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A B S T R A C T

Research in the field of Optogenetics has matured to the extent that in vivo implementations are more frequent
in the literature. The majority of these employs different variants of optical fibers, including standard optical
fibers, fiber bundles and tapered fibers. In the present contribution we review the application of optical fibers
in optogenetics, in terms of critical requirements (biocompatabiliy, minimal invasiveness, spatial accuracy, etc)
for in vivo demonstrations.
1. Introduction

The human brain, through its complex organization, is the controller
of behavior, the interpreter of senses and the initiator of movement.
Overall it defines who we are. It is justifiably argued that the hu-
man brain is the most complex entity we know. Research advances
in neurological and behavioral science and the development of new
research techniques (Vázquez-Guardado et al., 2020) have led to a
more profound comprehension of the operation of the brain. Despite
the remarkable research breakthroughs in brain research of the last
decade (Kriegeskorte et al., 2008), the full decoding brain opera-
tion is still elusive. To this end, brain research is intensified and
it is supported by major collective research efforts worldwide (Insel
et al., 2013; Amunts et al., 2019). This is reflected in the plethora of
research methods and tools developed that include Electroencephalog-
raphy (EEG) (Biasiucci et al., 2019), functional Magnetic Resonance
Imaging (fMRI) (Matthews and Jezzard, 2004) and Positron Emission
Tomography (PET) (Berger, 2003). Optogenetics is a fairly new ad-
dition to the portfolio of brain neuromodulation methods that unlike
others offers unprecedented spatiotemporal precision in the activation
of neurons. Optogenetics (Deisseroth et al., 2006) combines genetic
engineering and optical technology to activate and control neurons
that are previously modified to express light-activated proteins, called
opsins (Deisseroth et al., 2006; Yizhar et al., 2011).

The multidisciplinary nature of optogenetics involves intense re-
search in areas such as preparation of light-sensitive proteins (Berndt
and Deisseroth, 2015), gene delivery and expression, light illumination
of genetically-modified neurons and recording of induced brain activ-
ity (Carter and de Lecea, 2011; Kravitz and Kreitzer, 2011). For the
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efficient optical stimulation of neurons, several light delivery strate-
gies (Papagiakoumou, 2013) have emerged in the field of optogenet-
ics (Packer et al., 2013).

Beam directing is the most straightforward approach for photostim-
ulation of opsin-expressing neurons by focusing a light beam through
a microscope objective or an optical fiber into the brain region of
interest. Yet, this approach lacks in terms of speed of light beam
steering over the targeted illumination area. The galvo-based scanning
method (Ji et al., 2016) overcomes this limitation by shifting the light
beam to various regions of interest using galvanometric mirrors. The
position and orientation of the galvanometer-driven mirror system is
displaced in the kilohertz frequency range and as a result it is feasible
to illuminate a few regions of interest within millisecond intervals.
However, the galvo-based scanning method is not capable of generating
complex illumination patterns or stimulate a large number of regions
of interest at once.

Direct and holographic projection methods employ optoelectronic
devices known as Digital Micromirror Devices (DMDs) and Spatial
Light Modulators (SLMs) respectively. These devices modulate intensity
or phase of the incident light field, in order to create a complex
patterned beam for simultaneous excitation of multiple brain regions
thus providing a holistic view of brain function.

The bulk of the optogenetics literature concerns in vitro experimen-
tal demonstrations of the aforementioned light delivery strategies, with
remarkable contribution towards the understanding of the underlying
mechanisms of the brain. These results have motivated research to-
wards the transition from in vitro to in vivo optogenetics, in an effort to
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reach the outmost frontier in optogenetics. This is supported by recent
advances in the instrumentation of optogenetics (Das et al., 2020). Still,
efficient in vivo light delivery poses a great challenge for practical in
vivo optogenetic realizations. Indeed, it is not a straightforward task to
deliver the necessary power for photostimulation deep into the brain,
and at the same time comply with the in vivo requirements of minimal
tissue invasiveness, low light induced tissue heating and biocompati-
bility (Goncalves et al., 2017). Optical fibers are the most researched
light delivery solution for in vivo optogenetic photostimulation, and
rightfully so as it offers a fair trade-off between these often competitive
requirements.

There are now sufficient optical fiber in vivo optogenetic demon-
strations to justify a review activity. This constitutes the scope of the
paper at hand. More specifically, we review the variants of optical
fibers that have been used in in vivo optogenetic experiments in terms
of in vivo requirements. The rest of this paper is organized as follows: in
Section 2, we briefly present the various in vivo optogenetic implemen-
tations found in the literature, setting the context for the subsequent
sections. In Section 3, the set of requirements is defined for a fiber-
based optogenetic system for efficient in vivo optogenetic stimulation.
Section 4 categorizes the different optical fiber solutions used for in
vivo neural photostimulation, addressing also biocompatibility issues.
In Section 5, we discuss emerging optical fiber technologies that can
be deployed for in vivo light delivery.

2. In vivo optogenetic implementations

Over the last few years, several in vivo optogenetic approaches have
been developed through the exploitation of emerging and mature tech-
nologies across a range of fields, such as genetic engineering (Vlasov
et al., 2018) and photonics (Ronzitti et al., 2017). In general, the
implementations of in vivo optogenetics can be categorized based on
the type of the optogenetic device used as wired and wireless.

In wired optogenetic systems (Packer et al., 2013; Fenno et al.,
2011; Siuda et al., 2015), a light source is coupled to an optical fiber,
as shown in Fig. 1(a). The optical fiber is inserted into the brain of
the animal subject for light delivery into specific brain areas for neural
photostimulation. Wired optical fiber-based systems, where the light
source is in a distance from the subject, enable deep brain optogenetic
stimulation by reaching its innermost parts, like the hippocampus (Liu
et al., 2012). Movement of the animal subject may incur twisting of
the optical fiber which can potentially lead to breakage. This can be
avoided with the use of a fiber-optic commutator (Klorig and Godwin,
2014). The fiber-optic commutator is a rotary joint that enables free
movement of the test animal while minimizing torque and maintaining
excellent light transmission. However, this type of system is limiting for
the scope of in vivo optogenetic experiments since the animal is tethered
to the optical fiber and subsequently to the external light source, as can
be seen in Fig. 1(b).

On the other hand, wireless optogenetic systems like the one de-
picted in Fig. 2(a), consist of a device that is fully implantable (Han
and Shin, 2020) or head-mounted (Kim et al., 2013; Emara et al., 2018)
on the test subject as seen in Fig. 2(b), and is wirelessly controlled
by using different communication protocols found in data exchange
between mobile devices (Han and Shin, 2020; Mickle et al., 2019). The
wireless optogenetic device integrates a light source and an implanted
probe (Mickle et al., 2019; Park et al., 2015), typically a waveguide
in the form of an optical fiber (Han and Shin, 2020; Emara et al.,
2018), facilitating in vivo light delivery. Nevertheless, a remaining
challenge for wireless optogenetic systems is the heating induced by
the optoelectronic device causing tissue damage.

In both systems, the light sources are LEDs (Yang et al., 2020) or
lasers (Park et al., 2019). Optogenetics benefit from the maturity and
low cost of the LED technology. LED modulation is easily achieved at
a millisecond scale with no need of complex driving electronics (Gross-
man et al., 2010) and at the same time LEDs are easily integratable.
2

Fig. 1. (a) Schematic illustration of wired optogenetic systems. (b) Fiber-based wired
system attached on the head of a rodent.
©2011, Elsevier.
Source: Reproduced with permission (Gutierrez et al., 2011).

Fig. 2. (a) Schematic illustration of wireless optogenetic systems. (b) Wireless
optogenetic system on a free-moving animal.
Source: Reproduced with permission (Wentz et al., 2011).
© 2011 IOP Publishing Ltd.

However, the somehow low output power as well as the low coupling
efficiency with optical fibers compromise the overall system perfor-
mance. The prospects are brighter for lasers as the optogenetic light
source due to the higher output power and coupling compatibility with
optical fibers. On the downside, laser technology is more expensive and
also for the case of edge emitters integration is a more demanding task.

Regardless of the type of the connectivity of in vivo optogenetic sys-
tems, there seems to be a consensus in the adoption of the optical fiber
as the bus for light delivery to the neuronal level. In vivo stimulation
imposes a set of requirements as illustrated in Fig. 3, that must be
addressed for efficient in vivo optogenetic stimulation through the use
of optical fibers. We discuss these in the next section.
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Fig. 3. Requirements for a fiber-based in vivo optogenetic system.

3. Requirements for in vivo fiber-based optogenetic stimulation

Light scattering and absorption in the brain hinder in vivo light
delivery, reaching only superficial areas of the brain. Deep brain stim-
ulation has been realized using two photon absorption (Packer et al.,
2013) yet this solution is bulky instrumentation wise, and thus does
not lend itself, as yet, for in vivo implementations. Instead, by inserting
optical fibers into the brain, optogenetic stimulation is feasible.

The implanted optical fiber must be biocompatible in order to
avoid inflammation reactions, especially in cases of chronic optogenetic
stimulation. The optical fiber must be biocompatible with the brain
both in terms of material and mechanical properties.

Diameter size of optical fibers is also a key parameter for minimizing
tissue damage during their insertion and implantation in the brain since
it was shown (Seymour and Kipke, 2007) that implants of a cross-
section of a few hundred micrometers can cause excessive neuronal
loss. However, simulation studies (Stujenske et al., 2015) have reported
that optical fibers of smaller diameter have increased thermal effects
near fiber tip, as can be observed in Fig. 4. Thus, there seems to be
a trade-off between the diameter of the optical fiber and the induced
thermal effects.

In vivo optogenetics must enable the investigation of neural circuit
function with high spatial resolution. Single-cell stimulation, typically
in the size range of a neuron soma, ∼ 10 μm, can be achieved using
a thinner core fiber. Stimulation of multiple neurons is also possible
using an array grid of fibers (Xu et al., 2008), where a light beam is
emitted in each core, resulting in optogenetic excitation of several brain
regions. Arbitrary illumination patterns can be obtained by amplitude
or phase modulation of an incident light beam onto a DMD or SLM
device that is coupled to a fiber array (Farah et al., 2015). Indeed, these
optoelectronic devices offer high refresh rate, enabling the study of fast
neural circuit dynamics.

Optical fiber-based in vivo optogenetic stimulation must induce
minimal tissue heating in order to avoid thermal damage of the neu-
ral tissue and consequent adverse changes in the overall brain func-
tion (Stujenske et al., 2015). Shin et al. (2016), have determined
the required light power for neuronal activation and the maximum
achievable depth that ensures minimal thermal effects. Lossless light
coupling between the optical fiber and the light source is crucial
for the effective photostimulation of neurons, since opsins require a
minimum light irradiance level for their activation. Coupling losses
lead to inefficient activation of opsins thus necessitating increased light
power (Fan and Li, 2015) resulting in undesirable heating of the brain
tissue.
3

Fig. 4. Monte Carlo simulation of optical fibers with different diameters. It is clearly
shown that the fiber of 200 μm in diameter has reduced thermal effects near its tip in
comparison with the optical fiber of 62 μm.
©2015, Elsevier.
Source: Reproduced with permission (Stujenske et al., 2015).

4. Fiber technologies

Optical fibers have been used extensively in multiple areas rang-
ing from telecommunications (Willner, 2019) to biomedical engineer-
ing (Sarabi et al., 2021). The technological maturity of the optical fibers
in these fields can be easily transitioned in other disciplines, such as
optogenetics. Conventional optical fibers have been used in the past
for neural photostimulation (Grosenick et al., 2015), but various optical
fiber configurations, such as tapered fibers (Pisanello et al., 2017), fiber
bundles and multicore fibers, have attracted attention. In view of the
in vivo requirements outlined in the previous section, here we focus on
the various geometries of optical fibers that are usually employed in in
vivo optogenetic experiments.

4.1. Materials for optogenetic fibers

Often material biocompatibility is overlooked in favor of function-
ality in in vivo optogenetic experiments. It is obvious that for long
term implantation, biocompatibility must be prioritized. Here we will
address some basic materials aspects of optogenetic optical fibers. The
interested reader may refer to Gierej et al. (2021) for an extensive
review of biocompatible materials used for fabrication of optogenetic
optical fibers.

One of the most common challenges for the fabrication of opto-
genetic fiber-based devices is material selection (Gierej et al., 2021;
Shukla et al., 2019; Wu and Guo, 2021). Silica-based optical fibers have
been widely used for in vivo optogenetic manipulation of neurons, since
they are chemically inert and offer low optical losses. However the suit-
ability of this kind of fibers is questionable for long-term implantation
in the brain. Silica is a stiff material compared to brain tissue that can
cause neuronal damage (Wang et al., 2018).

Optical fibers based on natural materials, such as cellulose thin
films using raw natural cotton targets (Karoutsos et al., 2019), and
synthetic materials (Gierej et al., 2021), e.g. hydrogels show improved
biocompatibility. Wang et al. (2018) demonstrated a flexible and
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Fig. 5. Hydrogel optical fiber. Reproduced with permission (Choi et al., 2015),
Copyright ©2015, John Wiley & sons. (b) PLLA flexible substrate used for the
fabrication of optical fibers. Reproduced with permission (Nizamoglu et al., 2016),
Copyright ©2016, Nature Publishing Group.

Fig. 6. (a) Implantable standard optical fiber for in vivo light delivery. Reproduced
with permission (Sparta et al., 2012), Copyright ©2011, Nature Publishing Group. (b)
Optical fiber implanted into the brain of a living animal. Reproduced with permission
(Aravanis et al., 2007), Copyright ©2007, IOP Publishing Ltd.

stretchable hydrogel optical fiber and reported optogenetic stimulation
of neurons successfully in freely-behaving animals. Hydrogel optical
fibers, shown in Fig. 5(a), are an appropriate biocompatible choice
but their overall size should be decreased in order to minimize tissue
damage. Fiber-based optogenetic devices can also take advantage of
the flexibility and compactness of poly(L-lactic acid) (PLLA), shown
in Fig. 5(b), for simultaneous light delivery and recording of brain
activity (Fu et al., 2018).

4.2. Standard optical fibers

Several research groups (Aravanis et al., 2007; Sparta et al., 2012)
have adopted standard optical fibers into their in vivo optogenetic
experiments, with a typical diameter size of 50 μm to 200 μm and a
step-index fiber geometry (Fig. 6(a)). The first demonstration of optical
fiber technology for in vivo optogenetic stimulation was performed by
Aravanis et al. (2007), where they utilized a multimode optical fiber of
∼ 200 μm in size, attached to the skull of an intact animal (Fig. 6(b)).

Illumination and readout of an in vivo optogenetic experiment can
be carried out by using a single fiber probe. Pashaie and Falk (2012)
used a single optical fiber for optical excitation and at the same time
detection of neuronal activity via fluorescence signals.

However, Monte Carlo simulations (Dubois et al., 2018) have re-
ported that single fibers are not able to stimulate a large volume of
brain tissue, since increased light power is required in order to activate
opsins which are located far away from the fiber tip. As a consequence,
thermal effects are induced which may alter brain function.

4.3. Fiber bundles

Fiber bundles have been used successfully in the past for in vivo
optogenetic stimulation in freely moving animals (Hayashi et al., 2012).
4

Fig. 7. (a) Cross-section SEM image of a fiber bundle. Reproduced with permis-
sion (Perkins et al., 2018) under CC by 4.0, Copyright ©2018, SPIE. (b) Arbitrary
holographic illumination pattern transmitted through a fiber bundle. Reproduced with
permission (Szabo et al., 2014), Copyright ©2014, Elsevier.

Fig. 8. (a) SEM image of a tapered fiber with three optical windows of a few
micrometers in size. (b) Tapered fiber implanted into the brain emitting light by a
specific optical window. Copyright ©2014, Elsevier.
Source: Reproduced with permission (Pisanello et al., 2014).

A fiber bundle consists of several thousand fibers (Szabo et al., 2014)
as can be seen in Fig. 7(a), based on silica (Orth et al., 2019; Murayama
and Larkum, 2009) or polymer (Chang Liao et al., 2015) bundled
together. This group of fibers forms a fiber bundle with a common end
of a few millimeters in diameter (Farah et al., 2015). Fiber bundles
enable deep brain optogenetic stimulation with high spatial specificity,
since they are long enough to access brain areas at various depths (Kim
et al., 2017).

The main advantage of this fiber-based technology is simultaneous
illumination of multiple brain areas. Szabo et al. (2014) achieved tar-
geted photostimulation of multiple neurons with high spatial resolution
in freely-behaving animals by transmitting the reconstructed image of a
holographic pattern (Fig. 7(b)), using a fiber bundle. Hence, fiber bun-
dles can employ computer generated holography for the generation of
arbitrary illumination patterns (Farah et al., 2015; Szabo et al., 2014).
The obvious drawback of fiber bundles is their large diameter (Farah
et al., 2015), that makes them unsuitable for chronical optogenetic
implantation.

Apart from neural photostimulation, fiber bundles can be employed
for fluorescence imaging of neuronal activity as demonstated by Sz-
abo et al. (2014) who obtained fluorescence images of near-cellular
resolution in rodents.

4.4. Tapered fibers

Extending the toolbox of fiber-based optogenetic devices, tapered
fibers have recently gained a lot of interest for targeted neural photo-
stimulation (Pisanello et al., 2014). By chemically or thermo-
mechanically etching the tip of a standard optical fiber, the resulting
fiber end has a size of a few hundred nanometers (Pisanello et al.,
2017). Therefore, the tapered fiber is minimally invasive when it is
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Fig. 9. (a) A hollow core for optogenetic stimulation and recording. Reproduced with
permission (Dufour et al., 2013), Copyright ©2013, Public Library of Science. (b) A
tapered multicore fiber for in vivo light delivery. Reproduced with permission (Mohit
et al., 2021), Copyright ©2021, Elsevier.

implanted into the brain. Silica is often used for the fabrication of
tapered fibers. A thin metal film covers the tapered area to prevent
undesirable light emission (Pisanello et al., 2015). Optical windows
where light escapes the fiber and stimulates targeted brain regions can
be fabricated. The optical windows are a few micrometers in size and
they are fabricated using Focused Ion Beam (FIB) milling (Pisanello
et al., 2014) or direct laser writing (Rizzo et al., 2018). Multi-point
illumination using tapered fibers is feasible by fabricating multiple
optical windows along the fiber as shown in Fig. 8(a).

Tapered fibers enable dynamic and selective stimulation of light-
sensitive neurons by simply changing the angle of the incident light
coupled into the fiber. The input angle of light launched into the taper
fiber enables different propagation modes and thus light is emitted
at a particular optical window, as seen in Fig. 8(b), stimulating a
specific brain area (Pisanello et al., 2018). By changing the numerical
aperture of the tapered fiber, larger or smaller volumes of brain tissue
are illuminated (Pisanello et al., 2017). The illuminated volume can
be a few hundreds of micrometers extended up to a few millimeters
corresponding to various depths in the brain.

Tapered fibers are multi-mode fibers and the propagation modes
are easily affected by fiber impurities causing modal mixing (Pisanello
et al., 2017). As such, light power is rearranged to other propaga-
tion modes and the spatial specificity is decreased to a large ex-
tent (Pisanello et al., 2018). Despite the functional versatility of silica
based tapered fibers, their mechanical properties do not match brain
tissue properties thus hindering long-term implantation.
5

5. Future prospects

More exotic types of optical fibers like hollow core fibers have been
explored for in vivo optogenetic applications. In (LeChasseur et al.,
2011), a dual-core fiber probe that consists of a graded-index core and
a hollow core is used for parallel stimulation and recording of brain
activity respectively. Dufour et al. (2013) employed a hollow core fiber
for recording brain activity that was coated with aluminum, as shown
in Fig. 9(a), to prevent optical losses. The tapered part of the probe was
uncoated, so that it could be used for electrical recording.

It is anticipated that in the future apart from recording LeChasseur
et al. (2011) the hollow core fibers will be used for in vivo optogenetic
stimulation. It was previously demonstrated (Adamu et al., 2019) that
hollow core fibers filled with gas can generate pulses ranging from
deep-UV up to mid-IR. The versatility of wavelengths offered by the hol-
low core technology can potentially impact optogenetics with respect
to the required opsins (Deisseroth, 2015).

Multicore fibers consist of some tens of cores with core diameter of
the order of a few micrometers. Compared to fiber bundles they have
small overall diameter and therefore are less invasive. Mohit et al.
(2021), demonstrated a tapered multicore fiber of 20 μm in diameter, as
shown in Fig. 9(b). They could steer the output beam by controlling the
phase and the wavelength of the input signals coupled to the tapered
multicore fiber. In particular, each core of the fiber is treated as an
optical antenna and as a result an antenna array is formed at the fiber
tip. By changing the phase of each optical antenna, the direction of
the light beam changes based on the interfering and superpositioning
phenomena. The tapered multicore fiber can generate spots of 5 μm and
thus it is able to stimulate single neurons.

6. Conclusion

The use of optical fibers for in vivo optogenetics, regardless of the
implementation type i.e. wired or wireless, is the most efficient way to
deliver light deep into the brain. In this paper we reviewed the light
delivery strategies for in vivo deep brain optogenetic stimulation that
employ optical fiber-based devices. The most commonly-used optical
fibers (single core fibers, fiber bundles and tapered fibers) have been
discussed with regard to the set of requirements defined for an in vivo
optogenetic system. It is anticipated that the optical fiber optogenetics
literature will be soon enriched with accounts of hollow core and
multicore fibers.
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