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Multimodal neural probes for combined
optogenetics and electrophysiology
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SUMMARY

To understand how brain functions arise from interconnected neural networks, it
is necessary to develop tools that can allow simultaneous manipulation and
recording of neural activities. Multimodal neural probes, especially those that
combine optogenetics with electrophysiology, provide a powerful tool for the
dissection of neural circuit functions and understanding of brain diseases. In
this review, we provide an overview of recent developments in multimodal neural
probes. We will focus on materials and integration strategies of multimodal neu-
ral probes to achieve combined optogenetic stimulation and electrical recordings
with high spatiotemporal precision and low invasiveness. In addition, we will also
discuss future opportunities of multimodal neural interfaces in basic and transla-
tional neuroscience.

INTRODUCTION

Human central nervous system consists of billions of neurons that are of various types and intercon-
nected through trillions of connections to form a multitude of neural networks, making the brain a power-
ful information processor (Herculano-Houzel, 2009). A central goal of neuroscience is to understand how
animal behaviors are controlled by neural circuit activities (Frank et al., 2019; Kuo et al., 2018; Vazquez-
Guardado et al., 2020). To achieve this goal, it is necessary to develop multimodal tools that are capable
of manipulating and recording the activities of specific types of neurons at high spatiotemporal resolu-
tion. Moreover, the development of multimodal neural interfaces offers important opportunities in
translational and clinical research, such as the treatment of neurological disorders and brain-computer
interfaces (BCls).

Conventional neural modulation approaches include electrical stimulation through implanted depth elec-
trodes and pharmacological modulation through systemic perfusion or localized cannula injection into tar-
geted brain regions. Electrical stimulation can activate neural activities at millisecond resolution and has
been one of the most widely applied tools in basic and clinical applications, such as seizure control and
bradykinesia relief in Parkinson disease. However, electrical stimulation lacks cell-type specificity (Borchers
et al., 2012; Chen et al., 2017). Meanwhile, high current density is sometimes required to elicit a response
during electrical stimulation, which can produce excessive heat and cause tissue damage at electrode-tis-
sue interface (Cogan, 2008). Pharmacological modulation can allow for cell-type specific activation or inhi-
bition of neural activities. However, pharmacological modulation is limited by poor temporal and spatial
resolution due to the slow and diffusive nature of drug delivery (Won et al., 2020).

Optogenetics combines genetic and optical methods to control neural activities with light (Deisseroth,
2011; Han et al., 2009; Paoletti et al., 2019; Pastrana, 2011). In optogenetics, genetic methods are utilized
to selectively express light-sensitive opsins, including excitatory channelrhodopsin (e.g. ChR2) and inhib-
itory halorhodopsin (e.g. NpHR), in specific types of cells (Chen et al., 2021; Deisseroth, 2015; Gradinaru
et al., 2008; Zhang et al., 2010). Light activation of these opsins can active or inhibit cellular excitability
at millisecond precision (Arenkiel et al., 2007; Boyden et al., 2005; Zhang et al., 2008). As a result, optoge-
netics can modulate neural activities with both cell-type specificity and high temporal precision, which is
unattainable with traditional electrical stimulation or pharmacologic modulation (Chen et al., 2017; Tehov-
nik, 1996; Vazquez-Guardado et al., 2020). Over the past decade, optogenetics has significantly improved
our understanding of not only neural circuit functions underlying natural behaviors but also the synaptic
and neuronal defects that lead to neurological disorders (Gradinaru et al., 2009; Kim et al., 2017; Kohara
etal., 2014; O'Sheaetal., 2018; Tsai et al., 2009; Tye et al., 2011; Tye and Deisseroth, 2012; Won et al., 2020).
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Figure 1. Combined optogenetics/electrophysiology in the Brain

(A) Optogenetic tool families: ChR2 from Chlamydomonas reinhardtii and VChR1 from Volvox carteri, which are cation-
conducting channels; NpHR from Natronomonas pharaonis, which is a chloride pump; optoXR is engineered synthetic
rhodopsins for the optical control of well-defined intracellular biochemical signaling. Useful light wavelengths for each
are indicated. Panel A is reproduced from Zhang et al. (2010).

(B) Schematic of combined optogenetics/electrophysiology, including viral injection, optical fiber implantation, and
microelectrode implantation.

To understand how information is processed in neural networks, it is necessary to monitor the activities of
neurons at high spatiotemporal resolution (Arenkiel et al., 2007; Anikeeva et al., 2012; Buzsaki et al., 2015;
Cardin et al., 2010). Implantable neural probes that transduce extracellular ionic currents into electrical sig-
nals are the most widely applied tool to record neural actives at single-cell and sub-millisecond resolution
(Hong and Lieber, 2019; Steinmetz et al., 2020). Bioelectrical pulses of individual neurons can be detected
by implanted microelectrodes as extracellular action potentials (APs), whereas the collective transmem-
brane currents from multiple neurons can be detected as local field potentials (LFPs). Combining multi-
channel electrical recording with optogenetics can allow for simultaneous recording and modulation of
specific types of neurons in target brain regions, which is essential to establish their functions in information
processing and animal behavior (Chen et al., 2017; Jeong et al., 2015).

Over the past years, combined optogenetics/electrophysiology techniques have been demonstrated as a
powerful tool to dissect the causal relationships between neural activities and behavior outputs. However,
there remains a series of challenges in current combined optogenetics/electrophysiology techniques,
including limited spatial resolution and tissue damages. This review provides an overview of recent devel-
opments in multimodal neural probes for simultaneous optogenetic modulation and electrical recording.
We first identify the challenges associated with current combined optogenetics/electrophysiology tech-
niques. Next, we focus on materials and integration strategies of multimodal neural probes for combined
optogenetics/electrophysiology with high spatiotemporal precision and low invasiveness. In addition, we
also discuss the opportunities of multimodal neural interfaces in basic and translational neuroscience.

COMBINED OPTOGENETICS/ELECTROPHYSIOLOGY TECHNIQUES

Challenges in combined optogenetics/electrophysiology techniques

Current combined optogenetics/electrophysiology techniques mainly consist of (1) viral delivery for the
expression of light-sensitive opsins in specific types of cells, (2) optical fiber implantation for neural stimula-
tion, and (3) microelectrode implantation for extracellular recording (Figure 1). The virus injection and optical
fiber/microelectrode implantation were usually carried out through two separate surgeries (Arenkiel et al.,
2007; Cardin et al., 2010; Zhang et al., 2010). A virus vector solution is firstly delivered to a targeted brain re-
gion, mostly through stereotaxic injection, to express light-sensitive opsins in specific types of cells. Then a
second surgery is carried out to implant an optrode device, consisting of an optical fiber and microelectrodes,
into the same region for neural stimulation and recording (Zhang et al., 2010). Although combined optoge-
netics/electrophysiology techniques have been demonstrated as a powerful tool for dissecting the causal
roles of different neural subtypes in neural circuit functions, there still remains a series of technical challenges
that need to be solved in order to fully exploit their potentials. For example, visible-light illumination from a
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Table 1. Multimodal neural probes for combined optogenetics and electrophysiology

Ref Light source

Probe material

Dimensions

No. of stimulation
& recording sites

Benefits

Integration
process

Stark et al. (2012)  Diode-optical fiber

Silicon/Optical

Diameter: 60-70 um

Sti: 6; 8

Large spatial

Royer et al. (2012) assembly; Laser: 470, fiber Rec: 10 X 6;8 X 8 coverage
589, 639 nm; 561 nm
Wau et al. (2015) uLEDs; Laser: 460 nm  Silicon Thickness: 30 um; Sti:3x 4 High spatial
Width: 70 um; precision
WLED: 11 x 13 pm? Rec: 8 x 4 High density
Kim et al. (2013) uLEDs; Polymer Thickness: 20 um; Sti: 4 Tetherless
Laser: 450 nm Width: 400 um; Flexibility
WLED: 50 x 50 um? Rec: 8 Long-term
stability
Lin et al. (2017); UCNP; Tungsten Diameter: ~80 um Sti: 1 Tetherless
Lin et al. (2018) Laser: 980 nm wire Rec: 1 Remote light source
Canales et al. Polymer; Polymer Diameter: ~85 pm Sti: 1 High throughput
(2015); Laser: 473 nm Flexibility
et (201) Rec: 1 Long-term stability
Jiang et al. (2020)  Polymer; Polymer Diameter: ~250 um Sti: 1 High throughput
Laser: 473 nm Rec: 5,7 Large spatial
coverage
Zou et al. (2021) Optical fiber; Polymer Diameter: ~80-220 uym  Sti: 1 High spatial
Laser: 473, 589 nm precision
Flexibility
Rec: 33 Long-term
stability

Manual assembly

Microfabrication

Microfabrication

Manual assembly

TDP

TDP

Elastocapillary
self-assembly

conventional optical fiber usually spreads over hundreds of micrometers to 1 millimeter in the brain (Anikeeva
et al., 2012; Pisanello et al., 2017, Royer et al., 2010), which can cause undesirable modulation of neighboring
brain regions. The large illumination volume also makes it difficult to separate directly activated neurons from
population-mediated neurons (Buzséki et al., 2015; Royer et al., 2010). In addition, the large sizes and mechan-
ical stiffness of conventional optical fibers and recording microelectrode devices can cause chronic immune
reactions and neuronal cell loss around implanted optrodes, limiting their applications in chronic studies. It is
thus highly desirable to develop multimodal neural interfaces with high spatial precision and low invasiveness.
Recently, a series of important progress have been made in developing multimodal neural interfaces to
address these challenges, which we discuss later (Table 1).

High spatial-resolution optogenetics and electrophysiology

Conventional optrodes are usually manually assembled from optical fibers and microelectrode devices, such as
tetrodes or silicon probes. The diameter of a conventional optical fiber is around 200 pm. During optogenetic
stimulation, visible light is emitted from the optical fiber in a conical pattern, then scattered and absorbed as it
passes through the optically inhomogeneous brain tissue. Previous studies have shown that illumination from a
conventional optical fiber can activate or inhibit opsin-expressing neurons within a distance of several hundreds
of micrometers to 1 mm (Anikeeva et al., 2012; Airan et al., 2009; Li et al., 2019). On the other hand, microelec-
trodes can only record from neurons within ~60 pm because extracellular action potential signals decrease
exponentially with the distance from neurons (Buzséki, 2004). As a result, the sizes of optogenetically modulated
neuronal populations are typically orders of magnitude larger than that can be electrically recorded, rending
difficulty in assigning the functional roles of the recorded neurons (Buzséki et al., 2015; Royer et al., 2010). More-
over, high light intensity used in conventional optogenetic modulation can generate superposition of multiple
spike waveforms and considerable light artifacts in recorded electrical signals (Kozai and Vazquez, 2015).

To control light illumination volumes during optogenetic modulation, Stark et al. thinned 200-um-diameter op-
tical fibers down to a diameter of 60-70 um and sharpened their tips through chemical etching (Figure 2A) (Stark
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Figure 2. Multimodal neural probes for high spatiotemporal optogenetics and electrophysiology

(A) Schematic and picture of a diode-optical fiber assembly.

(B) Optical images of a fiber-probe array. Each fiber-probe array consists of 6 diode-fiber assemblies attached to separate shanks of a six-shank silicon probe.
The optical fibers can be separately controlled for localized delivery of light.

(C) Controlled light illumination by fiber-probe arrays. Four shanks in the top panel are used to deliver blue light, and two shanks in the bottom panel are
used to deliver blue and red light.

(D) Spatially localized light delivery and neural activation by a fiber-probe array. Panels A to D are reproduced from Stark et al. (2012).

(E) Schematic of simultaneous stimulation and recording of single-unit activity in the hippocampus. Four shanks of an eight-shank silicon probe were
attached with diode-fiber assemblies.

(F) Peristimulus histograms of neuronal responses to light pulses that aligned to their respective recording shanks in panel E.

(G) Magnified views of the red dashed boxes in panel F.

(H) Percentage of cells (black, 69 PV cells and white, 722 non-PV cells) with decreased and increased firing rates for each shank. Panels E to H are reproduced
from Royer et al. (2012).

(1) LLED-based multifunctional probe. Each shank of the probe is integrated with three interspersed pLEDs and eight Ti/Ir recording sites. Inset is the SEM
image of the probe. Scale bars, 70 pm and 6 pm (inset).

(J) Estimated light output and attenuation when propagating through the brain ambient.

(K) Spiking of a typical pyramidal cell (red triangle) and interneuron (blue circle) during illumination. Panels G to K are reproduced from Wu et al. (2015).

et al., 2012). Each thin optical fiber was then integrated with a light-emitting diode (LED) for localized light de-
livery and photostimulation (Figures 2B and 2C). For combined optogenetics/electrophysiology, each diode-fi-
ber assembly was attached to a silicon probe with a gap of only 3040 um. Owing to the small gap between the
optical fiber and the recording sites on the silicon probe, a small amount of light (<200 um) from the optical fiber
could cover the entire range of the recording sites. Low light intensity also effectively prevented optical artifacts
and spike superposition in the recorded electrical signals. To enable multisite optogenetic stimulation and
neuronal recordings, they further constructed an optoelectronic array by attaching multiple diode-fiber assem-
blies to multishank silicon probes (Figure 2D). Each diode could be controlled separately, allowing for localized
light stimulation and recording of the stimulated neurons. As an application example, the optoelectronic array
was used to focally silence either parvalbumin (PV)- or somatostatin (SOM)-expressing interneurons during
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simultaneous recording of place cell activities in hippocampal area CA1 (Figures 2E-2H) (Royer et al., 2012). They
found that perisomatic and dendritic inhibition have distinct roles in controlling the rate, burst, and timing of
hippocampal pyramidal cells (Shin et al., 2017; Wu et al., 2013; Zorzos et al., 2010).

To achieve high-precision and large-scale optogenetic modulation, microscopic light emitting diodes
(LLEDs) can be used to replace optical fibers as implantable light sources (Kim et al., 2013, 2020a; Scharf
et al., 2016; Schwaerzle et al., 2013; Wu et al., 2015). For example, Wu et al. monolithically integrated
GaN-based pLEDs and recording microelectrodes, with less than twenty micrometers of distance in be-
tween, onto silicon probes using microfabrication techniques (Wu et al., 2015). Each pLED and recording
microelectrode had dimensions similar to a pyramidal neuron soma (Figures 2| and 2J). The uLED provided
tunable illumination power, thus the tissue volume receiving sufficient power to activate ChR2 could be
tuned to match the tissue volume within the recording range of its surrounding microelectrodes (Figures
2K). Owing to the close distance between the pLED and its surrounding microelectrodes, light illumination
at 60 nW could robustly induce spiking signals, whereas light illumination at the microwatt range could
induce fast population oscillations. To demonstrate the scalability of the method, they fabricated a four-
shank probe, with each shank consisting of 12 pLEDs and 32 recording microelectrodes. The four-shank
probe was implanted into the CA1 pyramidal layer in both anesthetized and freely moving mice for simul-
taneous optogenetic stimulation and electrical recording. Notably, the spatial congruence between opto-
genetically modulated and electrically recorded neuronal populations, combined with the miniaturized
sizes of the optoelectronic components, allowed for cellular-level circuit analysis in freely moving mice.
Recently, Kim et al. further extended the capability of the monolithically integrated optoelectrode
device for large-scale, high-precision optogenetics and electrophysiology. The device was named
HectoSTAR because it could provide optical stimulation to more than one hundred stimulation sites
located amid more than 250 recording microelectrodes. HectoSTAR represents one of the most advanced
tools for the analysis of wide-ranging, high-density neural circuits at the anatomical resolution (Kim et al.,
2020b).

Multimodal probes for low invasive neural modulation and recording

Low invasive neural modulation and recordings offer important opportunities for both basic and applied
neurosciences, including the diagnosis and treatment of neurological diseases. However, previous studies
have shown that rigid silicon probes or tetrode probes can cause chronic immune reactions and neuronal
cell loss around them. As a result, the recorded electrical signal by a rigid probe usually degrades within a
few weeks after implantation (Biran et al., 2005; Kozai et al., 2015). The Young’'s modulus of a silicon- or
metal-based rigid probe is in the range of tens to hundreds of gigapascal (GPa), which is several orders
of magnitude higher than that of soft brain tissue (kPa). The large mechanical mismatch between a rigid
probe and neural tissue can cause probe-tissue micromotion during pulsation and movement. The magni-
tude of probe-tissue micromotion is usually in the range of tens to hundreds of micrometers in rodents and
can be 1-2 orders of magnitude larger in primates. Over the short term, probe-tissue micromotion results in
recording instability because the extracellular signals decade rapidly with the distance from neurons. Over
the long term, micromotion-induced shear stress can cause persistent inflammatory responses and glial
scar formation around the rigid probe. Glial scar eventually encapsulates the recording microelectrodes
as an insulation layer, leading to signal degradation or even loss (Kozai et al., 2015). In optogenetics, the
high stiffness and large size of conventional light-delivering optical fibers can also cause acute tissue dam-
ages and chronic immune reactions. In addition, fiber tethering can restrict and alter animal behavior. It is
thus highly desirable to develop compliant and biocompatible multimodal probes for stable neural inter-
facings in freely moving animals (Li et al., 2020; Lago and Cester, 2017; Park et al., 2019).

Recently, multifunctional probes based on flexible and biocompatible polymer materials, such as parylene-
C, polyimide, and SU-8 (Fu et al., 2017; Guan et al., 2019; He et al., 2020; Jr et al., 2017; Kim et al., 2010;
McCall et al., 2013; Tien et al., 2013), have been developed to alleviate micromotion and chronic tissue re-
sponses. For example, Kim et al. developed a multifunctional optoelectronic device by integrating uLEDs,
recording microelectrodes, and temperature sensors on a polyimide substrate (Figure 3A) (Kim et al., 2013).
The multifunctional optoelectronic device has a total thickness of ~20 pm, resulting in greatly improved
flexibility compared with rigid probes (Figures 3B and 3C). A critical challenge for in vivo applications of
flexible probes is that their high flexibility precludes their direct penetration into deep brain tissue. To
address this problem, each optoelectronic device was bonded to a microneedle with a thin and bio-resorb-
able adhesive silk fibroin (Figure 3D). After implantation into the locus coeruleus (LC) region or ventral
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Figure 3. Flexible multimodal neural probes for minimally invasive optogenetics and electrophysiology
(A) A multifunctional, implantable optoelectronic device that integrates p-LEDs, microelectrodes, and temperature sensors for optogenetic stimulation,

electrophysiological measurement, and temperature sensing.
(B) SEM images of a cellular, injectable optoelectronic device with a total thickness of 8.5 um. Inset figure shows the device before coating with a passivation

layer.

(C) The relative size between a p-ILED and 200-um fiber optic implant.

(D) Silk as a water-soluble, bio-resorbable, releasable adhesive for depth implantation of flexible optoelectronic device. The flexible optoelectronic device
can be released from the stiff microneedle after the dissolution of silk.

(E) C-fos staining of control (left), fiber-optic-implanted (center), and p-ILED-device-implanted (right) animals. Scale bars, 100 pm.

(F) Immunohistochemical staining images of astrocytes (glial fibrillary acidic protein [GFAP], red) and activated microglia (Iba1, green) at the ventral tip of
each implanted device (dashed outline). Panels A to F are reproduced from Kim et al. (2013).

tegmental area (VTA) region of mouse brain, the silk fibroin was dissolved by the cerebrospinal fluid, and
the microneedle was then detached from the flexible probe and retracted from the brain. Moreover, the
WLEDs on the optoelectronic devices could be wirelessly controlled to effectively activate ChR2-expressing
neurons (Figure 3E), making it highly suitable for applications in freely moving animals. In addition, the
small size and flexibility of the optoelectronic device caused substantially reduced acute lesion and chronic
glial activation compared with metal cannulae and fiber optics (Figure 3F). As a result, the flexible device
was well tolerated in freely moving animals with encapsulated sensors and p-LEDs maintaining functions
over several months.

In optogenetics, visible light (400-700 nm) has been used to manipulate neuronal activities through light-
gated opsins (Boyden et al., 2005; Zhang et al., 2008). However, visible light has limited transmission depth
in the brain because of its strong absorption and scattering by the brain tissue. As a result, an optical de-
vice, such as optical fiber or u-LED, needs to be implanted into a targeted brain region for the delivery of
visible light (Cardin et al., 2010; Zhang et al., 2010), which can cause both acute and chronic tissue damages
in the brain. To address this issue, red-shifted, high-photocurrent channelrhodopsins have been
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Figure 4. UCNP-based optogenetics for minimally invasive optogenetics and electrophysiology
A) Schematic working principle of UCNP-mediated NIR upconversion optogenetics.
B) In vivo experimental scheme of transcranial NIR stimulation of ventral tegmental area (VTA) in anesthetized mice.

(
(
(C) Confocal images of the VTA after transcranial NIR stimulation under different situations. Scale bars, 100 um.
(D) lllustration of transcranial NIR stimulation of medial septum (MS) for generation of theta oscillations.

(

E) Hippocampal LFP in response to transcranial NIR stimulation (8-Hz, 15-ms pulses, 10s, 3.0-W peak power, 360-mW average power) of MS under different
situations. Top: raw LFP trace from mouse with both UCNP and ChR2 injection. Bottom: Z-scored power in the theta range averaged across 30-s trials in all
three conditions. Panels A to E are reproduced from Chen et al. (2018).

(F) Schematic of UCNP-mediated simultaneous neural stimulation and extracellular recording in brains of live animals.

(G) Raster plots and peristimulus time histogram that reflects the temporal correlation between increased spiking activity and NIR illumination in ChR2-
expressed animals. The inset shows typical spiking waveforms. Panels F to G are reproduced from Lin et al. (2017).

(H) Photograph of a UCNPs-based device that without/with 980 nm laser irradiation. Scale bar, 1 mm.

(1) Raster plots and a PSTH (10 ms/bin, 60 trials) showing the temporal correlation between the increased spiking activity and the NIR illumination in eNpHR
animals (100 ms pulse width, 6 mW/mm?). Panels H to | are reproduced from Lin et al. (2018).

developed by structure-based genome mining. For example, excitatory ChRmine can enable deep brain
optogenetics at depths of up to 7 mm with millisecond precision (Chen et al., 2021). Compared with visible
light, near-infrared (NIR) light has greatly reduced absorption and scattering in the brain tissue. Therefore,
NIR light can be delivered into deep brain regions (a few millimeters) by placing an optical device above the
brain tissue or even through the scalp. Recently, lanthanide-doped upconversion nanoparticles (UCNPs),
which can emit wavelength-specific visible light under excitation with NIR light, have attracted significant
interests for low invasive neural modulation (All et al., 2019; Bedbrook et al., 2019; Chen et al., 2018; Ho-
soshima et al., 2015; Lin et al., 2017, 2018; Miyazaki et al., 2019; Zheng et al., 2019). For example, Chen
et al. utilized UCNPs as optogenetic actuators of transcranial NIR light to stimulate deep brain neurons
in a low invasive manner (Figure 4A) (Chen et al., 2018). They incorporated Tm*" into Yb3*-doped host lat-
tices of UCNPs to achieve blue emission that matches the maximum absorption of channelrhodopsin-2
(ChR2) for neuronal activation. In addition, an optically inert shell layer of NaYF4 was epitaxially grown
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Figure 5. TDP technology-based multifunctional probes for one-step optogenetics and electrophysiology

(A) Schematic of a multifunctional fiber preform.

(B) Photograph of the transition part where the design in panel A was drawn into a fiber. Inset shows a photograph showing a multifunctional fiber wrapped
around a finger (inset figure). Panels A and B are reproduced from Canales et al. (2015).

(C) Schematic illustration of the thermal drawing process to prepare a multifunctional fiber. The laser sensor was used to monitor the ratio of the capstan and
down feed speeds, which determine the diameter of the resulting fiber.

(D) Cross-sectional photograph of a preform before thermal drawing.

(E) Cross-sectional microscope image of a multimodal fiber produced by thermal drawing of the preform in panel E.

(F) Liquid delivery by multimodal fiber. A solution containing Blue Juice dye was injected through a microfluidic channel in a multimodal fiber into a phantom
brain (0.6% agarose gel). Scale bar, 500 pm.

(G) Schematic comparison of traditional two-step surgery for optogenetic experiments and one-step surgery using a multifunctional fiber probe.

(H) Average spike waveforms of two mPFC neurons recorded with multifunctional fiber probe over a period of 12 weeks. Panels C to H are reproduced from
Park et al. (2017).

(1) A series of fiber-based probes used to prepare spatially expandable probes.

(J) Schematic of the thermal drawing process to prepare spatially expandable probes.

(K) Schematic of the spreading out of the scaffolding fiber after being inserted into the brain.
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Figure 5. Continued

(L) An illustration of a spatially expanded multimodal fiber probe targeting the thalamus region and a photograph of the assembled device coupled to the
473 nm laser (left), and the electrophysiological recording resulted from 5 electrodes during optogenetic stimulation (right). Panels | to L are reproduced
from Jiang et al. (2020).

onto the core (NaYF4:Yb/Tm) to eliminate solvent-induced surface quenching of upconversion lumines-
cence. The resulting core-shell UCNPs exhibited a characteristic upconversion emission spectrum peaking
at 450 and 475 nm upon excitation at 980 nm. To improve the long-term utility of UCNPs, NaYF4:Yb/Tm
nanocrystals were further decorated with a biocompatible silica shell (NaYF4:Yb/Tm@SiO2). An optical fi-
ber (200 um in diameter) was then placed 2 mm above the skull for the transcranial delivery of 980-nm NIR
light (1.4 W/mm? NIR on the skull surface) (Figure 4B). Neuronal excitation was triggered by NIR light in
ChR2-transfected mice in the presence of UCNPs, as indicated by the significantly higher proportion of
c-Fos-positive cells in areas where UCNP injection and ChR2 expression overlapped (Figure 4C). An advan-
tage of UCNP actuators is that their emitted wavelength can be molecularly tailored. To match the
maximum absorption of rhodopsins that hyperpolarize neurons, such as NpHR and Arch, the emission of
UCNPs was tuned to ~540 nm by codoping Er3+ and Yb3+ into the host lattice. Green-emitting UCNPs
were utilized to silence seizure by inhibition of hippocampal excitatory cells (Figures 4D and 4E).

The low diffusion capability of UCNPs in the brain tissue makes it extremely challenging to co-localize
UCNPs with implanted recording microelectrodes, thus limiting their applications in combined optoge-
netics/electrophysiology. To address this issue, Lin et al. constructed a UCNP-based multimodal neural
probe (Lin et al., 2017, 2018). A series of core-shell- and core-shell-shell-structured UCNPs were prepared
to emit visible light for the activation of channelrhodopsin (ChR) and C1V1 or suppression of halorhodopsin
(eNpHR) under NIR illumination. The UCNPs were packaged into a sealed glass probe. The glass probe was
then integrated with tungsten wires to construct an optrode (Figures 4F and 4G) (Lin et al., 2017). The
UCNP-based optrode enabled both the activation of ChR2-expressing neurons and the inhibition of
halorhodopsin-expressing neurons upon transcranial NIR light (980 nm) illumination (Figures 4H and 4l)
(Lin et al., 2018). However, the footprint and flexibility of the UCNP-based optrode were limited by both
the glass probe and tungsten wires, thus limiting their applications in long-term stable neural interfacings.

One-step optogenetics and electrophysiology

In conventional optogenetic operation, the virus injection and optrode implantation were usually carried
out by two separate surgeries (Anikeeva et al., 2012; Cardin et al., 2010; Zhang et al., 2010). In the first sur-
gery, the virus vector carrying opsin genes was delivered into a targeted brain region. Then a second sur-
gery was carried out to implant an optrode probe into the same region for neural stimulation and recording
(Zhang et al., 2010). However, such two-step surgery causes additional tissue damage and is also suscep-
tible to misalignment errors between the optrode implantation site and viral solution injection site. Itis thus
desirable to integrate gene delivery, optical illumination, and electrical recording in a single platform
(Gutruf and Rogers, 2018; Qazi et al., 2019).

Compared with conventional injection methods, microfluidic channels can allow for the delivery of chem-
ical or biological reagents into targeted brain regions in a low invasive manner (Jeong et al., 2015; Madisen
et al., 2010; McCall et al., 2017; Spieth et al., 2012; Sim et al., 2017). Microfluidic channels have been inte-
grated with electronic or optoelectronic devices through micro-electro mechanical systems (MEMS) fabri-
cation to construct multifunctional neural probes (Altuna et al., 2013; Canales et al., 2015; Noh et al., 2018;
Shin et al., 2015; Zhang et al., 2019). Recently, thermal drawing process (TDP) has emerged as a simple
approach to integrate multiple functional units, including microfluidic channels, within a multifunctional
fiber with a diameter of a few hundred micrometers and elastic modulus ranging from megapascals to a
few gigapascals (Abouraddy et al., 2007; LeChasseur et al., 2011; Park et al., 2017; Tao et al., 2015; Yaman
et al.,, 2011). During the TDP, a preform consisting of optical waveguides, microfluidic channels, and elec-
trodes is thermally annealed and drawn, leading to up to 1-2 orders of magnitude reduction in diameter. By
carefully adjusting TDP parameters and materials, the diameter of the multifunctional fiber can be reduced
down to a few hundred micrometers while maintaining the macroscopic cross-sectional geometry of the
preform. In a pioneer work, Canales et al. developed an innovative multifunctional fiber for simultaneous
optical stimulation, neural recording, and drug delivery (Canales et al., 2015). The multifunctional fiber con-
sisted of polymers commonly used in medical devices [poly(etherimide) (PEI), poly(phenylsulfone) (PPSU),
polycarbonate (PC), and cyclic olefin copolymer (COC)], a polymer composite (conductive polyethylene
(CPE)) and a low-melting-temperature metal (tin (Sn) (Figures 5A-5C). Compared with conventional
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microwires, the multifunctional fiber yielded reduced foreign body response and blood-brain barrier (BBB)
breaching after implantation. Park et al. developed a multifunctional fiber consisting of an optical wave-
guide, six electrodes, and two microfluidic channels for one-step optogenetics (Park et al., 2017). The multi-
functional fiber was fabricated solely from polymers and polymer composites and had a total diameter of
less than 200 um. To improve electrode conductivity, conductive polyethylene (CPE) was mixed with 5% in
weight of graphite, resulting in a 4.1-fold reduction of the sheet resistance of the polymer composite (Fig-
ures 5D-5F). Their probes allowed for one-step surgery including microfluidic delivery of viral vectors car-
rying opsin genes into specific locations of the mouse brain and subsequent optical stimulation and
recording of neural activity (Figure 5G). Robust ChR2 expression was observed 2 weeks after microfluidic
injection of an adeno-associated virus (AAV) solution in the medial prefrontal cortex of wild-type mice.
In addition, the flexibility and miniaturized footprint of the multifunctional fiber enhanced its biocompat-
ibility in mouse brain, enabling long-term recordings of single neurons for over 3 months (Figure 5H).

To achieve synchronous recording and modulation of brain activities across multiple brain regions, Jiang
et al. fabricated a spatially expandable multifunctional fiber probe by TDP technique (Jiang et al., 2020).
Multifunctional fibers, consisting of an optical waveguide, microfluidic channels, and BiSn metal alloy elec-
trodes, were firstly fabricated using the TDP process (Figure 5I). Next, a femtosecond laser micromachining
technique was applied to expose multiple optical, electrical, and microfluidic interfacing sites along the
multifunctional fiber. Lastly, a helical scaffolding fiber was developed for producing spatially expandable fi-
ber probes (Figure 5J). PC tubes were bundled and wrapped with a thin layer of PC to form a preform with
four round holes and one square hole. The preform was then drawn into a scaffolding fiber with helix hollow
channels by using a customized preform feeding stage that could allow simultaneous translation and rotation
of the preform. For in vivo applications, an array of multifunctional fibers was inserted into the hollow channels
of a helical scaffolding fiber. The helical scaffolding fiber could direct multifunctional fiber probes into the
brain tissue at specified angles, allowing for the three-dimensional spatial expansion of the multifunctional
fiber probes (Figure 5K). The spatially expandable multifunctional fiber-based probes were further demon-
strated for mapping and modulating brain activities across distant regions in Thy1-ChR2-YFP mice (Figure 5L).

Polymer represents one of the most widely applied carrier platforms for efficient encapsulation and delivery
of drugs and genes in biomedical applications. To achieve targeted delivery of AAV vectors expressing
opsin proteins, Jackman et al. developed a one-step optogenetics technique by coating optical fibers
or endoscopes with films composed of silk fibroin and AAV (Jackman et al., 2018). Silk fibroin was chosen
as the AAV carrier because of its biocompatibility, controllable degradability, and water solubility (Fernan-
dez-Garcia et al., 2016; Kim et al., 2010; Raja et al., 2013; Yin et al., 2018). After implantation, silk fibroin was
dissolved by cerebrospinal fluid, and virus vectors were released to transduce nearby cells for localized
opsin expression around optical fibers and endoscopes (Figures 6A-6C). Recently, Zou et al. developed
a self-assembled viral vector delivering (VVD) optrode for precise integration of optogenetics and electro-
physiology (Zou etal., 2021). An array of ultraflexible microelectrode filaments (MEFs) and optical fiber were
immersed in a viral vector containing PEG melt and then withdrawn into ambient air. Driven by elastocapil-
lary interactions, the MEFs and optical fiber self-assembled into a thin and stiff VVD optrode (Figures 6D
and 6E). After implantation in the brain, the dissolution of the PEG carrier allows highly localized viral de-
livery and neuronal expression of opsin genes within a distance of ~100 pm from ultraflexible microelec-
trodes (Figures 6F). The highly localized transfection of opsin proteins ensured high spatial congruence
between optogenetically manipulated and recorded neuronal populations. Owing to the high flexibility
of the MEFs, chronically implanted VVD-delivery optrode enabled long-term optogenetic activation/inhi-
bition and electrical recordings of neuronal activities in the brain (Figures 6G and 6H). A wide variety of
AAV, biomolecules, or therapeutic agents could be embedded into the nanoliter-scale PEG carrier of
this system for spatially confined drug/gene delivery and modulation of cellular functions at microelec-
trode-tissue interfaces. Thus this development might pave the way toward a versatile platform for high-pre-
cision neural circuit analysis and engineering in basic and translational neuroscience.

CONCLUSION AND OUTLOOK

Advances in neuroscience have been driven by the development of neural modulation and recording tech-
nologies. Multimodal neural probes that combine optogenetics with electrophysiology can allow for simul-
taneous modulation and recording of specific types of neurons in target brain regions, representing a
powerful tool for the dissection of neural circuit functions. Over the past decade, multimodal neural probes
have allowed for simultaneous neural recording and stimulation with high spatiotemporal precision and
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Figure 6. Examples of multimodal optrodes integrate simultaneous optical, electrical, and gene delivery
A) Schematic of the preparation of silk/AAV-loaded implants.
B) Silk/AAV-loaded implant containing green dye on the tip and red dye up the shaft (left) for the expression of both RFP and GFP (right).
C) Raster plot of jumps elicited by optical stimulation in 11 animals. Panels A to C are reproduced from Jackman et al. (2018).
) Schematic of an elastocapillary self-assembled VVD-optrode for simultaneous AAV vector delivery, neural signal recording, and light stimulation.
) A VWD-optrode with light on. Scale bar, T mm.
F) Spatially localized eNpHR:EYFP and ChR2:mCherry expression around implanted VVD-delivery probe. Scale bars, 100 pm and 50 pm (magnified views).
G) Spike rasters of 27 neurons during yellow light stimulation.
H) Percentage of neurons with a decrease or an increase in firing rates during yellow light (589 nm) stimulation. Panels D to H are reproduced from Zou et al.

biocompatibility. In addition, significant progress has been made in translational application of combined
optogenetics/electrophysiology techniques. For example, closed-loop BCls based on combined optoge-
netics/electrophysiology canrecord neural activity and process it in real time for optogenetic stimulation of
neural activity and has shown great promise for seizure control and peripheral neuromodulation (Grosenick
et al., 2015; Kuo et al., 2018; Mickle et al., 2019; Zhang et al., 2021). Wireless implantable devices have
enabled long-lasting and high-fidelity interfaces for electrical recording and optogenetic stimulation in
free-moving animals (Gutruf and Rogers., 2018; Jeong et al., 2015; McCall et al., 2013, 2017; Noh et al.,
2018; Qazi et al., 2019; Shin et al., 2017; Zhang et al., 2019).
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Despite substantial progress in the development of multimodal tools for combined optogenetics and elec-
trophysiology, many challenges remain to be addressed. For example, microLED-integrated multimodal
probes can allow for spatially precise delivery of low-intensity light at microelectrode-tissue interfaces,
constituting a promising tool for high-density dissection of neural circuit functions (Buzséki et al., 2015;
Wu et al., 2015). However, current high-density microLED-integrated multimodal probes have been mainly
fabricated on silicon substrates, and the rigidity of these probes can cause chronic tissue responses and
limit their long-term applications. UCNPs can convert transcranial NIR light to visible light in deep brain
tissues, allowing for fiberless optogenetics (Chen et al., 2018; Miyazaki et al., 2019). In addition, injectable
photoreceptor-binding UCNP nanoparticles have been shown to enable mice to develop infrared vision,
making them a promising candidate for visual repair and enhancement (Ma et al., 2019). However, current
UCNP materials are limited by low efficiency in NIR-to-visible conversion (Zheng et al., 2019). As a result,
high-intensity NIR light is needed to control the activity of opsin-expressing neurons, which, however,
can result in overheating and tissue damages. In addition, the long-term biocompatibility of UCNPs and
other nanomaterial-based neuromodulators remains to be established before their biomedical applica-
tions. Thermally drawn multifunctional fibers can allow for combined optogenetics/electrophysiology via
one-step surgery (Canales et al., 2015; Park et al., 2017). However, thermally drawn multifunctional fibers
currently consist of only a small number of recording sites, thus limiting their applications in high-density
neural interfacings. Nevertheless, the versatility in the design of thermally drawn multifunctional fibers,
combined with their high-throughput production, makes them a promising candidate for interfacing neural
systems and treating various neurological diseases.

Simultaneous modulation and recording of a large number of neurons over multiple timescales repre-
sents one of the ultimate goals in basic and translational neuroscience. To achieve this goal, it is highly
desirable to develop multimodal neural probes with high-density integrated modulation and recording
sites. Although considerable progress has been made over the past years, it is still challenging to over-
come the conflicts between the requirements to increase the modulation and recording site numbers
and the demands to minimize the integrated footprints and related tissue damages in multimodal neural
probes (Chung et al., 2019). In addition, it is also desirable for multimodal neural probes to cover mul-
tiple areas and depths in the brain to study the emerging functional connectivity of neural circuits (Xie
et al., 2015). Thus, we foresee that a frontier of research in multimodal neural probes will be to minimize
the sizes of modulation and recording sites down to cellular and even subcellular dimensions and to inte-
grate these components on soft, biocompatible substrate materials in high-density and large-scale
manner.

Future research topics also include further expansion of the sensing modalities of multimodal neural
probes, including temperature, pH, and neurotransmitters. In addition, optofluidic neural probes that
combine microfluidic drug delivery with cellular-scale inorganic light-emitting diode arrays have been
demonstrated in freely moving animals to modify gene expression, deliver peptide ligands, and manipu-
late animal behavior. Integrating these capabilities in combined optogenetics and electrophysiology,
especially in a wireless manner (Jeong et al., 2015; Qazi et al., 2019; McCall et al., 2017; Noh et al,,
2018), holds great promise in the diagnosis and treatment of neurological disorders. To achieve these
goals, a coordinated effort from basic research, translational research, and clinical research teams will
be required to make these multimodal neural probes widely accessible in basic and clinical neuroscience
applications.
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