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Microfluidic neural probes: in vivo tools for
advancing neuroscience
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Microfluidic neural probes hold immense potential as in vivo tools for dissecting neural circuit function in

complex nervous systems. Miniaturization, integration, and automation of drug delivery tools open up new

opportunities for minimally invasive implants. These developments provide unprecedented spatiotemporal

resolution in fluid delivery as well as multifunctional interrogation of neural activity using combined electri-

cal and optical modalities. Capitalizing on these unique features, microfluidic technology will greatly ad-

vance in vivo pharmacology, electrophysiology, optogenetics, and optopharmacology. In this review, we

discuss recent advances in microfluidic neural probe systems. In particular, we will highlight the materials

and manufacturing processes of microfluidic probes, device configurations, peripheral devices for fluid

handling and packaging, and wireless technologies that can be integrated for the control of these micro-

fluidic probe systems. This article summarizes various microfluidic implants and discusses grand challenges

and future directions for further developments.

1. Introduction

Understanding the human brain, which consists of billions
of neurons and trillions of connections between diversified
cell types, remains one of the greatest challenges in science
and medicine. Our knowledge of the underlying mechanisms
for how these complex systems function to promote natural
behaviours and respond to disease states is still greatly lim-
ited. Our ability to advance this knowledge and address re-
lated clinical pathologies relies heavily on technological inno-
vation. Recent collaborative research initiatives (e.g. BRAIN
Initiative in the United States, the Human Brain Project in
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Europe, Brain/MINDS of Japan, the China Brain Project,
and others)1–3 have sought to promote advances in
neurotechnologies that can lead to dynamic and systematic
understanding of how neurons and neural circuits interact in
the brain. These efforts aim to understand fundamental
neural function and provide clarity for a host of intractable
psychiatric and neurological disorders. In line with this en-
deavour, researchers have investigated various electrical,4–6

genetic,7 and optical8–11 techniques for dissection of complex
neural circuits.

Microfluidic neural interfaces hold immense potential
for basic neuroscience research and clinical medicine.4,12–14

In vivo neuropharmacology enables delivery of pharmaco-
logical agents deep into the brain to help dissect

complex neural circuits and neurotransmitter/receptor sys-
tems15 and treat neurodegenerative diseases and brain tu-
mors.16 Recent studies show that pharmacological delivery
can be combined with optical intervention for advanced
optogenetic and chemogenetic manipulation of the
brain,14,17–24 light-regulated activation of pharmacological
agents for high-spatiotemporal control of cellular
activities,25–27 as well as sophisticated deep brain stimulation
for the treatment of psychiatric disorders.23 Beyond tradi-
tional pharmacological agents, there is great potential for the
successful delivery of other fluidic agents such as chemog-
enetic ligands,22,28,29 gene therapy vectors30 and antibody
treatments for chronic diseases.31 Therefore, the develop-
ment of novel minimally invasive, multifunctional brain-
interfacing microfluidic technologies is of the utmost impor-
tance for both basic neuroscience and clinical medicine. De-
spite this need, however, there have only recently been con-
certed materials and engineering efforts to overcome
obstacles inherent to traditional fluid-delivery approaches.
The most notable delivery-related challenges arise from the
decades-old use of metal cannulas for pharmacological infu-
sions. This conventional method has been effective for basic
research to date but is not spatially precise at the scale rele-
vant to brain microcircuits and is not suitable for long-term
clinical intervention. The implanted metal tubes extensively
damage the targeted brain region and nearby areas, are not
optimized for pairing with concurrent optical or electrical
manipulation/observation of neural activity, and severely
limit the subject's range of motion due to its tethered opera-
tion. In other words, this technology lacks cellular-scale con-
trol of drug delivery and the multifunctionality to support
wireless, concurrent optical and/or electrical neural stimula-
tion and recording.

To overcome these limitations, innovative efforts combin-
ing neuroscience with engineering have been made to
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develop spatiotemporally precise tools for in vivo neuro-
pharmacology (i.e. microfluidic neural probes).4,14,32,33

Microfluidic neural probes greatly minimize neural tissue
damage, enable delivery of multiple distinct pharmacologi-
cal or otherwise fluid agents, and facilitate integration
with various other modalities, such as optical, electrical,
and/or chemical components within a single implant. Con-
tinued advances in materials, microfabrication, and inte-
gration technologies have led to unprecedented micro-

fluidic tools with the potential for revolutionizing
fundamental neuroscience and clinical medicine (Fig. 1).
Many microfluidic probes are suitable for application in
rodent behavioural neuroscience laboratories but could
easily be extended to work in other species and biomedi-
cal disciplines as well. Therefore, these probes represent
an extremely important and versatile technology to over-
come current limitations and meet significant needs in
brain research and therapy.

Fig. 1 Key design considerations in microfluidic neural probes. The choice of materials and the microfabrication scheme are critical components
to be considered for the design of advanced, multimodal microfluidic neural probes. The materials can be categorized into hard materials, such as
silicon and metal, and soft materials, such as PDMS, PI, and Parylene C.69,73,91 The fabrication schemes highly depend on the characteristics of
each material.6,33,87 Integration of multimodalities for simultaneous pharmacological delivery, optical and electrical stimulation, and electrical
recording can provide versatility for various applications.4,5,14,32 Advanced microfluidic neural probes combined with wireless technology will
ultimately help minimize tissue damage and immune response, ensure freedom of movement and behaviour, and enable wireless manipulation of
neural circuitry using in vivo pharmacology, electrophysiology, optogenetics, and optopharmacology.14
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Overviews of electrical or optical neural probe technolo-
gies were reported previously in terms of their fabrication
and applications.34–36 More recent review papers outlined
state-of-the-art electrical neural probes from the perspective
of efforts to enhance biomechanical compatibility and pro-
tect the quality of chronic electrophysiological recordings
against gradual degradation over time.37–40 Some of the
topics in previous review papers on electrical or optical neu-
ral probes can also be applied to microfluidic neural probes,
but the unique features and challenges of the microfluidic
neural probe technology have not yet been reviewed. The
microfluidic neural probe is a relatively new technology and
necessitates careful consideration of its unique aspects such
as integration of fluidic functionality and fluid handling. In
this review, we provide an overview of recent advances in
neural probe technologies specific to microfluidic features
and discuss grand challenges and potential future develop-
ments. We begin with a discussion on the key requirements
and material options for microfluidic neural interfaces. The
subsequent sections describe the types of probes and basic
process technologies for microfluidic channel formation.
Building on these process technologies, recent developments
in microfluidic neural probes are illustrated with an empha-
sis on materials used for the manufacturing of devices and
their extensible functionalities. We also discuss peripheral
yet essential technologies required for fluid pumping and
packaging. The following section highlights the trend in
in vivo neuropharmacology toward wireless microfluidics for
applications in awake, freely behaving animals. Lastly, we dis-
cuss challenges associated with the long-term application of
microfluidic neural probes in vivo including biofouling, risk
of infection, and clogging. This review concludes with a dis-
cussion on future research directions for microfluidic neural
probe technologies to advance neuroscience research and
clinical applications.

2. Requirements and materials for
microfluidic neural interfaces

For over a century, the use of metal cannulas has been the
standard method in neuroscience for pharmacological infu-
sions into the brain. Fig. 2 shows a representative conven-
tional cannulation system. The basic concept for injecting a
fluid into the brain region of interest involves a simple flu-
idic pump connected to an implanted metal tube (Fig. 2A–
C).14 This methodology is used in virtually every field of neu-
roscience. However, these types of regional infusions are lim-
ited for the following reasons: i) the relatively bulky and rigid
metal tube (250–500 μm in diameter; E ∼ 200 GPa) causes de-
struction and inflammation of brain tissue; ii) the sheer size
and design of the cannulation system restricts localization of
the injection site; and iii) the tethered tubing that connects
to the animal significantly restricts free movement and
the ability to receive infusions in more naturalistic
environments.

To minimize invasiveness, ideal chronically implanted flu-
idic neural interfaces require both biological and mechanical
compatibility with neural tissues as well as miniature dimen-
sions (<100 μm). To satisfy these requirements, researchers
have developed various types of microfluidic neural probes
by combining novel materials and advanced microfabrication
techniques. Material choice is particularly important because
it determines the major characteristics of the microfluidic
probe such as biocompatibility, elasticity, mechanical robust-
ness, as well as the necessary fabrication processes. Stainless
steel, fused silica, silicon, and polymers, such as polydimeth-
ylsiloxane (PDMS), Parylene C, SU-8, and polyimide (PI), are
widely used due to their biocompatibility and well-
established manufacturing processes. The key attributes of
each material that define these characteristics are summa-
rized in Table 1. In this review, we classify them into hard
and soft materials, considering not only their mechanical
properties but also their manufacturing processes – ‘hard’
materials (E > 50 GPa) include metals and inorganic mate-
rials such as stainless steel, fused silica, and silicon; ‘soft’
materials (E < 10 GPa) include various polymers such as
PDMS, Parylene C, SU-8 and PI. More details about the basic
fabrication processes for microfluidic channels using hard
and soft materials are described in the next section.

Hard materials are classified by their rigidity, which does
not offer local accommodation to micromotion or deforma-
tion of neural tissue. For example, stainless steel and fused
silica, which are often used for metal cannula and glass capil-
laries, respectively, have a high modulus of elasticity (190–
205 GPa for stainless steel;41 73 GPa for fused silica),
resulting in stiff and rigid microfluidic probes. Silicon (130–
170 GPa)42 is another representative hard material that is
broadly used for various types of microscale neural probes.
The well-established processing methods for silicon, such as
photolithography, wet/dry etching, and bonding techniques,
enable researchers to manufacture almost any configuration

Fig. 2 Representative conventional cannulation system to deliver
drugs into the brain. (A) A photograph of a conventional cannulation
system, consisting of a simple fluidic pump connected to an implanted
cannula (metal tube) for injecting a pharmacological substance into a
brain region of interest.14 The inset shows an awake, behaving mouse
connected to the conventional tethered cannulation system. (B) The
injector and metal cannula (0.5 mm diameter metal tube) and (C) the
assembled injector/cannula for implantation into the brain. The
injector can be seen extending 0.5 mm beyond the tip of the cannula.
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and size of probe. These hard materials provide attractive op-
tions for constructing microfluidic probes because they are
easy to handle and allow for high precision and high-yield
production. However, the mechanical properties of these ma-
terials do not match those of biological tissues which can
lead to neural tissue damage and inflammation.43 This me-
chanical incompatibility raises questions about their suitabil-
ity for long-term implantation.44 Therefore, dedicated investi-
gation will be necessary to engineer microfluidic probes that
systematically address and overcome these limitations.

To address the challenges associated with hard materials,
the scientific community has been investigating biocompati-
ble soft materials for neural probes as a means to alleviate
the mechanical mismatch between the tissue and the device.
PI and Parylene C are widely used polymers for insulation
and passivation of biomedical electronics. Both PI and
Parylene C have low elastic moduli (2.5 GPa for PI45–49 and
2.2 GPa for Parylene C45,50–52), high thermal and chemical re-
sistances, and low moisture absorption rates, making them
well-suited substrate materials for microfluidic neural
probes.48,52–55 The in vivo compliance of Parylene C has been
demonstrated for permanent use as an implantable substrate
by the United States Pharmacopeia (USP class VI).52,54 While
PI has not yet been approved for such an application, its bio-
compatibility has been demonstrated by multiple, distinct
implantable devices.48,56 Due to its photopatternability, SU-8,
a negative photoresist based on epoxy, is another fascinating
option for constructing flexible microfluidic probes. In the
flexible category, SU-8 has a relatively high elastic modulus (4
GPa).57–61 Therefore, it is possible to make flexible neural
probes that still retain the rigidity required to penetrate the
brain during the initial surgical insertion.62 Although SU-
8 does not satisfy all the requirements of the physiochemical
biocompatibility test (i.e. ISO 10993-1),63 numerous studies
have demonstrated the in vivo and in vitro biocompatibility of

this material.62,64–67 PDMS, an elastomer-based polymer, is
also one of the most widely used materials for medical de-
vices with proven in vivo performance and compliance with
the United States Pharmacopeia (USP class VI).68 PDMS has a
relatively low elastic modulus (∼1 MPa) and large
deformability (>600% elongation), which allows PDMS-based
probes to conform to the dynamic deformation of biological
organs.69 Due to its high resistance to biodegradation and ag-
ing, PDMS has proven an effective substrate for many
implanted devices, including bladder stimulators,12 cardiac
pacemakers,70 and cochlear implants,71 all of which suggests
that this material has promise for use in chronic neural
implants.

3. Types of microfluidic probes and
basic process technologies

In this review, we classify microfluidic neural probes into stiff
and flexible probes, depending on the moduli of elasticity of
the probe materials. Ultrathin microfluidic probes made of
hard materials can be flexible to some degree, but this class
of probes is not sufficiently compliant to adapt to local defor-
mation and movement of tissue. Here, we will classify stiff
and flexible probes as being based on hard (E > 50 GPa; e.g.
metal, silicon, glass) and soft materials (E < 10 GPa; e.g. poly-
mers), respectively. Although stiff microfluidic neural probes
include the traditional approaches of metal tubing and silica-
fused capillaries, we focus on the fluidic neural interfaces
miniaturized by the use of microfabrication technologies (i.e.
microelectromechanical system (MEMS) technologies). The
specifications and fabrication processes of both stiff and flex-
ible microfluidic neural probes are summarized in Table 2.
Stiff microfluidic neural probes use a hard substrate, fre-
quently silicon, and fluidic channels can be formed on this
substrate using various materials (e.g. silicon oxide,

Table 1 Key properties of materials used as substrates for microfluidic neural probes, including stainless steel, fused silica, silicon, and polymers, such
as PDMS, PI, Parylene C, SU-8 and COP

Properties of materials
Stainless
steel

Fused
silica Silicon PDMS PI Parylene C SU-8 COP

Young's modulus (GPa) 190–205 73 130–170 1–3 × 10−3 2.5 2.2 4 1.7–3.0
Tensile strength (MPa) 480–620 50 7000 6.2 130 69 60 45–59
Poisson ratio 0.31 0.17 0.048–0.40 0.3–0.49 0.2 0.4 0.22 0.41
Biocompatibility (USP class) — — — VI — VI — —
Elongation (%) 40 <1 <1 600 10 200 6.5 —
Moisture absorption (%) — — — <1 2–3 0.06 0.55–0.65 <0.01
Thermal conductivity (W cm−1

K−1)
0.015 0.014 1.56 15–25 1.5 8.2 0.003 —

Thermal coefficient of
expansion (ppm K−1)

17 0.5 2.6 — 12 35 52 60–70

Specific resistivity (Ω cm) 0.08 >107 10−4–104 1015 1016 >1016 >1016 >1016

Glass transition temperature
(°C)

— 1000 — — >320 <90 200 70–163

Water vapour
permeability244,245 (Barrer, 30
°C)

Negligible Negligible Negligible 40 000 640 1.61 N/A 0.55

Reference 41 246 42 and
247

4, 14, 113, 245
and 248–251

45–49, 53, 55,
56 and 245

45, 50–52, 54
and 244

57–63 244, 252
and 253
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polymers). Silicon-based stiff microfluidic neural probes pro-
vide diverse and compelling options for in vivo pharmacology

in neural tissue. However, these approaches are not ideally
suited for chronic implantation because of the inflammatory

Fig. 3 Schematic diagrams of representative fabrication processes of microfluidic neural probes. Processes of (A) surface and (B) bulk
micromachining, and (C) polymer processing via bonding. (A) The process steps of surface micromachining are illustrated in the front (A-i), side (A-
ii) and top (A-iii) views: 1) deposit a sacrificial material (e.g. silicon nitride,76,78 silicon oxide,78 metals,75,77 or polymers79), 2) cover the sacrificial
layer with a structural material (e.g. metal,75 silicon nitride,76,78 silicon oxide,78 or Parylene C79), 3) remove the sacrificial layer, and 4) etch to define
the probe dimensions. (B) Two methods of defining and sealing the microchannel in bulk micromachining: (B-i) depositing isotropically grown
materials and (B-ii) boding of another substrate. (C) Fabrication processes of polymer-based microfluidic neural probes via bonding. Prior to bond-
ing of the top cover layer, the microchannels are constructed on a rigid carrier substrate (e.g. silicon wafer,14,67,106,107,110,112 polyester,110,112 or glass
substrate14) by using (C-i) photolithography or (C-ii) molding. After forming the channel structure and defining the probe shape, the device is released
from the carrier substrate.
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responses mounted by microglia and astrocytes to the stiff
structures.44 Although proven effective for short-term applica-
tions, the mechanical mismatch between the soft brain tissue
(E = 0.1–6 kPa) and the silicon probes (E = 130–170 GPa) can
cause the formation of glial scars or neuron death around
the implant.72 Furthermore, the stiff neural probes implanted
in the brain cannot accommodate micromotions that arise
from locomotion and cardiorespiratory activities. Therefore,
these stiff probes can cause continued, long-term tissue dam-
age and inflammation. Both lesioning and inflammation can
be problematic for chronic use as each confounds interpreta-
tions of behavioural effects compared to pharmacological
treatment of the same region. Furthermore, glial activation
and migration can contribute to both electrical and fluidic
device failure. Experimental and theoretical analyses have
shown that more mechanically compliant neural probes not
only induce less strain on neural tissue but also enable neu-
ron survival around the implantation site.14,44,73 These out-
comes provide motivation to develop polymer-based soft, flex-
ible neural probes to replace or complement neural probes
based on hard materials. In contrast to hard material-based
probes, the excellent mechanical biocompatibility of flexible
probes creates exciting prospects for minimally invasive neu-
ral implants. However, flexible probes have their own limita-
tions. Flexible microfluidic probes are often unable to pene-
trate brain tissue on their own, requiring additional support
in the form of a temporary scaffold made from a stiffer mate-
rial. Due to differences in material properties, stiff and flexi-
ble microfluidic neural probes require different fabrication
approaches. The following two sections describe the basic
differences in these fabrication processes.

3.1. Fabrication of stiff microfluidic neural interfaces based
on silicon

Adoption of well-established technologies for MEMS sensors
and actuators has accelerated the miniaturization of fluidic
neural interfaces. The mechanical characteristics of silicon
allow for robust fabrication processes and numerous design
schemes to precisely control the dimensions of the device on
the microscale. Manufacturing with silicon also enables the
creation of various types of stiff probes that are easily scal-
able and utilize established silicon microelectrode technolo-
gies. Therefore, microfluidic neural probes built with a sili-
con substrate provide diverse and compelling options for
in vivo pharmacology in neural tissue.

Silicon MEMS fabrication techniques for microfluidic
channel formation are divided into surface micromachining
and bulk micromachining methods.74 Fig. 3A and B show
schematics of the representative processes of surface micro-
machining and bulk micromachining. Surface micro-
machining is based on sequential deposition and etching of
multiple thin film and sacrificial layers, while bulk micro-
machining etches a bulk silicon substrate to create fluidic
channels. In the case of surface micromachining, sacrificial
materials (e.g. photoresists, silicon oxide) are used to define

the channel geometry (Fig. 3A).75–79 To construct the top layer
of the channel, the sacrificial materials are subsequently cov-
ered by depositing structural materials such as silicon ni-
tride,76,78 silicon oxide,78 metals,75,77 and polymers.79,80 The
enduring temperature of the sacrificial material, the process-
ing temperature of the structural material, and the etching
compatibility of the two materials limit the selection of the
structural material. To remove the sacrificial material, etch
openings can be patterned onto the top cover layer along the
channel length, allowing access to sacrificial materials for
etch removal. These etch openings are used to make the etch-
ing duration of the sacrificial layer shorter and independent
of the channel length.76 After the sacrificial layer has been re-
moved, the etch openings are sealed by isotropic deposition
of the same or other structural materials (e.g. metal,75 silicon
nitride,76,78 silicon oxide,78 and Parylene C79). The mechani-
cal robustness of the cover layer is important to maintain the
structural integrity of the channels. In bulk micromachining,
the channel structures are obtained by a wet etching or dry
etching process, such as deep reactive ion etching (DRIE)81,82

(Fig. 3B). The size of the etched trench structure determines
the shape and dimensions of the microfluidic channel. The
top openings are subsequently sealed by depositing isotopi-
cally grown materials83–91 or by bonding the patterned mate-
rial to another substrate.81,82,92–94 DRIE etching of deep and
narrow trench openings followed by isotropic dry etching can
also create fluidic channels with relatively small top open-
ings, thereby greatly facilitating the sealing of the chan-
nels.83,85,86,89,91 In these fabrication processes, the sealed
microchannel must be able to endure at least the maximum
operating pressure of the device without rupturing (typically
less than 2 bar). Reports in the literature demonstrate that
microfluidic channels sealed by silicon wafer bonding82 or
adhesive PI bonding95 can endure the maximum fluid pres-
sure larger than 9 bar and 18.8 bar, respectively.

In both surface and bulk micromachining, the final di-
mensions of a device shank are determined by topside and
backside etching using a DRIE process. The device thickness
can vary from 40 to 400 μm and the length from 2 mm to 70
mm91 as summarized in Table 2. In this final process,
the top side of the device can be protected by a support wafer
bonded with temporary adhesive during backside etching be-
cause the top side structure is delicate and prone to dam-
age.93 Alternatively, a microfluidic probe with cross-sections
thinner than 20 μm can be achieved using silicon-on-
insulator wafers whose insulator layer works as an etch stop
to allow precise control of device thickness. Together, these
two approaches to micromachining offer distinct consider-
ations for the fabrication of stiff fluidic interfaces.

3.2. Fabrication of flexible microfluidic neural interfaces
based on polymers

Various biocompatible polymers, including SU-8, PI, Parylene
C, and PDMS, have been explored as substrates for flexible
optical and/or electrical neural probe devices.6,66,96–103 To
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this aim, researchers are actively using these polymers to cre-
ate ultrathin probe structures with embedded microfluidic
channels.4,14,33,67,104–109 To construct such ultrathin 3D chan-
nel structures, a variety of manufacturing schemes have been
proposed for different polymers. Similar to silicon surface
micromachining processes (Fig. 3A), flexible microfluidic
neural probes can be fabricated using photoresist-assisted
processing.106 Another popular method to construct the cover
layer of the microchannel using soft materials is thermal or
plasma bonding (Fig. 3C).107

The photoresist-assisted method uses a channel-shaped
sacrificial photoresist as a temporary positive mould, which
is defined on a flat polymer film substrate. After coating an-
other layer of polymer on the photoresist mould, the sacrifi-
cial photoresist can be dissolved and removed by solvent (e.g.
acetone) to empty the channels. Etch holes are not typically
made in the structural polymers due to their low modulus of
elasticity. This approach is effective, but dissolution of the
photoresist in thin, long channels is time-intensive. In addi-
tion, many flexible materials require an adhesion promoter
to form a strong bond between the top and bottom layers,
which makes this procedure cumbersome due to the incom-
patibility of the solvent for the adhesion promoter with
photoresists.

The problems associated with the photoresist-assisted
technique can be resolved by using thermal or plasma bond-
ing (Fig. 3C). Prior to the bonding of the cover layer, the
microchannel structures are constructed using either photoli-
thography (SU-8,62,66,67,110 photopatternable PI105,110) or
moulding of the structural materials (Parylene C,107

PDMS4,14,33). For example, SU-8 and photosensitive PI are
photopatternable materials. Therefore, probe shape and the
embedding of microfluidic channels in the device can be de-
fined using standard UV photolithography (Fig. 3C-i). Both
materials require multiple stacks of patterned polymer for
the top, bottom, and walls of the channels. The bottom layer
and intermediate channel walls are prepared by photolithog-
raphy and then covered and sealed with a top SU-8 or PI layer
by adhesive bonding (pressure: ∼300 kPa; temperature: 100
°C for 20 min for SU-8,67 and 300 °C for 60 min for PI105).
The sealing via these bonding methods is strong enough to
resist working pressure for infusion. A maximum operation
pressure larger than 20 bar has been reported for a PI-based
neural probe.105 Parylene C is another attractive material,
which can be conformally deposited on structured surfaces
and patterned with oxygen plasma etching (Fig. 3C-ii). For
the fabrication of microfluidic probes, Parylene C is
conformally coated on a negative channel structure and a flat
substrate. Subsequently, thermal bonding is made to create a
robust fluidic channel structure (e.g. thermally bonding two
Parylene C layers together in a 160 °C oven for 30 min under
a bonding pressure of ∼5 MPa107). After constructing
the microchannels, the flexible microfluidic probe is released
from a rigid carrier substrate (e.g. glass or silicon wafer). The
adhesion between the probe and the carrier substrate has to
be strong enough to resist shear forces during the etching

and washing processes and to prevent the probe from peeling
off. However, it is also important to easily detach the flexible
probe from the carrier substrate without damaging the probe
during this final release. To facilitate this step, a sacrificial
layer can be deposited on a hard carrier substrate prior to the
deposition of the polymer. For instance, aluminium can be
deposited to release a Parylene C probe by dissolving the alu-
minium layer in a sodium chloride solution in the final peel-
ing step.107 Polystyrene sulfonic acid can be also used as a
water soluble release layer on a carrier wafer, which helps to
release flexible microfluidic neural probes from the carrier
wafer upon a brief immersion in water.4 For PDMS probes, a
Pt inhibitor can facilitate release of probes from the glass
slide by inhibiting polymerization of PDMS at the glass–
PDMS interface.14 These approaches demonstrate the neces-
sary use of sacrificial materials in the fabrication of flexible
probes.

4. Exemplary microfluidic neural
probes

Development of various types of microfluidic neural probes
has created many new opportunities. For example, variations
of the technology could not only enable simultaneous drug
delivery, optical stimulation, and electrophysiological record-
ing but also delivery of pharmacological agents to multiple
sites of the brain in parallel. In the early-stage development
of microfluidic neural probe technology, fused-silica capil-
laries or metal cannula were integrated with the microelec-
trode to enable electrophysiological recordings with concur-
rent transcranial fluid delivery.111 Although easy to use, such
metal or glass tubing probes have limited applications due to
lack of scalability and difficulty in design variation. More-
over, this cannula approach becomes problematic when try-
ing to add other functional modalities to enable simulta-
neous readouts of neural activity from the same neurons
manipulated by the fluid. The problems occur because of the
requirement for delicate assembly and the uncertainty in the
relative position between the fluidic outlet and the other mo-
dality sites upon integration. In efforts to address these is-
sues, researchers have proposed a wide variety of alternative
approaches based on various materials and microfabrication
techniques described in previous sections. In the following
sections, we introduce exemplary microfabricated fluidic neu-
ral probes in the two categories of stiff and flexible probes,
based on silicon and polymer MEMS technologies,
respectively.

4.1. Stiff microfluidic neural probes based on silicon

Silicon MEMS fabrication techniques have emerged as a pow-
erful approach to construct better microfluidic neural probes
with capabilities for various configurations and functionali-
ties. These MEMS fabrication techniques have allowed re-
searchers to design versatile devices, which integrate multiple
functional modalities with microfluidics. An exemplary case
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of a silicon multifunctional probe involves the monolithic
integration of neural recording electrodes with the micro-
fluidic components. Fig. 4A shows this type of
multifunctional probe. Here, the microchannel was seam-
lessly sealed using low-pressure chemical vapour deposition
of poly-silicon.91 This monolithic hybrid silicon probe fea-
tures recording electrodes to probe electrophysiological activ-
ity of neurons at multiple locations (e.g. 2–16 electrodes per
shank have been demonstrated).82,91

Extraction sampling of brain fluids (e.g. cerebrospinal
fluid)90,110 is an example of an application enabled by en-
hanced spatiotemporal resolution of microfabricated fluidic
neural interfaces. Previously, the local concentration of neu-
rochemical substances was determined using microdialysis
probes (relatively large, 0.2–0.4 mm in diameter) based on a

chemical gradient across a semi-permeable membrane,
which suffers from poor spatiotemporal resolution. A bulk
micromachined fluidic probe was developed by Lee et al.
(Fig. 4B) for sampling cerebral spinal fluid at 50 nl min−1

using one channel while infusing artificial cerebrospinal
fluid from the other channel at the same flow rate to avoid
pressure changes in the interstitial space.90 The fractions of
collected fluid from the striatum of rats were in turn ana-
lyzed by liquid chromatography with mass spectrometry for
detection of neurotransmitters and metabolites. Integration
of microelectrodes in this platform can make further ad-
vances toward concurrent electrophysiological recording and
monitoring of neurotransmitter release.

Another major advantage of microfabricated neural probes
is that the number of microfluidic channels and the probes

Fig. 4 Stiff microfluidic probes based on silicon. (A) Scanning electron micrographs of a MEMS-fabricated microfluidic neural probe, with mono-
lithic integration of Pt electrical pads.91 The inset shows the cross-section of the microfluidic channel buried 30 μm below the silicon substrate
surface. (B) Photograph of a neural probe capable of sampling brain fluid.90 The inset shows the scanning electron micrograph of the two orifices
at the tip. Photograph (C) and scanning electron micrograph (D) of a multifunctional neural probe with multi-drug delivery capability, which was
enabled by integrating a staggered herringbone mixer into a three-inlet PDMS microfluidic chip (C)81,94 and a silicon multifunctional probe with
embedded multiple microchannels (D).81,82 3D microfluidic neural probes with two different microfluidic interfaces using a base platform as a
frame to hold the 2D array devices (E)93 and foldable suspended microfluidic cables (F).87 The insets in (E) show the base of a 2D microfluidic neu-
ral probe array (left) and the base platform used to assemble the inlets of the microfluidic probes (right). The inset in (F) shows the scanning
electron micrograph of the cross-section of the microfluidic cable (arrow) that interfaces with the assembled 3D neural probe.
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themselves can be readily scaled. With the conventional can-
nula, multiple or repeated fluid administrations are challeng-
ing because it requires connection to a different fluid pump
or new injection cannulas to be directly inserted into the
brain (Fig. 2C). For this reason, repeated administration can
increase inflammation as well as physical damage near the
ventral tip of the guide cannula. Microfabricated probes can
resolve these problems since they can easily integrate multi-
ple microchannels and/or fluidic multiplexers. Fig. 4C shows
an example of a multifunctional neural probe with delivery
capability of multiple fluids with a fluidic multiplexer.81,94

Multiplexing the delivery of different fluids without an exter-
nal manifold was achieved by integrating the silicon micro-
fluidic neural probe with a staggered herringbone mixer in a
three-inlet PDMS microfluidic chip. Multiple embedded
microchannels in the probe are illustrated in Fig. 4D. This
type of multichannel probe enables unique experiments such
as examining sequential drug responses, studying the phar-
macokinetics of a new drug at different concentrations, or
performing localized, in vivo immunostaining—all in a single
animal.

The scalability of silicon microfabrication extends the di-
mensionality of the microfluidic probes with multiple
shanks. Given the complex structures of the brain, there is
an increasing need for 3D arrays of neural probes to cover
large areas of the brain. Assembly of 3D microfluidic probe
arrays was demonstrated by either inserting microfluidic
probes into a base frame platform93 or stacking 2D probe ar-
rays with spacers between arrays to adjust the distance be-
tween probes.87 Fig. 4E shows an example of a 3D micro-
fluidic neural device assembled by inserting four 2D probe
arrays into a base platform. This platform serves as a frame
to hold and interface the electrical and fluidic cables with
the 2D probe arrays.93 Here, the fluidic inlets are designed to
match the outlets of the base platform for easy assembly and
sealing (Fig. 4E, inset). Fig. 4F shows a microfluidic neural
device with a 2 × 3 probe array that has been integrated with
recording electrodes.87 In this device, Parylene C was used to
seal the XeF2-etched trenches. The multiple dies of the 2D sil-
icon probe array were also interfaced with Parylene C micro-
fluidic cables (Fig. 4F, inset). Such a simple 3D construction
was achieved by folding the Parylene C microfluidic cables,
which carry an array of 2D microfluidic probes (Fig. 4F).
These 3D microfluidic probes are highly versatile and offer
discrete spatial pharmacological intervention across a large
area of the brain with a single implant. The minimal tissue
displacement by these arrays is unmatched by conventional
approaches using multiple cannulas. Overall, scalability and
versatility of silicon MEMS techniques hold tremendous po-
tential for creating a wide variety of useful microfluidic tools
for in vivo neuropharmacology.

4.2. Flexible microfluidic neural probes based on polymers

A primary reason for developing flexible neural probes is to
address issues associated with mechanical mismatch be-

tween silicon stiffness and soft neural tissues, which have
raised questions about the long-term stability of the devices
and inflammatory responses. Various polymers have been
used to fabricate flexible microprobes for electrical recording
of neural activity.37,38,40 For the same reasons, researchers re-
cently have started to apply the flexible neural interface con-
cept to microfluidic probes. Metz et al. (2001) developed one
of the first demonstrations of a flexible microfluidic neural
probe with recording electrodes made of photopatternable PI
using the process described in Fig. 3C-i.112 The channel layer
and the top cover were bonded at 300 °C for 60 min under
300 kPa pressure.105 Later, the same group modified the de-
vice for highly localised delivery of a controlled amount of
fluids, suggesting a U-tube shaped channel, which infuses
and withdraws the liquid agent at the same time.105 Fig. 5A
shows this device with one fluidic outlet of microchannels
and four microelectrodes.105 The actual performance after be-
ing implanted in the brain was not reported.

Another example of a polymer-based neural probe inte-
grated with fluidic channels is an SU-8 based device (Fig. 5B)
fabricated using photolithography and thermal bonding
(bonding pressure: ∼300 kPa; temperature: 100 °C for 20
min; Fig. 3C-i).67,108 The SU-8 based probe is rigid enough to
penetrate an agarose phantom brain as well as rat brain tis-
sue. After insertion of the probe under the dorsal hippocam-
pal sector CA1 (2.2 mm deep), the authors delivered kainate,
a glutamate receptor agonist, to induce seizures and observed
the typical epileptiform pattern consisting of high amplitude
spike and wave rhythmic discharges.67 Parylene C is another
option for flexible neural probes due to its low water absorp-
tion rate, chemical inertness, and chronic biocompatibil-
ity.45,50,54 Parylene C microfluidic probes can be fabricated
using photoresist-assisted processing (Fig. 3A-i)106 or thermal
bonding (Fig. 3C-ii).107 Ziegler et al. (2006) proposed the de-
sign and fabrication of a microfluidic neural probe using
Parylene C (Fig. 5C), which enables simultaneous electro-
physiological recording and fluid delivery.107 A deposition-
based process for Parylene C could achieve probe thickness
smaller than any other devices reported to date (20 μm),
which can minimize damage and perturbation to brain tis-
sue. PDMS is also an attractive alternative material for micro-
fluidic neural probes, due to its relatively low elastic modulus
(∼1 MPa) and optical transparency (>95% transmission in
visible wavelengths). PDMS can be moulded by soft lithogra-
phy followed by oxygen plasma bonding of two PDMS layers
to fabricate ultrathin microfluidic devices (Fig. 3C-iii and
5D).4,14,33 Due to its low modulus of elasticity compared to
other polymers (e.g. SU-8: 4 GPa,57–59 PI: 2.5 GPa,45–49

Parylene C: 2.2 GPa45,50–52), PDMS neural implants were
shown to be well suited for accommodating physio-
logical movement, as demonstrated in both the brain14,33

and the spinal cord.4,113

These flexible, polymer-based microfluidic neural probes
show a relatively low elastic modulus and low bending stiff-
ness, thereby conforming and adapting better to biological
tissue than hard materials. However, one limitation of the
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use of ultrathin, soft probes (e.g. Parylene C or PDMS probes)
is that they do not provide sufficient stiffness to naturally
penetrate neural tissue. To overcome this limitation, various
strategies have been developed to temporarily stiffen flexible
probes to assist implantation. One way is to employ bio-
dissolvable and biocompatible materials, such as polyethyl-
ene glycol106 or maltose.103 These materials can coat flexible
probes or fill microfluidic channels to make probes more
rigid for successful injection into neural tissue. Upon injec-
tion, the materials are dissolved by biofluids, and the probes
accordingly recover their mechanical compliance. Alterna-
tively, an ultrathin injection microneedle can facilitate the
implantation process by temporarily mounting it to the flexi-
ble probe using silk fibroin.73,114 Silk fibroin is also a water-
soluble, biocompatible material; thus, this approach allows
for the release of the injection needle from the flexible probe
after implantation. These strategies and other future develop-
ments will greatly maximize the utility of flexible microfluidic
neural probes.

Many flexible microfluidic platforms based on Parylene C,
PI, SU-8, and PDMS (Fig. 5A–D) can be multifunctional by
integrating electrodes, optical components, chemical sensors,
and more.4,14,67,104–109 These functional extensions provide
various ways to operate the probe, such as co-administration
of pharmacological substances and optical stimulation, or si-
multaneous chemical activation and electrophysiological re-
cordings to investigate neural circuits. However, the
manufacturing processes involved in these polymers often re-
quire numerous fabrication steps and/or sophisticated as-
sembly processes like transfer printing. These considerations
make high yield production of such multifunctional flexible
neural probes relatively challenging and create a potential
barrier for their commercial translation.

Recent research on manufacturing techniques which
mimic the thermal drawing process used to make optical fi-
bres has led to the development of a highly reproducible
method for fabricating multifunctional neural probes
(Fig. 5E and F).32,115 The thermal drawing method allows the

Fig. 5 Flexible microfluidic probes based on polymers. Scanning electron micrographs of the tips of neural probes made with (A) PI105 and (B) SU-
8,67 and which shows fluid outlets and recording electrodes in close proximity. (C) An optical image of a Parylene C neural probe that captures the
overall device structure, including a microprobe, a fluid inlet, and a contact pad for neural signal readout.107 The inset shows a scanning electron
micrograph of the tip of the neural probe with a fluid outlet surrounded by four microelectrodes. (D) A photograph of the electronic dura mater
made of PDMS for implantation in the spinal cord.4 This stretchable neural device is capable of pharmacological delivery and electrical neural
stimulation for neuroprosthetics. (E–G) Images and data from a multifunctional fibre system. (E) A scanning electron micrograph of a
multifunctional neural fibre that integrates a microfluidic channel, a waveguide, and four recording electrodes.32 (F) An optical image of a highly
flexible multifunctional fibre wrapped around a pencil. (G) Representative electrophysiological data acquired with the fibre showing optically-
evoked neural responses during infusion through the same fibre of the AMPA receptor antagonist CNQX to block the evoked effect.
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integration of multiple materials, including polycarbonate
(PC; refractive index, n = 1.58, Young's modulus, E = 2.38
GPa), cyclic olefin copolymer (COC; n = 1.52; E = 3 GPa), and
conductive polyethylene (CPE; resistivity, ρ = 30 Ω cm) to cre-
ate microfluidic channels, waveguides, and electrical probes
in a single-fibre platform. Multiple drawing by heating and
stretching of a macroscopic template (cm scale in diameter)
enables ∼200-fold scaling-down of the diameter of
multifunctional fibres. This process results in miniature
(∼400–700 μm in diameter), mechanically compliant (bend-
ing stiffness of ∼100–150 N m−1 in the frequency range of
cardiorespiratory activity (0.01–10 Hz) for a 13 mm fibre) neu-
ral probes. This approach allows minimally invasive implan-
tation that is suitable for chronic operation in neural tissue.
These multifunctional fibres have unique capabilities such as
simultaneous pharmacological delivery (infusion rate of 1–
100 nl s−1), light delivery (optical loss of 1.6 dB cm−1), and
electrophysiological neural recording (contact impedance of
3–5 MΩ at 1 kHz). In vivo experimentation shows that this
multifunctional neural probe can monitor electrophysiologi-
cal signals in real time during drug infusion and optogenetic
stimulation. Fig. 5G shows that optically-evoked neural re-
sponses can be modulated by pharmacological infusion (i.e.
the AMPA receptor antagonist CNQX (0.1 mM, 2.5 μl) blocks
the evoked responses in a Thy1-ChR2-YFP mouse). This novel
tool is a powerful option for neural interrogation, which can
facilitate long-term in vivo pharmacology, electrophysiology,
and optogenetics. However, the multifunctional fibre requires
highly precise manual microassembly procedures to connect
each of micro-scale fluidic channels, optical waveguides, and
electrodes to the individual intermediate fluidic, optical, and
electrical connectors, respectively, which couple the fibre and
external control systems. Therefore, further refinement is
necessary to overcome this challenge in the fibre assembly
and packaging.

5. Integrated fluid pumps and fluid
packaging

A significant bottleneck for implanted microfluidic neural
probes in freely behaving animals is the lack of a simple, reli-
able, and untethered method of fluid infusion. A syringe
pump-based system may cause variability in injected volume
due to the elasticity inherent to the associated tubing, lead-
ing to errors in the intracranial infusion volume (typical <1
μl).116,117 Additionally, replacing the microsyringe, fluid
swivel, or tubing can increase the risk of infection.118 To
overcome these limitations, miniaturized microfluidic sys-
tems can be used to integrate active pumps and other fluid
packaging components with fluidic neural interfaces. Most
previous implants developed for fluid delivery have demon-
strated applications in biological organs other than the brain.
Although their bulky sizes are not suitable for implantation
in the brain, these integrated pumps and fluidic packaging
concepts can be adapted for miniaturized microfluidic neural
probe systems. Here, we discuss general strategies to minia-

turize fluid delivery systems for fully self-contained implants
and illustrate several candidates and example applications in
neural systems.

5.1. Integrated fluid pumps

An essential component for a fully integrated microfluidic
neural interface is a fluid pump for infusing fluid agents
through a microfluidic probe. An advanced MEMS technology
has been used to miniaturize fluid pumps controlling fluid
delivery. Ideal fluid pumps should be able to precisely control
flow rate and infusion volume and should have low power
consumption, minimum backflow pressure, and biologically-
safe actuation.119 The micropumps can be broadly classified
by the principle of actuation into mechanical and non-
mechanical pumps.120 Mechanical pumps account for the
pumping systems with mechanically moving parts such as
pumping diaphragms, physical actuators, and check valves.
Non-mechanical pumps work without any moving parts and
can potentially extend the lifetime of devices. Here, we focus
on only mechanical pumps because non-mechanical pumps
cannot provide temporal control of fluid delivery, which is es-
sential for manipulation of neural circuits. For broader and
exhaustive reviews on micropump technologies for self-
contained drug delivery devices, see ref. 119–123.

The most popular type of mechanical micropump is a dis-
placement pump, which ejects fluid in a pump chamber by
direct pushing with a flexible diaphragm controlled by an ac-
tuator.120 The actuation mechanism of displacement pumps
can be classified by electromechanical, thermal, and electro-
chemical methods as described below. The electromechanical
pump directly converts the electrical potential to mechanical
forces to push fluid out. This approach can be achieved using
electrostatic, piezoelectric, or electromagnetic actuation.
Electrostatic actuation uses Coulomb attraction between op-
positely charged plates, and piezoelectric actuation makes
use of the strain induced by an applied electric field on the
piezoelectric crystal. These two methods offer low power con-
sumption and fast response but have limitations in actuation
displacements. Electromagnetic actuation is another option
for mechanical pumping to displace the diaphragm, which
uses an electromagnetic coil and a permanent magnet to gen-
erate Lorentz force by currents in energized coils in a mag-
netic field. Although the electromagnetic actuator consumes
a relatively large amount of power, it provides a large dis-
placement and is readily available as a commercial off-the-
shelf part with low costs. Fig. 6A illustrates a head-mounted
drug delivery device designed for applications in guinea pigs,
integrated with electromagnetic actuators as a reciprocating
pump for drug infusion and a commercial piezoelectric
pump for drug loading to the chamber.124 This device was
designed to infuse and withdraw fluid agents into the co-
chlea using a pump built with a polyimide diaphragm, a dis-
placement chamber, and a commercial electromagnetic
microactuator (11 mm × 13 mm in size). Drugs were loaded
into the infusion line using a commercial piezoelectric
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Fig. 6 Miniaturized active pumps for integrated microfluidic implants. (A–E) Images of the integrated micropumps for implanted fluid delivery. (A)
A head-mounted drug delivery device integrated with electromagnetic actuators as a reciprocating pump for drug infusion and a commercial pie-
zoelectric pump for loading drugs into the chamber.124 (A-i) Exploded drawing of the device assembly and (A-ii) photograph of the assembled sys-
tem. The inset shows the reciprocating flow pump with a miniature electromechanical actuator prior to the final assembly. (B) A thermopneumatic
micropump operated by a wireless powered induction heater.132 (B-i) Illustration of the working principle of the thermopneumatic operation and
(B-ii) photograph of the micropump. (C) An implantable drug delivery device employing shape memory alloy pumps.133 (C-i) Conceptual diagram
of the wireless pump and (C-ii) photograph of the RF powered, implantable pump without the top cover. (D) A microfluidic neural probe integrated
with active pumps based on a thermally expandable polymer.142 (D-i) Diagram of the actuation principle of the thermally actuated micropump and
(D-ii) photograph showing the front and the rear side of the assembled devices. (E) A drug delivery device using electrolysis-based pumping.145

(E-i) Schematic diagram showing the architecture of the drug delivery system and (E-ii) photograph of the assembled device.
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micropump (30 × 15 × 3.8 mm in size). The final system di-
mensions and weight were 56.3 × 41.3 × 36.6 mm3 and 50 g,
and the energy consumption per pump cycle was 20.9 J (19.3
J for electromagnetic actuation, 0.958 J for piezoelectric actu-
ation, and 0.717 J for the other electronics). The device could
be operated for 50 hours with one battery change. The mean
infusion volume was 1.048 ± 0.031 μl with a peak flow rate of
8.064 ± 0.298 μl min−1.

Thermally actuated micropumps are attractive due to
their large volume of displacement. In thermally actuated
micropumps, an electrical heater is used to raise the local
temperature and covert thermal energy into high pressure
to displace a diaphragm. However, thermally actuated
micropumps can suffer from high power consumption
with a relatively slow response.119 Additionally, care must
be taken to isolate heat from fluid agents and biological
tissue. Thermopneumatic,125–132 shape memory alloy,133–138

and thermally expandable polymers118,139–142 are popular
options for thermally actuated micropumps. In
thermopneumatic micropumps, an actuation chamber is
filled with a gas or liquid which is expanded and com-
pressed periodically by a heater and a cooler, respectively.
This periodic change in volume actuates the membrane
with a displacing movement for pumping fluid. Fig. 6B
shows an example of a thermopneumatic micropump de-
vice operated by a wirelessly powered induction heater.132

The authors integrated a thermopneumatic micropump
with a wireless microheater powered by a planar inductor–
capacitor resonator. Frequency tuning of the external mag-
netic field using an inductive coil transmitter controlled
this planar LC heater. The micropump device was able to
deliver a minimum volume of 96 nl at a temperature of
29 °C (4 °C elevated from 25 °C) after being thermally ac-
tivated for 10 s. The fluid volume dispensed from the
micropump was linearly controlled from 17 nl s−1 to 88 nl
s−1 by increasing the joule heating power from 0.07 W to
0.89 W. The final dimensions of the thermo-pneumatic
micropump were 22 × 7 × 4 mm3. Its potential for further
miniaturization makes this type of pump an attractive op-
tion for a self-contained microfluidic system for the brain.
Shape memory alloy and bimetallic micropumps are based
on the shape memory effect of special alloys (e.g. titanium
nickel) and the difference in thermal expansion coeffi-
cients of materials, respectively. Both actuation mecha-
nisms require a high power (typically >100 mW) but can
generate a large force when heated. Fig. 6C shows an ex-
ample of an implantable drug delivery device employing
shape memory alloy pumps.133 The device was packaged
by PI with dimensions of 10 × 10 × 2 mm3, which
contained a micromachined pump chamber and Parylene
C check valves. The micropump was validated to repeat-
edly dispense a single release volume of 219 nl from a
reservoir of 76 μl when wirelessly powered by RF fields
with an output power of 1.1 W.

An actuator based on thermally expandable polymers can
facilitate the construction of miniaturized, lightweight inte-

grated pumps as demonstrated for microfluidic neural inter-
faces for the brain.14,118,142 Fig. 6D shows a microfluidic neu-
ral probe integrated with this type of pump, which was
developed by Spieth et al. (2012).118,142 The device was built
by mounting hemispherical reservoirs on a thermally expand-
able polymer layer, layered on top of an array of micro-
heaters. The thermally expandable polymer composite was
made by mixing PDMS with thermally expandable micro-
spheres, called Expancel®, which contain a small amount of
liquid hydrocarbon in a gas-tight thermoplastic shell.139,141

Upon heating above a critical temperature (76–81 °C), the
polymeric shell softens and the liquid hydrocarbon un-
dergoes a phase change to gas, resulting in the volumetric ex-
pansion of the expandable layer by a factor of up to 60.118

This volumetric expansion is irreversible, thereby preventing
backflow of ejected liquid. Spieth et al. demonstrated the de-
vice for the brain implant with the final dimensions of 11 ×
15 × 3 mm3 118 or 20 × 17.5 × 5 mm3,142 which contains
16 reservoirs each having a capacity of 0.25 μl and a power
consumption of 225 mW over 15 s. The reduced complexity
of the microfluidic interfaces of such micropumps has op-
ened up the opportunity for stand-alone operation as well as
wireless controllability.14

Electrochemical actuation is another compelling option
for miniaturized microfluidic neural interfaces. Electro-
chemical pumps use electrolysis to dissociate water into
oxygen and hydrogen, creating gas bubbles that provide
the driving force to dispense liquids.143 The electro-
chemical micropump requires relatively simple fabrication
techniques and consumes relatively low power (on the or-
der of μW–mW).144 Early approaches to miniaturize fluidic
delivery systems for the brain were demonstrated by this
electrochemical actuation.116,117 However, direct electrolysis
of drug solution to generate the infusion pressure has a
risk of degrading drug quality. Recent development
bypassed this potential problem by making an electro-
chemical micropump that separates the drug solution and
water required for electrolysis. This device was constructed
with a pair of interdigitated platinum electrodes and an
electrolyte (e.g. water) sealed with expandable Parylene bel-
lows (Fig. 6E).145,146 With electrolysis activation, the bel-
lows expand and can subsequently pump out the drug so-
lution from the reservoir. This device presented by Cobo
et al. (2016) was designed for wireless infusion of pharma-
cological agents (e.g. anti-cancer drug and siRNA-gold
nanorod) into xenograft tumors in nude mice. It has di-
mensions of 20 × 15 × 8.1 mm3 and weighs 4.1 g.145 The
reliability and reusability of this electrochemical pump
make it attractive for long-term applications. An in vivo
study showed that the device could reliably deliver daily
doses of 30 μl in a freely moving rodent for three weeks
with less than 6% variation in flow rate. Further miniaturi-
zation and optimization of these mechanical pumps will
greatly facilitate integration of fluid pumps to enable en-
tirely self-contained microfluidic neural probe systems to-
ward untethered operation.
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5.2. Fluid packaging

Proper fluid packaging is necessary to prevent undesired
fluid leakage and evaporation from reservoirs in any variety

of microfluidic neural probe systems. In vivo fluid adminis-
tration enables many options for neural circuit manipulation
and disease treatment by delivering controlled amounts of
pharmacological agents to specific areas of the central and

Fig. 7 Strategies for controlled drug release to prevent fluid leakage. (A) An in-plane ball-and-spring check valve designed to be sealed with heat
shrink tubing.146,147 (B) Hemispherical parylene/PDMS microvalves designed for controlled fluid release.148 (C) Parylene C valves/polyimide reser-
voir actuated by magnetic induction heating of a nitinol membrane.133 (D) A magnetically actuated microvalve with an iron-doped PDMS plug and
a Si/PDMS chamber.150 (E) An array of electrically actuated polypyrrole nanovalves on an anodized aluminum substrate.151 (F) Cross-section of a
microvalve actuated with lead zirconate titanate (PZT), a piezoelectric material, with an integrated pressure sensor to enable dynamic flow rate
control.156 (G) A hermetically sealed chamber with a silicon nitride membrane, ruptured by bubbles generated by resistive heating.167 (H) A polyeth-
ylene glycol reservoir hermetically sealed with a bead of indium-tin solder and a membrane made either of gold or of multiple layers of titanium
and platinum.163,164 (I) A hermetically sealed chamber with a copper membrane, ruptured by increasing pressure via thermal expansion of an ex-
pandable polymer layer on the bottom of the chamber.14
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peripheral nervous systems. However, misadministration of
pharmacological fluids in the wrong dosage can lead to
unwanted neural modulation or serious physiological conse-
quences. In addition, it is important that fluids be preserved
in reservoirs for long-term experimental or treatment options
to be efficacious. Careful fluid packaging strategies can
mitigate the risks of these concerns. To prevent
misadministration of fluids, schemes for both fluid leakage
and fluid evaporation must be considered in the device
design.

5.2.1. Check valves for leakage prevention. One way to
prevent undesired fluid release is by integrating mechani-
cal valves into the fluid delivery systems. This approach is
advantageous because it can create a reusable device with
a refillable reservoir for multiple fluid deliveries over time.
The simplest type of valve for microfluidic applications is
the check valve, a valve that opens with a pressure gradi-
ent in one direction but closes with a pressure gradient
in the opposite direction. Check valves have the signifi-
cant advantage of requiring no actuators, making them
easy to fabricate and implement. Fig. 7A shows one type
of check valve with a spring, designed to be sealed in
heat-shrink tubing.146,147 If pressure within the tube is
raised above a certain threshold relative to the pressure
outside the tube, the spring force is overcome and fluid
will be able to flow out. However, the valve will resist a
very large exterior pressure relative to the pressure inside
the tube, shutting the valve firmly. The same capability
can be achieved by constructing hemispherical check
valves using Parylene C/PDMS as shown in Fig. 7B.148 This
design attempts to mimic the functionality of naturally
present arachnoid granulations in the brain and takes in-
spiration from the one-way PDMS valves commonly found
in condiment bottles. The hemispherical PDMS valve
structure facilitates effective sealing, while Parylene C
coated on the PDMS valve prevents fluid from diffusing
through the valve material.148 Fig. 7C shows another ex-
ample of a check valve integrated into a fluid pumping
device.133 In this device, as the nitinol (nickel–titanium
shape memory alloy)-based actuator changes its shape
(bent either inside or outside) in the presence of an exter-
nal magnetic field, it sequentially opens and closes the in-
let and outlet valves to pump out fluid from the reservoir
(nitinol actuator bent inside – inlet valve closed and outlet
valve open; actuator bent outside – inlet valve open and
outlet valve closed).133 Although effective, this design (10
mm × 10 mm × 3 mm) has large space requirements for
the reservoirs and pumping modules, which may limit the
scaling potential of the overall system for implantation in
small animals such as mice and rats.

Actively actuated microvalves are another option for
controlling fluid flow and preventing unnecessary fluid
leakage. One example is a magnetically actuated micro-
valve (Fig. 7D).149,150 This design involves a valve plug
made of PDMS doped 50% by weight with iron particles
(<10 μm in size).149 An external magnetic field can be ap-

plied to actuate the valve and release a specified fluid vol-
ume. The device could be implanted subdermally and ac-
tuated by holding a permanent magnet on the surface of
the skin. This is a simple design, but the need for an ex-
ternal permanent magnet in close proximity to the device
for actuation can make the system unsuitable for use in
actively moving animals such as mice and rats. More com-
pact designs can be achieved using shape-tunable mate-
rials such as polypyrrole (PPy)151–154 and piezoelectric
materials.155–157 PPy microvalves built on an anodized alu-
minium oxide (AAO) substrate can open or close with an
applied voltage when aqueous sodium ions are present
(Fig. 7E).151 Similarly, a piezoelectrically actuated valve can
actively modulate fluid delivery with voltage control
(Fig. 7F).155–157 Combined with a pressure sensor for feed-
back control, this device not only prevents undesired fluid
leakage but also precisely controls the flow rate of fluid
delivery.

Hermetically sealed reservoirs with thin metal membranes
also provide effective and complete prevention against fluid
leakage. Although this type of reservoir is only able to dis-
pense one particular, pre-determined fluid volume exactly
once, this simple design facilitates integration of separately
fabricated microfluidic probes for fluid delivery deep into the
brain. The fluid is released when a membrane forming one
wall of the reservoir is punctured. Thin metal membranes
(e.g. gold,158–162 platinum,163,164 or copper14) can seal the
fluid outlet port by physical vapour deposition or transfer
printing. These membranes are on the order of 300 nm–3 μm
and can be punctured by expanding gases generated either in
electrolytic processes165,166 or via resistive heating167

(Fig. 7G). Alternatively, thin metal membranes that seal
reservoirs can be ruptured by electrochemical
dissolution,158,160–162 by joule heating from a supplied cur-
rent (Fig. 7H),163,164 or by increasing fluid pressure through
volumetric expansion of a thermally expandable polymer in
the reservoir (Fig. 7I).14 The first approach is effective only
when the gold membrane cap is in contact with saline,
whereas the other two actuation mechanisms are environ-
mentally-independent, making them more useful for a wide
variety of scenarios. Researchers also demonstrated the
scheduled and controlled release of drugs from reservoirs
sealed with bio-degradable polymer membranes (poly(lactic-
co-glycolic acid)), which could be tuned to degrade after dif-
fering amounts of time in vivo.168 Unfortunately, this type of
device cannot provide temporal control of fluid delivery and
is therefore inappropriate for applications requiring manipu-
lation of neuronal activities with high temporal resolution.
Depending on target applications, careful consideration
should be made to determine an optimal fluid packaging
strategy from the available toolset.

5.2.2. Device packaging for fluid evaporation prevention.
Fluid evaporation from a reservoir can be avoided largely
through careful material selection for device packaging. Any
material used to form a reservoir must be impermeable to
the contained fluid or fluid vapour; otherwise, fluid
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evaporation will occur through the reservoir walls. Multiple
materials with uniform crystal structures (e.g. silicon,169,170

silicon nitride,171 glass,167 metals14,158–164) have shown negli-
gible water vapour penetration, and some polymers (e.g. cy-
clic olefin polymer (COP),14 Parylene C14,148,172) have been
demonstrated to store fluids for long time by minimizing
evaporation. Reservoirs made of gas permeable materials (e.g.
PDMS) can also be effective for long-term storage of fluids
when coated with a highly impermeable polymer such as
Parylene C.14,148,172 Table 1 shows the water vapour perme-
ability of various polymers that can be used to construct fluid
reservoirs.

6. Toward wireless in vivo
microfluidics

Advances in materials and manufacturing approaches for
microfluidic neural probes have enabled minimally inva-
sive, localized pharmacological intervention for dissecting
neural circuits, molecular pathways, and cellular signal-
ling. However, the majority of drug infusion studies for
neural circuit manipulation use syringes coupled to exter-
nal pumps via polyethylene tubing connected to the neu-
ral probe implanted within the brain region of interest
(Fig. 2). While relatively easy for most labs to implement,
these tethered approaches severely limit the animal's be-
haviour. In particular, experiments involving social behav-
iour, aggression, and related complex naturalistic behav-
iours are difficult to achieve in a tethered scenario.
Furthermore, these tethered implants potentially increase
neural tissue damage in the brain region of interest due
to repeated entry of the internal cannula into the brain
tissue and subtle movement associated with small forces
exerted by the tethered and skull-mounted materials. Such
implant- and tether-related micromotions have recently
been directly observed through deep brain micro-
endoscopy.173 This damage can prevent appropriate inter-
facing with the relevant biological modalities in the brain.

For this reason, there is an urgent need for wireless
in vivo microfluidics.

6.1. Wireless control and power harvesting technologies

Integration with wireless technologies, such as radio fre-
quency (RF)9,73,113,114,174–181 and infrared (IR),14,182,183 has
successfully enabled wireless electrophysiological neural
stimulation and recording as well as wireless optogenetics.
RF technology can be engineered to provide both wireless
power transfer and bidirectional data communication, while
the IR approach uses a separate power source (i.e. batteries)
for one-way data transfer from the remote controller to the
receiver module mounted on the animal. Both IR and RF
technologies are suitable for enabling wireless fluid delivery,
as both types of signals can trigger the wireless modules to
turn on the integrated fluid pumping systems for drug deliv-
ery. The following sections and Table 3 describe IR and RF
wireless technologies that can be potentially applied to en-
able wireless control of in vivo microfluidics as well as other
types of neural implants.

6.1.1. IR controlled wireless technology. IR light is widely
used for short-range (1–10 m) remote controls. For wireless
control, the IR transmitter (e.g. IR light-emitting diodes)
sends data bits as a series of light pulses with wavelengths
typically in the 940–950 nm range to the receiver (e.g. a
photodetector). Low cost construction and simple implemen-
tation can provide independent control over multiple chan-
nels.14,183 These features make them suitable for remote con-
trol of neural probes by triggering electrical, optical, and/or
chemical stimulation.14,182,183 However, the utility of IR is
limited by a number of factors such as an inherent ‘line of
sight’ handicap and a need for a power supply such as
batteries.

6.1.2. RF wireless technology. RF remote control and
powering systems use radio signals ranging from 3 kHz to
300 GHz. Their operation critically relies on the extent to
which an operating frequency of a transmitter is matched
to that of the receiver as it establishes a successful

Table 3 Overview of various wireless technologies used for neural implants184,186

Wireless technology Infrared

RF wireless data communication RF wireless power harvesting

Bluetooth Zigbee
WiFi
(802.11x)

High frequency
inductive coupling

Ultra-high frequency
RF coupling

Frequency 940–950 nm (signal)/a
few tens of kHz (carrier)

2.4 GHz 868/915 MHz
or 2.4 GHz

2.4–5.8 GHz 1–2 MHz/13.56 MHz
(ref. 176 and 188–193)

On the order of GHz
(ref. 9, 113 and 200)

Range Up to 10 m 10–100 m 70–300 m 100 m A few centimetersa <20 cma

Data rate 0.5–1 kbps Up to 1
Mbps

20 kbps/40
kbps or 250
kbps

11–200 Mbps N/A N/A

Power
consumption/delivery

20–200 mW 10–500 mW 30 mW 750–2000
mW

10 mW 10 mW

Battery requirement Yes Yes Yes Yes No No
Data transfer Uni-directional Bi-directional Bi-directional Bi-directional Uni-directional Uni-directional

a The distance from the source coil antenna.
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communication. The following sections highlight two ma-
jor lines of research: wireless data transmission and radio
frequency wireless power harvesting.

6.1.2.1. RF wireless data transmission technology
i. Bluetooth. Bluetooth is a short range wireless

communication technology that operates in the 2.4–2.4835
GHz ISM (Industrial, Scientific, and Medical) band (IEEE
802.15.1).184 This technology offers several advantages
including a large enough range of operation (10–100 m) to
cover various behavioural neuroscience experiments in the
lab, no ‘line of sight’ handicap, and easy integration with
PCs or smartphones. A few neural recording systems have
been successfully implemented utilizing Bluetooth
technology with batteries185 or with inductive power coils.176

Furthermore, recent advances in BLE (Bluetooth Low Energy)
technology have lowered power consumption (peak current
consumption <15 mA). This technology enables not only
wireless control of neural probes for simultaneous neural
stimulation and recording but also manipulation of a specific
animal among a group of multiple animals by device pairing.
These are powerful features that can empower various
behavioural neuroscience experiments.

ii. Zigbee. Similar to Bluetooth, Zigbee provides a low-
power wireless communication over short distances (10–100
m) but is more suitable for control of multiple devices in a
network. ZigBee uses the 2.4 GHz ISM band (IEEE 802.15.4)
and runs on a mesh topology network where data from a
node travels through a network of nodes until it reaches the
destination.186 This technology offers several advantages such
as a lower module price than Bluetooth and Wi-Fi, lower
power consumption than Bluetooth, easier Internet integra-
tion, and capabilities for bi-directional communication and
quasi-simultaneous control of multiple devices in a network.
Researchers have demonstrated wireless neural devices using
MiWi175 (simple version of Zigbee) and Zigbee187 protocols
for neural stimulation applications.

iii. Wi-Fi. Wi-Fi is a wireless networking technology
that connects devices with each other and to the Internet
(IEEE 802.11x) using the 2.4 GHz radio band for 802.11b,
802.11g, or 802.11n and the 5 GHz band for 802.11a.184 Its
main advantage lies in applications involving high wireless
data throughput and its easy integration to the Internet for
control of neural devices at remote sites, without any
directional line of sight requirements. Although Wi-Fi con-
sumes relatively high power for its operation, integrating this
technology with other low power protocols (i.e. Bluetooth or
Zigbee) can open avenues for energy-efficient Internet control
of interconnected neural probe systems, which can possibly
lead to high throughput neuroscience experiments at a re-
mote site.

6.1.2.2. RF wireless power harvesting/control technologies
i. High frequency range (3 kHz–300 MHz) inductive/

magnetic resonant coupling. Inductive coupling between a
source coil and a load coil occurs when the source coil
(transmitter) induces an alternating voltage across the load
coil (receiver), leading to energy transfer. Although this

experimental approach has some utility,176,188–193 a small
range of operation (a few centimeters) and low power
transfer efficiency of inductive coupling limit its practical
application because reducing the size of the receiver coil
degrades its effectiveness. The magnetic resonant coupling
can be an attractive alternative. In high frequency inductive
coupling, typically a source or load coil includes resistance
and limits quality factor to modest values. As a result, a two-
coil system achieves low transmission efficiency.176,188–193

However, a three- or four-coil system where a primary coil
and a secondary coil consisting of purely reactive compo-
nents such as capacitors and inductors are added to the two-
coil system can achieve high transmission efficiency (>80%)
over a two-coil system.194–198 Such magnetic resonant cou-
pling allows power transmission only when the resonant fre-
quency of the load coil matches that of the source or primary
coil, thereby minimizing the sensitivity of the system to elec-
trical noise in the surroundings for robust, reliable operation.
A recent work by Shin et al. (2017) demonstrated near-field
wireless power transfer for optogenetic behaviour control by
using RF transmission loop antennas surrounding an animal
enclosure.181 Inductively coupled antennas, which operate at
13.56 MHz, could harvest sufficiently high, uniform power
for optoelectronic implants in a cage (30 cm × 30 cm × 15
cm) surrounded by a dual-loop antenna.

ii. Ultra-high frequency (UHF) range (300 MHz–300 GHz)
RF coupling. The major disadvantage of the high frequency
range inductive/magnetic resonant coupling is its form factor
that makes them less ideal for small animal studies. When
dimensions of coil systems operating at high frequency
ranges are scaled down to 1 cm, transmission efficiency
drops to extremely low values.199 Systems operating at ‘ultra-
high’ frequency ranges can achieve highly efficient systems at
a given dimension below 1 cm. Recent studies demonstrated
that ultra-miniaturized RF power harvesting/control systems
can provide a unique, biocompatible platform for wireless de-
livery of light to any part of the body in a freely behaving ani-
mal.9,113,200 One issue on ultra-high frequency electromag-
netic wave propagation is attenuation of electromagnetic
waves or absorption of waves into biological tissues when
traveling through the tissues. The absorption leads to tissue
heating and as a result damages the tissues. IEEE and FCC
suggest guidelines to minimize exposures to UHF waves.201

In addition, these UHF systems are susceptible to changes in
angles or orientations of implanted devices. Therefore, care-
ful manipulation of this technology is needed when design-
ing an effective neural implant.

Straightforward extension of this technology would enable
wireless in vivo microfluidic drug delivery in the central and
peripheral nervous systems of freely moving animals.

6.2. State-of-the art wireless microfluidic neural probe
systems

A wide variety of wireless neural devices can be
implemented using readily available wireless technologies
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described in the previous section. Wireless drug delivery
systems have been demonstrated for various
applications,133,146,202–205 but most of them are not appro-
priate for neurophysiological applications in small mam-
mals (e.g. mice, rats, etc.) due to their relatively large physi-
cal footprints, insufficiently light weights, and inability to
deliver fluids deep into the brain.

A recent innovation from our groups of materials engi-
neers and neuroscientists addressed this issue by developing
what is referred to as a wireless optofluidic system – a small,
lightweight wireless microfluidic neural probe system that in-
corporates optoelectronics for in vivo pharmacology and
optogenetics (Fig. 8A).14,24 This entirely self-contained, head-
mounted system includes an ultrathin flexible microfluidic
probe (∼50 μm in thickness; stiffness 13–18 N m−1; modulus
of elasticity ∼1 MPa), microscale inorganic LEDs (μ-ILEDs;
dimensions: 100 μm × 100 μm × 6.45 μm), compact thermally
actuated fluid pumps, an IR-based wireless control module,
and small lithium-ion batteries. This system allows unt-
ethered, programmable spatiotemporal control of fluid deliv-
ery and optical stimulation deep in the brain. This approach
to manipulating neural circuits holds much potential for
many neuroscience and clinical applications involving freely
moving subjects. The IR wireless control module interfaces
with the optofluidic neural probe system to enable stream-
lined operation of the fully self-contained device. The fully-
assembled device weighs only ∼1.8 g; therefore, it does not
disturb the movement or behaviour of animals. No gross dif-
ferences in motor function and physical activity were found
between optofluidic device-implanted mice and cannulated

mice using the rotarod and running wheel tests
(Fig. 8B and C). One of the most advanced features of the
wireless optofluidic system is its ability to simultaneously im-
plement wireless in vivo optical stimulation (e.g. for optog-
enetics) and pharmacology. In a demonstration experiment
(Fig. 8D and E), optical stimulation of ventral tegmental area
dopaminergic neurons was able to drive a real-time place
preference (demonstrating the reinforcing nature of this
photostimulation) while concurrent wireless delivery of a do-
pamine receptor-1 antagonist (SCH23390) blocked this behav-
iour. Such wireless design is desirable to enable unprece-
dented cell-type and receptor-selective circuit manipulation
in freely moving animals. These types of technology will em-
power future research in circuit neuroscience as well as fore-
shadow applications in clinical medicine using similar
designs.

7. Potential issues in long-term
applications

For long-term application of microfluidic neural probes, it
is important to minimize biofouling and risk of infection,
as well as probe clogging. For this reason, a material's
property not to induce biofouling and inflammation as
well as strategies to prevent microfluidic output ports
from clogging should be carefully considered. In the fol-
lowing section, we discuss biofouling and clogging issues
associated with chronic implantation of microfluidic neu-
ral probes.

Fig. 8 Wireless microfluidic neural probe for in vivo pharmacology and optogenetics. (A) An optical image of the flexible optofluidic probe
consisting of multiple microfluidic channels and μ-ILEDs, capable of simultaneous pharmacological delivery and optical stimulation. The inset
shows a small (15 × 15 × 7 mm3), lightweight (1.8 g), wireless optofluidic system implanted in the brain and mounted on the head of a freely moving
rat. (B & C) Activity profiles of mice implanted with wireless- and cannula-based devices.14 (B) Rotarod data showing the equal ability of the animals
on the rotating rod as the trial speed increases. (C) Spontaneous locomotor activity on a running wheel is not altered by the wireless optofluidic
system. (D) A schematic diagram illustrating the wireless optofluidic experiment. Infusion of channelrhodopsin-2 fused with eYFP was made into
the ventral tegmental area (VTA), followed by implantation of an optofluidic device filled with SCH23390 in the nucleus accumbens of tyrosine hy-
droxylase (TH)-Cre mice 6 weeks later. (E) Traces of mice during real-time place preference control using wireless optofluidics. Optogenetic acti-
vation of VTA dopaminergic neurons drives a strong place preference (top), while delivery of SCH23390 (dopamine receptor-1 antagonist) blocks
preference behaviour (bottom).
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7.1. Biofouling

Biofouling can cause problems by accumulating unwanted
biological materials on the surfaces of neural implants.206

These materials are commonly proteins adsorbed by the
implant materials, but entire cells or bacteria can also ac-
cumulate on implant surfaces, greatly increasing the risk
of infection. This contaminating layer can also provoke an
immune response and lead to inflammation207 or even
block microfluidic channels from properly dispensing
fluid.208 This formation of a biofilm made up of proteins,
cells, or bacteria on electrophysiological recording
electrodes can also significantly degrade signal quality of
neural recordings.209 While the two former components
must be met with engineering solutions, bacterial contam-
ination should be addressed by sterilizing the probes in
question prior to implantation. Ethanol, ethylene glycol,
and autoclaving are all potential solutions to bacterial
contamination, but not all may be appropriate for every
material selected for probe fabrication.

The adsorption of cells or proteins onto surfaces of
implanted neural probes depends on the selected material.
Materials such as gold, silicon nitride, silicon dioxide, silicon
carbide, and SU-8 have been shown to resist protein adsorp-
tion well and elicit a small immune response.64,209 Notably,
both silicon and PDMS have been shown to be significantly
more susceptible to biofouling through protein adsorption,
leading to an elevated immune response.64,210 Despite their
good resistance to protein adsorption, SU-8 has been shown
to delaminate from a silicon substrate after prolonged expo-
sure in vitro to a diluted solution of proteins,64 and silicon di-
oxide has been shown to corrode after as little as one month
in an in vivo application, degrading the performance of the
implanted device.211 As such, when selecting materials for
long-term implantation, anti-fouling properties must be
taken into account.

Although no current schemes exist to completely remove
the risks of biofouling, anti-fouling coatings can be designed
to resist the growth of protein and biofilm layers on implant-
able neural probes. Hydrophobic materials such as PDMS
readily and irreversibly accept proteins through hydrophobic
interactions. As such, to resist biofouling, polymeric coatings
should be hydrophilic, should be electrically neutral, and
should have hydrogen bond acceptors.210 In an effort to ren-
der it hydrophilic and increase its resistance to protein ad-
sorption, many studies have used coatings with various func-
tional groups – polysaccharide-based coatings,212

polyhydroxy-polymer based coatings,213 hydrophilic amide-
based coatings,214 and fluorinated polymer-based coatings215

have all been shown to improve the anti-fouling properties.
Most recently, polyzwitterion-based coatings have been
shown to dramatically resist biofouling from protein adsorp-
tion, enabling a variety of biological applications in environ-
ments where other polymeric coatings would not function
properly.210,216,217 Discovery and application of anti-fouling
coatings such as these is an active field of research itself. For

further details on anti-fouling coatings, readers can refer to
other articles.64,209,210,218,219

7.2. Microfluidic channel clogging

Clogging is a potential concern for any microfluidic device,
but particularly for those designed to penetrate tissue. In
practice, clogging can be caused by either biofouling at the
channel outlet or a size mismatch between the microfluidic
channel and the contents being expelled. Using anti-fouling
coatings as discussed in the previous section can mitigate
the former, but care should be taken in both device design
and implantation strategy to ensure that channels are not
clogged upon insertion into tissue. Careful post hoc examina-
tion of microfluidic neural probes should be performed to
ensure that the implantation approach does not foul the
channels. If it appears that the probes clog during insertion,
one possible solution would be to backfill the microfluidic
channels with an inert fluid (e.g. vehicle solution) to help
limit such channel infiltration.

Generally speaking, a size mismatch between the micro-
fluidic channel and the contents being expelled is an unlikely
result. This type of content-related clogging should not be a
major issue for applications in the brain because almost any
drug being infused into the brain should be in solution and
in low concentrations. Therefore, the size of individual drug
particles or crystals should be irrelevant, assuming the micro-
fluidic channel itself is sufficiently hydrophobic to allow pas-
sage of the typically aqueous solution used to dissolve the
drugs. While some compounds will require polar aprotic sol-
vents to dissolve, direct administration of these into the
brain should be limited whenever possible due to the poten-
tially hazardous effects of such solvents.220 Even the largest
known viral particles are well below a micron in diameter,221

making a viral particle size mismatch with a microfluidic
channel highly unlikely. However, despite size not being a
critical issue, electrostatic properties of both the channels
and the delivered substrate should be considered. The
electrostatic properties of charged particles, such as neuro-
peptides and cell-penetrating peptides,222,223 should be con-
sidered and determined to be compatible with the chosen
microfluidic channel design.

One potential problem area for content-related micro-
fluidic neural probe clogging would be in the delivery of
whole cells into the brain such as that seen in neural
grafting, the process of transplanting neurons derived from
stem cells into the brain.224–226 Here, such cells typically have
diameters of 10–30 microns.227–230 In addition to the poten-
tial for size mismatches between cell diameters and micro-
fluidic channels, delivery of whole neuronal cells might also
necessitate consideration of additional anti-fouling treat-
ments to accommodate adhesive properties of these neurons.

For instances when channel clogging is an issue, the fol-
lowing considerations should be taken. To prevent any parti-
cles from inhibiting fluid flow, the sieving, bridging, and ag-
gregation of particles must be avoided.231 Sieving occurs
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when particles are too large to fit through microfluidic chan-
nels and can be prevented by carefully controlling the size of
particles or by engineering the size of microfluidic channels
according to the size of the particles. Particles will bridge a
channel gap when particle concentration in a fluid is suffi-
ciently high that multiple particles get stuck in the middle of
a microfluidic channel. This can be avoided by controlling
particle concentration and flow rate. Additionally, particles
aggregate when they can bind to the channel or reservoir ma-
terial as well as to each other, successively forming large
clumps that can block the microfluidic channel. Aggregation
can be prevented by careful selection of reservoir materials,
channel materials, and fluid particles to minimize particle–
wall and particle–particle interactive forces.231,232 Bridging
and aggregation are possible if the concentration of the drug
changes over time due to evaporation, representing another
important consideration during fluid packaging as described
previously. Therefore, careful design of microfluidic channels
and probe materials is necessary to provide successful fluid
delivery without clogging issues.

8. Conclusion: challenges and
outlook

Innovation in microfluidic neural probes based on new mate-
rials, mechanical concepts, and novel manufacturing/integra-
tion approaches leads to breakthroughs in neuroscience and
medicine. These technologies not only allow for minimally
invasive implantation and localized fluid delivery but also fa-
cilitate integration with other modalities (e.g. electrical, opti-
cal, chemical, etc.). This multifunctionality is greatly enabled
in miniaturized, versatile platforms. More specifically, the lat-

ter feature enables compact single platforms that offer di-
verse combinatorial options for pharmacological infusion,
electrophysiological neural stimulation and recording, and
optical manipulation of neurons and neural circuits. To-
gether, these features allow for unprecedented studies on the
molecular and cellular basis of behaviour, neuronal develop-
ment and repair, and plasticity in neural systems. Combined
with the scalability provided by well-established micro-
fabrication techniques, microfluidics-based approaches cre-
ate new opportunities for future development and applica-
tions. Materials and fabrication methods for the microfluidic
neural probes discussed in this article are compatible with
many standard semiconductor manufacturing and soft
lithography processes. Therefore, they can be readily adapted
and applied for mass production of various types of micro-
fluidic probes for widespread use in neuroscience and clini-
cal medicine.

The microfluidic neural probe has evolved toward wire-
less, flexible platforms to allow natural movement and behav-
iour while simultaneously minimizing chronic immunoreac-
tive responses in the neural tissue. Although the current
state-of-the-art flexible and wireless microfluidics technolo-
gies described here have shown promise, further efforts are
necessary to improve the ready use of these devices, as illus-
trated in Fig. 9. For example, it will be critical to develop inte-
grated micro-pumps with negligible heat generation and low-
power consumption for future wireless flexible microfluidic
neural devices. This feature will mitigate restrictions on
temperature-sensitive compounds, which is a potential issue
for the thermally-actuated pumps previously employed in
wireless optofluidic systems.14 Electrochemical,146 shape-
memory alloys,133 near-infrared activation,203 and

Fig. 9 Vision for future microfluidic neural probe development. Future neuroscience research and clinical applications will be empowered and
enriched by developing innovative microfluidic neural probes incorporating the following key designs: (A) wireless technology such as radio
frequency-based power and data transfer strategies capable of long-range coverage and simultaneous control of multiple devices. (B) Reusable
cartridge-based or refillable drug reservoirs for long-term implantation. (C) Integrated fluidic pumps based on electrochemical actuators, piezo-
electric actuators, shape-memory alloys, or other approaches to enable fluid delivery with negligible heat generation and low-power consumption.
(D) Mechanically adaptive probes for both simple implantation and long-term mechanical biocompatibility. Such probes may take advantage of
shape-memory polymers and alloys, electroactive polymers, low-melting-point alloys, or rigidity tunable composites.
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piezoelectric pumps233,234 are some of the most promising al-
ternatives with demonstrated utility in other drug delivery ap-
plications. Another essential aspect of future wireless micro-
fluidic neural probes is the access to greater volumes for
long-term pharmacological treatment. One such solution
would be the creation of replaceable or refillable cartridge-
like reservoirs. This approach would facilitate long-term phar-
macological delivery without the need for replacing the entire
“used” microfluidic system from the neural tissue via disrup-
tive surgery. A system to simply replace or refill the empty
reservoirs would keep both the implanted probes and neural
tissue intact. Furthermore, innovative wireless technology is
desired to provide long-range coverage, simultaneous control
of multiple animals, and battery-free operation to enable ad-
vanced behavioural neuroscience experiments as well as prac-
tical clinical implementation. Among many wireless technolo-
gies, the RF wireless approach is one of the most attractive
options due to its long-range operation (over 10 m), no ‘line
of sight’ handicap, bi-directional communication capabil-
ity,186 and its capability for wireless power trans-
fer.9,73,113,114,176,235,236 Finally, ‘mechanically adaptive’ probes
(i.e. a functional probe that softens upon injection into the
neural tissue) would be highly beneficial to address issues
with current injection assisting tools73,114 or biodissolvable
polymer approaches.103,106 Such adaptive neural probes are
ideal for both minimizing tissue damage and facilitating the
implantation process because they eliminate much of the
complexity and cumbersomeness of existing methodologies.
Continued investigation on materials featuring a tunable
modulus (e.g. shape-memory polymers and rigidity tunable
composites)72,237–240 together with engineering efforts to de-
sign and manufacture neural probes with those new mate-
rials will help accelerate practical applications of this
approach.

The neuroscience community is poised to make great,
fundamental discoveries in brain function and disease but
remains in great need of advanced microfluidic neural
probe systems. These devices will need to use biologically
and biomechanically compatible materials, be multimodal/
multifunctional, and operate by wireless control to engage
neuronal function in freely moving animals with high spa-
tiotemporal resolution. Innovative microfluidic interface
technologies will establish new horizons for in vivo phar-
macology, chemogenetics,22,28,29 optogenetics, and the rela-
tively new field of optopharmacology,25–27,241–243 which
uses light-regulated control of molecules to enable stimu-
lation or inhibition in specific cells with high temporal
and spatial precision. Beyond fundamental research, the
microfluidic probe approach also has significant potential
in clinical medicine, due to its capability of highly local-
ized pharmacological infusion for targeted therapies with-
out affecting neighbouring neural tissues. Such fascinating
characteristics will be invaluable for many clinical applica-
tions, including treatment of brain tumours, neural injury,
and many neurodegenerative diseases (e.g. Parkinson's dis-
ease, Alzheimer's disease, Creutzfeldt–Jakob disease, etc.).

Multidisciplinary future development will lead to compel-
ling outlooks in neuroscience and clinical treatment by
enabling advanced, multifaceted functions and capabilities
that go far beyond what conventional approaches have not
been able to conquer.
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