

(C) Schematic illustration of the elevation of locomotor speed in mice caused by probe stimulation of neurons in the M2 brain region expressing the

corresponding photosensitive proteins.
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measurements of the SU-8 waveguide at 473, 532, 589, and 633 nm are illustrated in

Figures 2B and S1C–S1F and Note S1, respectively. The waveguide presents optical

propagation losses of 4.25 G 0.19 dB/cm at 473 nm, 3.61 G 0.09 dB/cm at 532 nm,

2.80G 0.01 dB/cm at 589 nm, and 2.43G 0.07 dB/cm at 633 nm, showing a superior

propagation loss to that of flexible Parylene C waveguides23,33 and other materials,

like silicon nitride (Si3N4)
34,35 and titanium dioxide (TiO2),

35,36 as compared in

Table S1. From the perspective of the working wavelength, the SU-8 waveguide

demonstrates a relatively low propagation loss within the 470–650 nm range, with
Cell Reports Physical Science 5, 102217, October 16, 2024 3



Figure 2. Fabrication and optical performance characterization of flexible waveguide probe

(A) Side-view dark-field images of the waveguide at different l (scale bar, 2.5 mm).

(B) Measured optical waveguide propagation loss at the wavelength of 473, 532, 589, and 633 nm. Data are represented as mean G standard deviation.

The error bars originate from multiple tests over 5 samples.

(C) Fabrication process diagram of the flexible waveguide probe.

(D) Photo image of a well-encapsulated flexible waveguide probe (scale bar, 1.5 cm). The inset shows a cross-section of the probe (scale bar, 1 cm).

(E–G) The digital photographs of a free-standing waveguide probe: (E) cross-section view (scale bar, 200 mm), (F) side view (scale bar, 1 mm), and (G) top

view (scale bar, 1 mm).
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its additional biocompatibility making it suitable for optogenetic applications in the

visible spectral range.

Fabrication and encapsulation of flexible waveguide probes for optogenetic

stimulation

Leveraging its appropriate optical performance, we further developed the SU-8

waveguide into a flexible optogenetic stimulation probe. Compared with its rigid

counterpart (SU-8 waveguide on a rigid silicon shank; Note S2; Figure S5), our

demonstrated flexible waveguide probes exhibit superior benefits in the fabrication

process, mechanical stability, and biocompatibility. Explicitly speaking, flexible

probe technology can be achieved with a reduced number of steps in the

manufacturing procedures and fewer technical difficulties, highly improved experi-

mental efficiency, and reduced costs. Figure 2C reveals the preparation process
4 Cell Reports Physical Science 5, 102217, October 16, 2024
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diagram of the flexible probes. The details of the fabrication process are shown in

Note S3. Waveguides are fabricated on oxide using UV photolithography. We em-

ployed a combination of hydrofluoric acid (HF) wet etching and dissociation to

release flexible probes as an alternative to the conventional back silicon etching

approach, thereby reducing the number of process steps and the complexity. For

optical packaging, the scheme of a conventional optical fiber for rigid silicon probes

uses a U-groove.29 However, after probe implantation, the adhesion between the

bare fibers and the chip was susceptible to breakage due to the pulling force exerted

during mouse movement, as illustrated in Figure S6. To resolve this issue, we devel-

oped an original encapsulation protocol to improve the mechanical stability of the

probe system after the implantation procedure, as shown in Figure 2C. Through

three-dimensional (3D) printing technology, a groove-shaped polymer platform

was printed, and a probe chip was fixed to the platform’s front end. The optical fiber

was connected to the probe through an alignment platform (Figure S7), and its

connection was reinforced with an adhesive. An image of a well-encapsulated flex-

ible waveguide probe is shown in Figure 2D. Thus, when the mouse moved, the

generated force was loaded to the whole packaging platform rather than the adhe-

sion area of the optical fiber to the chip (Figure S6), ensuring the robustness of the

implanted probe throughout the mouse’s movements. In contrast to recently re-

ported polymer-based optogenetic probes such as Parylene C,23,33,37 our flexible

SU-8 waveguide probes stand out for their convenient fabrication process.

Compared to hydrogel, which is frequently used to prepare flexible optical fi-

bers,19,24,25,38 SU-8 has superior and long-term stability in liquid environments,

such as brain tissue. When the polymer probe is released into a free-standing state,

severe deflection usually occurs at the tip of the flexible probe. This indicates that

the probe is excessively flexible and unable to bear its weight, potentially limiting

its ability to reach the target area31,39 through the stereotaxic surgery platform. In

contrast, Figures 2E–2G and S8 display the flexible suspended waveguide in probes

with light delivery. We observed that the released flexible probes exhibit nearly

imperceptible deflection in the horizontal direction. This behavior can be attributed

to the structurally optimized probe’s suitable flexural stiffness, which is essential

for precise and direct implantation, eliminating the necessity for rigid guiding

fixtures.37,40 When the laser individually emitted 1 mW light at the wavelength

of 473 nm, the output optical power density of the waveguide probe was

43.3 mW/mm2, which exceeded the thresholds for optogenetic stimulation of chan-

nelrhodopsin-2 (ChR2) opsin (1 mW/mm2),41 indicating our outstanding and well-

packaged encapsulation technology.

Design and analysis of flexible waveguide probes for assistance-free

implantation

Owing to the inherent flexibility of polymers, implanting polymer-based flexible

probes in biological tissues directly, without external assistance, poses challenges

for surgical operators. In terms of insertion, assistance-free implantation of the flex-

ible probe must address the primary issues of maintaining elastic stability and pre-

venting buckling during insertion. This necessitates direct implantation theory

(DIT), which posits that a flexible probe must have an Fcb greater than the Fcp to

ensure successful and safe implantation. First, we performed a finite element anal-

ysis (FEA) to quantitatively evaluate the mechanical behaviors of SU-8, silicon, and

silica optical fiber probes, respectively (see Note S4 for details). The von Mises

stress, which is an effective indicator for predicting the yielding and failure of mate-

rials under loading, is presented in Figure 3A for the three probes at the point of

buckling. In the coordinate system shown in the figure and used in this study, the

y axis aligns with the length of the probe, the z axis with its width, and the x axis
Cell Reports Physical Science 5, 102217, October 16, 2024 5



Figure 3. Mechanical analysis of flexible waveguide probes during implantation and probe-tissue interactions under brain micromotion

(A) Simulation of von Mises stress at buckling for probes made of flexible SU-8, rigid silicon, and silica optical fiber. The bends (or buckles) of the probes

occur along the y axis direction.

(B) Experimentally obtained and calculated the critical bucking force of flexible waveguide probes with different lengths and widths. The light blue dots

represent the theoretical calculation of the critical buckling force. The dark shaded and light shaded regions indicate the dimensions of the

implantable/non-implantable probes verified through implantation surgery. The inserted plot demonstrates the calculated Fcb in comparison with the

measured Fcp at implantation velocities of 5 (red dot) and 10 mm/s (blue dot) for flexible waveguide probes with a width of 200 mm and various lengths.

(C and D) Insertion of the flexible waveguide probe into the phantom brain (white jelly with matching Young’s modulus of the mouse’s brain) (scale bar,

1 mm) (C) and actual brain tissue (scale bar, 500 mm) (D) of a male wild-type mouse under anesthesia.

(E) Comparison of the collected Fcp for flexible waveguide probes with different implantation speeds. The inset is the Fcp curve of the flexible waveguide

probe at implantation velocities of 5 and 10 mm/s, respectively. Data are represented as mean G standard deviation. The error bars are derived from

multiple tests (5 mm/s) over 11 samples and 7 samples (10 mm/s), respectively.

(F) Simulated von Mises stress profiles within the brain tissue for probes based on flexible SU-8, rigid silicon, and silica optical fiber under 100 mm lateral

micromotion (along the x axis direction) of the brain tissue. The interaction force mainly exerts on the z-y plane of the probes. Scale bars in three

enlarged diagrams of the probe tips represent 15, 15, and 25 mm.
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with its thickness. Compared with the rigid bare silicon (without the SU-8 waveguide

on silicon) and the silica optical fiber probe, the SU-8 buckled at a much smaller

stress level (at least two orders of magnitude smaller), indicating that the flexible

probe was more prone to bending than the rigid probe. However, the negligible

deflection under its weight (as shown in Figure 2F) suggests that the flexible wave-

guide probe can be stable enough to achieve implantation without any guiding

fixture. To ensure that the probe withstands the forces exerted on it during implan-

tation without buckling or failure, Fcb should exceed Fcp. Thus, we first illustrated the

effect of the size of the flexible probe on its Fcb and insertion through theoretical
6 Cell Reports Physical Science 5, 102217, October 16, 2024
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calculations using both Euler-Bernoulli beam theory and implantation experimenta-

tion. The details are discussed and shown in Note S5. As shown in Figure 3B, with the

elongation of the flexible probe and the reduction in its width, there is a gradual

decrease in the Fcb (light blue dots) of the flexible probe, rendering its unassisted

implantation more challenging (the light shaded region), as verified through implan-

tation surgery.While shorter and wider probes demonstrate relatively higher Fcb and

can be implanted smoothly into the brain tissue (the dark shaded region) without any

guiding fixture, they impede deep brain stimulation owing to their limited insertion

depth. Therefore, the trade-off between the probe insertion conditions and opera-

tional requirements was carefully considered to ensure the functionality and utility of

the probes. The direct implantation experiment of a flexible waveguide probe

without assistance was successfully demonstrated in both a phantom brain and a

real mouse brain, as shown in Figures 3C, 3D, and S9 and Video S1.

We also considered the effect of the speed at which the probe was inserted during

implantation (Figure 3E). The inset of Figure 3E shows the mechanical test curve of

the penetration force at the tip of the flexible waveguide probe at the time of implan-

tation at different insertion speeds. The sudden drop in the curve signifies the pene-

tration of the flexible probe into the brain tissue. Hence, the force value correspond-

ing to the point of this sudden drop represents Fcp (see Note S6 for details). We

found that the influence of the needle insertion speed on Fcp at the current scale

was negligible (Figure 3E). There must be a strong correlation between the penetra-

tion force and other factors, such as the probe type, animal species, age, and target

tissue area.42 To verify DIT, we compared the Fcp measured by flexible waveguide

probes of different lengths with their corresponding Fcb, as indicated in the inset

of Figure 3B. The Fcp of probes shorter than 2.5 mm was found to be below their cor-

responding Fcb, suggesting that these probe lengths are suitable for direct implan-

tation in mouse brains, providing quantitative validation for the implantation exper-

iment. If both conditions (negligible deflection of flexible probes and Fcb > Fcp
during implantation) are simultaneously met, the risk of buckling during insertion

can be avoided, thereby achieving implantation without requiring external auxiliary

methods. Our findings may predict the probability of successful implantation of an

unknown-sized flexible probe system based on similar mechanical properties.

We further investigated the mechanical interactions between the biological tissue

and flexible waveguide probes. Due to the planar geometry of the probe and the

limited adhesive properties between SU-8 and biological tissue,43 the predominant

mechanical interaction between the probe and surrounding brain tissue is primarily

governed by probe bending.21,38 Therefore, the bending stiffness of the flexible

waveguide probe is the key parameter for the interaction between tissues and

probes.38 In Figure S10, the characterized bending stiffness of the flexible SU-8

probe (2.1 3 10�2 N/m) is two orders of magnitude smaller than those of the silica

optical fiber probe (8.6 N/m) and the rigid bare silicon probe (2.2 N/m) due to the

lower Young’s modulus of SU-8, making it a favorable choice for minimizing the

biomechanical impact on surrounding brain tissue.31,44 The details of the measure-

ments are presented in Note S7. To study the mechanical interaction between im-

planted flexible waveguide probes and brain tissue, we developed a finite element

model that simulates micromotion in the brain under physiological conditions

(Figures 3F, S11, and S12; Note S8; Videos S2, S3, and S4). The section of the simu-

lationmodel in Figure 3F is intercepted along the x direction, as shown in Figure S11.

The numerical analysis demonstrates that a flexible waveguide probe with lower

bending stiffness results in a lower stress level within the surrounding tissue during

micromotion simulation compared to rigid bare silicon probes and silica optical
Cell Reports Physical Science 5, 102217, October 16, 2024 7



Figure 4. In vivo inflammation response comparative tests

(A) Immunohistochemical comparisons of tissue responses after probe implantation at different periods. Representative immunohistochemistry images

tagged with Ibal (red), GFAP (green, left), CD68 (cyan), and Iba1 (green, right) in the vicinity of the flexible waveguide probes, rigid bare silicon probes,

and commercial silica optical fibers for 3 days, 2 weeks, 4 weeks, and 4 months following the implantation, respectively (zoomed-in images, related to

Figure S13). Cell nuclei were stained by 40 ,6-diamidino-2-phenylindole (DAPI; blue). The white dashed lines indicate the contact boundary between the

implanted probes in mouse brain tissues. All scale bars, 100 mm.

(B–E) Quantitative comparisons of mean immunofluorescence regions of Iba1 (B), GFAP (C), CD68 (D), and IgG (E) near flexible waveguide probes, rigid

bare silicon probes, and a commercial silica optical fiber at 3 days, 1 week, 2 weeks, 4 weeks, 3 months, and 4 months after implantation. Two-way

ANOVA with multiple comparisons correcting; for GFAP, N = 4 trials each duration of different probes; for IgG, N = 4.17 trials each duration of different

probes. All the brain sections were collected from 36 male wild-type mice. *p < 0.05, **p < 0.01, and ****p < 0.0001.
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fibers. Thus, the flexible waveguide probe can minimize shear damage resulting

from brain micromotion.
In vivo inflammation response comparative tests with flexible/rigid probes

To further verify the low tissue damage of the flexible waveguide probe after implan-

tation in vivo, we demonstrated the tissue inflammation response of the flexible

waveguide probe, commonly used rigid bare silicon probes with nearly the same ge-

ometry and dimensions, and commercial silica optical fibers. The tissue inflamma-

tion response at different periods after implantation was evaluated through immu-

nohistochemistry analysis of foreign body reactions, validating the advantage of

the flexible probes in reducing tissue inflammation. A description of the experiments

is provided in Note S12. To assess the foreign body response to the probes, we

selected specific markers for analyzing their expressions at the implantation site of

mouse brain tissues, as depicted in Figure 4A. Specifically, we employed astrocyte

glial fibrillary acidic protein (GFAP) for identifying glial scarring, ionized calcium-

binding receptor molecule 1 (Iba1) for labeling microglial cells, the cluster of differ-

entiation 68 (CD68) for detecting macrophage activation, and immunoglobulin G

(IgG) as a marker to assess blood-brain barrier integrity. After implantation of the

probes into the mouse brain for durations of 3 days, 1 week, 2 weeks, 4 weeks,

3 months, and 4 months, the mouse brain tissues were collected for coronal
8 Cell Reports Physical Science 5, 102217, October 16, 2024
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sectioning. The expression of the aforementioned marker proteins was labeled to

compare the differences in tissue inflammation responses among the three types

of implants using immunohistochemistry.

In the initial stage, the tissue reaction to the implanted probes is primarily influenced

by the effects of insertion, such as acute tissue damage during the implantation pro-

cess.31,45 Over the long term, in contrast, the predominantly influential factor on tis-

sue response is the chronic interaction between the tissue and the implants, specif-

ically pertaining to factors such as micromotion.46,47 Therefore, as shown in

Figures 4B–4E, 3 days after implantation, the expression of biomarkers proximal

to the flexible waveguide probe exhibited a marked reduction compared to that

surrounding the silica optical fiber. Conversely, the tissue reaction to the rigid

bare silicon probe resembled that of the flexible waveguide probe, owing to their

analogous geometries. After a prolonged implantation time (1, 3, and 4 months),

the flexible waveguide probe demonstrated a markedly diminished foreign body

response in comparison to both the rigid bare silicon probe and the silica optical fi-

ber (Figures 4B–4E), indicating the advantages of the flexible waveguide probe in

reducing the inflammation of the foreign body reaction in brain tissue.
In vivo behavioral modulation experiment in mice

To validate the efficacy of the flexible SU-8 waveguide optogenetic system in rodent

brain studies, we utilized a 473 nm wavelength laser to precisely stimulate the right

M2 neurons of male Thy1-Cre transgenic mice expressing ChR2 (Figure 5A) to

recreate the previous study on motion speed change behavior.48 The details of

the related behavioral experiments are described in Notes S9–S11 and S13–S15.

We conducted post hoc histological validation to confirm M2 pyramidal neurons ex-

pressing ChR2, as presented in Figure 5B. Images of mice in the convalescent period

after implantation surgery are shown in Figure 5C. Mice were placed individually in a

cylindrical chamber to replicate the optogenetic experiment by the system, as illus-

trated in Figure S14. A controlled experimental step involving alternating epochs of

2 min blue light emission and 2 min periods without light emission was achieved

through a signal generator. Video tracking software was used to monitor the loco-

motion of mice within the designated area. A control experiment was conducted

to ensure the consistency of the stimulation parameters in mice using a 589 nm laser

that operates within the non-sensitive range of ChR2. The results demonstrated that

photostimulation of ChR2-expressing mice with blue light, but not yellow light,

effectively increased their locomotor speed. Compared to the light-off epoch, the

optogenetic system based on the flexible waveguide probe effectively realized a

10% increase in locomotor speed in ChR2-expressing mice (Figures 5D and 5E).

These findings suggest that implantation of the flexible waveguide probe can suc-

cessfully transmit visible light, enabling optogenetic perturbation of neurons in

the motor cortex, indicating its efficacy. The effectiveness of optogenetic activation

was further verified by c-Fos staining in the stimulated region, as illustrated in

Figures 5F–5H and S15. Photoactivation of the M2 region using the flexible wave-

guide probe validates its optogenetic efficacy and refines the procedure of probe

implantation and bio-experimental testing.
DISCUSSION

In this study, we present a flexible waveguide probe that obviates the need for sup-

plementary external auxiliary implantation for optogenetic stimulation in mice’s

brains. The implantation model was optimized by refining the geometric dimensions

of the probe profile and integrating the mechanical calculations with experimental
Cell Reports Physical Science 5, 102217, October 16, 2024 9



Figure 5. Animal behavior experiment

(A) Illustration of the virus injection.

(B) Imaging of ChR2 photosensitive protein expression (M2) region on the right of the white dotted line (DAPI in blue). Both scale bars, 100 mm.

(C) Photograph of mice recovering from the probe implantation surgery (scale bar, 2 cm).

(D) Motion velocity changes of mice in the control group at 589 nm wavelength and the experimental group at 473 nm wavelength in light and non-light

time. N = 3 mice in the control group; N = 4 mice in the experimental group.

(E) Quantitative statistical comparison chart between the control and the experimental group. In the experimental group, 473 nm of light could induce

mice to move faster. Two-way ANOVA (Fisher’s least significant difference [LSD] test), **p < 0.01. NS is non-significance, meaning that there is no

difference between the two groups.

(F) c-Fos-positive cells are predominantly expressed below the flexible waveguide probe implantation area (scale bar, 100 mm).

(G) Confocal images of c-Fos expression in the corresponding region on the 473 nm light stimulation side (stimulation) and the contralateral side

(control). Both scale bars, 100 mm.

(H) Quantification of the percentage of c-Fos-positive cells in (G) relative to the NeuN-positive cells in the same field of view. Unpaired t test with p =

0.0476.
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validation. This model helps to predict the successful and precise implantation of

mechanically flexible neural probes. As long as the feature contour information of

the flexible probe falls within the implantable range of the model, researchers can

implant the flexible probe directly without any additional assistance, which is user

friendly for surgical operators. Following the establishment of the implantation

model, we present a convenient approach for fabricating flexible waveguide probes

made of polymer with low propagation loss and long-term minimal inflammatory re-

sponses to brain tissue. Compared to traditional rigid silicon probes, the prepara-

tion process of flexible probes involves fewer steps and requires less manufacturing

time. Furthermore, the lower bending stiffness of the polymer-based flexible wave-

guide probes minimizes the relative interaction with the brain tissue, thereby

reducing the risk of damage and inflammatory response. The successful modulation

of the mouse movement speed using these probes underscores their reliability and
10 Cell Reports Physical Science 5, 102217, October 16, 2024
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effectiveness in neuroscientific research. Our findings not only address process con-

cerns but also provide valuable insights for the development of flexible optoelec-

tronic optogenetic tools. These advancements hold promise for future applications

in neurology science, offering innovative solutions for studying brain functions and

behaviors.

Although flexible waveguide probes have demonstrated certain advantages in miti-

gating tissue reactions and reducing the complexity of implantation surgery, there

are several areas that warrant further expansion in terms of functional development

and probe application. First, the current coupling and packaging of the probe with

optical fibers impose limitations on the range of movement of the mice. The integra-

tion of an on-chip diode-pumped laser32 with a flexible waveguide probe, along with

the incorporation of wireless functionality and signal transmission, represents an

enhanced approach. Furthermore, although here wemainly focus on the low-trauma

characteristics of flexible waveguide probes for brain tissue and solving the problem

of difficult implantation of flexible waveguide probes, this platform technology may

provide different strategies for the integration of flexible multifunctional waveguide-

based optogenetic probes. For instance, by incorporating inorganic waveguide ma-

terials into SU-8, high-refractive-index contrast structures35,36,49,50 can be formed,

reducing the device dimensions and achieving a denser integration of multifunc-

tional devices. Finally, more intricate geometric profile structure optimization tech-

niques can be used to further improve the implantation depth of the flexible

probe.51 The progress demonstrated by this work offers valuable insights for

designing and developing flexible waveguide probes that producers can efficiently

prepare and that are user friendly for surgical operators in future applications. It also

holds great potential for long-term experimentation and monitoring of chronic

diseases.
EXPERIMENTAL PROCEDURES

Experimental animals in the mechanical analysis, inflammation comparison,

and behavioral modulation

All the implantation surgeries of mechanical analysis were performed in two anesthe-

tized 8-week-old C57BL/6 mice, with brain tissue exposed through a cranial window.

The implantation experiments of inflammation comparison were performed on 36

male wild-type C57BL/6 mice (8–10 weeks old). The behavioral modulation experi-

ments used four male Thy1-Cre transgenic mice obtained from the Jackson Labora-

tory (FVB/N-Tg(Thy1-cre)1Vln/J, stock no. 006143). All animal experiments were

conducted following the guidelines for the Care and Use of Laboratory Animals of

Zhejiang University, which were approved by the Committee for Animal Experiments

of Zhejiang University. Other related details are presented in the supplemental

information.
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