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Abstract

Neural interfaces provide a window into the workings of the nervous system—enabling both 

biosignal recording and modulation. Traditionally, neural interfaces have been restricted to 

implanted electrodes to record or modulate electrical activity of the nervous system. Although 

these electrode systems are both mechanically and operationally robust, they have limited utility 

due to the resultant macroscale damage from invasive implantation. For this reason, novel 

nanomaterials are being investigated to enable new strategies to chronically interact with the 

nervous system at both the cellular and network level. In this feature article, the use of 

nanomaterials to improve current electrophysiological interfaces, as well as enable new nano-

interfaces to modulate neural activity via alternative mechanisms, such as remote transduction of 

electromagnetic fields are explored. Specifically, this article will review the current use of 

nanoparticle coatings to enhance electrode function, then an analysis of the cutting-edge, targeted 

nanoparticle technologies being utilized to interface with both the electrophysiological and 

biochemical behavior of the nervous system will be provided. Furthermore, an emerging, 

specialized-use case for neural interfaces will be presented: the modulation of the blood-brain 

barrier.
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1. Introduction

Neural interfaces are engineered systems designed to record or modulate the activity of the 

central nervous system (CNS) and peripheral nervous system (PNS). Tapping into and 

recording the activity of the CNS and PNS has been a subject of scientific and medical 

interest for decades, if not nearly a century,[1–4] as neural stimulation by direct application of 

electrical current was first reported as early as the late 19th century.[5] Nonetheless, the most 

viable, widely utilized platforms for interfacing with the CNS and recording signals from 

excitable cells are still metal or ceramic electrodes placed on the surface of the brain or 

implanted into the brain.[6,7] By simply implanting a conductive element into brain or 

peripheral nerve bundle, intra- and extra-cellular potentials of local neurons can be detected, 

amplified, and recorded; furthermore, electrical signals can be directly applied via the 

implanted electrode for deliberate stimulation of tissue surrounding the implanted electrode. 

The applications of this fundamental technology have ranged from the treatment of 

neurological disorders with electroconvulsive therapy to restoring the ability to hear with 

cochlear implants.[8–11] Based on these technologies, the future of neural interfaces and 

brain-computer interfaces hold great promise in diverse biomedical and biotechnological 

applications, such as prosthesis control, brain-computer interfaces, and regenerative 

medicine.[12–15]

If the full potential of neural interfaces is to be achieved, myriad limitations of current 

devices and systems must be overcome. Specifically, the challenges to achieving next-

generation neural interfaces fall in the following categories: (i) selectivity, (ii) resolution, 

(iii) coordination, (iv) stability, and (v) management of host-interface responses. Selectivity 

is the capability of the interface to record or stimulate select neurons, nerves, or motor units. 

Resolution is the density, or number of data points taken over time, of the recorded signal. 

Coordination refers to the alignment of multiple electrophysiological signals in time, or the 

correlation of electrophysiological signals with biochemical signals. Coordination is a 

challenge which becomes increasingly more complex as higher levels of signal 

discrimination and resolution are achieved. Stability requirements mandate that neural 

interfaces operate without physical or signal degradation for years. These requirements may 

be tempered by tuning the invasiveness of the delivery technique, which also dictates the 

host response, whether it be deleterious, such as resultant tissue damage and immune 

responses to the neural interface. Managing this response of the host to the interface can lead 

to the reduction of deleterious tissue reactions, such as inflammation and scarring, and 

enable chronic neural-interfaces to succeed.

Herein, we explore the recent development of nanoparticles for overcoming the 

aforementioned challenges and enabling next-generation neuro-nano interfaces. The first 

decade of the 2000’s witnessed a substantial utility of nanomaterials to fashion novel neural 

interfaces, including drug delivery, imaging, topographic analysis, and single-cell 

neuromodulation.t[16] More recently, there has been further exploration of nanoparticles as 

remote neural interfaces.[17] With increasing capabilities and chemistries to engineer novel 

nanoparticles, the potential for novel interfaces has continued an upward trend. Briefly, the 

application of nanoparticle technologies have improved traditional neural interface 
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electrodes;[18,19] furthermore, nanoparticles are small enough to be delivered intravenously, 

pass through the blood brain barrier (BBB) and interact with individual neurons to increase 

the capabilities of neuro-nano interfaces.[20–23] Figure 1 illustrates the applications of 

nanoparticles for next-generation neuro-nano interfaces presented in this Feature Article.

2. Nanoparticle Coatings for Neural Electrodes

Microelectrode arrays (MEAs) are the conventional platform for chronic neural recording 

and stimulation both in vivo and in vitro.[11,24,25] in vivo, these devices are typically 

implanted in cortical tissue or placed on the dura of the brain. Although physico-chemically 

robust and clinically proven, MEAs, such as all of the variations of the ubiquitous Utah and 

Michigan arrays,[26] have many disadvantages including both surgical risk and subsequent 

foreign body response after implantation. The foreign body response almost certainly leads 

to an undesirable immune response from surrounding cells, leading to cell death, electrode 

isolation and failure after long-term implantation on the scale of weeks.[27–29] Recently 

reported technologies utilize ultrathin dielectric and semiconductor materials to fabricate 

electronic dura which can be placed on the cortical surface of the brain without the 

deleterious effects of implantation;[30–32] however, these reported systems only provide 

superficial recording and stimulation. Lieber et al. have reported injectable MEAs based on 

conductive mesh. The conductive mesh, composed of polymer threads, were directly 

injected into the brain and conformed to the mechanical and geometric constraints of brain 

tissue. The injectable mesh is promising as a nanoscale circuit board for carrying neural 

recording and stimulation electronics, but this technology is still in its infancy.[33,34] 

Accordingly, the continued effort to improve implanted neural interfaces by both optimizing 

the signal quality and modulating host-interface response have turned to the enhancement of 

conventional MEAs with novel nanomaterials.

The application of nanoparticles to improve implanted electrodes has the potential to 

overcome the hurdles to next-generation neural interface selectivity and sensitivity by 

directly modulating the physical contact between the electrodes and neural tissue. Although 

electrodes provide a reliable, implantable interface to record and stimulate neuronal activity, 

it is not possible to fabricate electrodes small enough to non-invasively integrate with 

individual neurons without disrupting surrounding tissue or the cell bodies themselves. 

Common penetrating electrodes used in clinical settings are the Utah arrays, sieve 

electrodes, and cuff electrodes.[35–37] These standard smooth surface electrodes have a 

relatively high impedance resulting in poor signal-to-noise ratios (SNR). Deposition of 

nanoparticles on electrodes can increase the surface-area to volume ratio of the electrode, 

facilitating lower impedance to reduce noise.[38] Very simply, nanoparticles provide a higher 

surface-area-to-volume ratio than conventional materials, and the surface-area of an 

electrode is inversely proportional to the impedance of the electrode. increasing the surface-

area of the neural interface increases the capacitance, which decreases the impedance, Z, 

defined by the relationship in Equation (1),

Z = 1
iωC + 1/R (1)
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Where, i is the imaginary unit, ω is the frequency, C is the capacitance and R is the 

resistance of the electrode. By reducing the electrode impedance and subsequently reducing 

the difference in impedance between the tissue and the electrode—improved SNR can be 

achieved.[39] Furthermore, surface topography of electrodes alters cell adhesion, allowing 

improved contact with the electrode for better signal quality.[40] This topography can be 

achieved through a variety of ways, including sandblasting, abrading, etching, lithography, 

and machining, although nanoparticle deposition allows the integration of new advantageous 

materials to the electrode surface.[41,42]

Electrodes made entirely of nanoparticles also improve bio-compatibility by matching the 

mechanical properties of tissue, unlike stiff bulk-material electrodes, and therefore 

integrating better with the cell environment.[29] The following sections outline the use of 

carbon, noble metals, and diamond nanoparticles in optimizing implanted neural interfaces.

2.1. Carbon-Based Nanoparticles

Carbon-based nanoparticles offer electrically active and mechanically robust platforms for 

the enhancement of neural electrode platforms for electrophysiological recording and 

biochemical sensing. Carbon nanoparticles can be used to lower the impedance of electrodes 

by increasing the surface-area. In the following section, we will analyze recent developments 

in carbon-based nanoparticles and relevant nanocomposites used to improve neural 

interfaces.

2.1.1. Carbon Nanotube (CNT) Functionalized Electrodes—For the purposes of 

this analysis, we will consider CNTs in the category of nanoparticles when used to augment 

implanted MEAs. It should be noted that novel neural interfaces are being developed which 

utilize individual or bundled CNTs as implanted electrodes, specifically to conduct 

biochemical sensing.[43,44] CNTs offer a variety of desirable characteristics making them 

suitable for applications in neural interfacing, including high conductivity, high surface-area, 

and low contact impedance. Functionalization of electrodes with CNTs is an effective 

method to increase the recording sensitivity of electrodes due to these characteristics.[45] 

Additionally, CNTs enable unique surface chemistries which modify biological interactions 

and may promote biocompatibility.[46,47]

The geometry of the individual electrodes of the MEAs, specifically the surface-area, 

directly impacts the signal-to-noise ratio (SNR) of the recorded neuronal activity. CNTs 

have been utilized to modify both commercial and custom MEAs to increase surface-area, 

which improves sensitivity by reducing SNR. Figure 2 presents multiple examples of CNT 

modified electrodes for neuronal recording. For example, Shin et al. examined CNT-coated 

tungsten (CNT-W) electrodes. The CNT-W electrodes were tested in vivo by implantation 

into 76 sequential positions of the brain of a mouse, and neuronal activity was 

simultaneously recorded.[45] The improved sensitivity and fidelity of the neural recordings 

was attributed to faster flux of electroactive species across the increased surface-area due to 

CNT coating.

Electrode facilitated excitation or silencing of neurons is driven by the polarization or 

depolarization of the cell membrane by exposure to an electrical current.[8] To improve the 
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charge transfer ability at the neural interface, Zhou et al. used amino-functionalized CNTs 

electrodeposited onto Pt (CNT-Pt) microelectrodes.[48] The CNT-Pt microelectrodes showed 

a ≈90% decrease in electrode impedance compared to bare Pt microelectrodes. The CNT-Pt 

electrodes also displayed increased charge storage capacity and an increased safe charge 

injection limit, 10 × higher than that of bare Pt electrodes. These electrodes displayed high 

stability when stimulated illustrating a potential use for applications such as neural 

prostheses. Ansaldo et al. directly grew CNTs directly on the tip of microelectrodes (Figure 

2)[49] These Pt-W microelectrodes were fabricated by chemical vapor deposition (CVD) of 

CNTs. CVD enables the direct growth of CNTs on a microelectrode, rather than deposition 

of pre-developed CNTs. The CVD-CNT electrodes were reported to have a much wider 

potential limit, charge injection limit, cathodic currents, and impedance magnitudes when 

compared to other CNT-functionalized electrodes, which enables better recording and 

stimulation from the same electrode. The microelectrodes were fabricated from Pt-W wires 

were coated in CNTs and insulated with quartz glass. Pre-coated electrodes exhibited an 

impedance ranging from 500 to 700 kΩ at 1 kHz, while CVD-CNT coated electrodes had 

measured impedances averaging 15 kΩ. More importantly, the high-temperature fabrication 

of CVD-CNT electrodes result in nanoparticle adhesion that is more stable under 

mechanical stress when compared to other CNT composite electrodes which utilized 

dielectric polymers for the insulation layer. Yung-Chan et al. also fabricated flexible CNT 

MEAs, using commercial polyimide films and deposited chromium and gold layers as the 

base, with a chemical vapor deposited CNT layer as the contact electrode.[50] They tested 

this device in vitro by placing the electrode on the caudal photoreceptor on the tail of a 

crayfish, displaying improved noise and SNR when compared to control MEAs. The MEAs 

was also used in vivo to record electrocorticography of a rat on the dura surface, also 

displaying a better SNR and lower impedance per unit area.

Composites of CNTs and conducting or insulating polymers have become popular for acute 

and chronic neural interfacing (Figure 2).[51–58] CNTs are blended with polymers to produce 

nanocomposites that limit the leaching of CNTs and improve the electrical characteristics of 

the polymers. For example, Chen et al. fabricated polypyrrole-CNT nanocomposites via a 

layer-by-layer (LbL) fabrication method for use in neuronal recording.[59] The surface of 

neural electrodes was modified with multilayered polypyrrole coated, multi-walled CNTs 

which improved charge capacity, reduced impedance and increased chemical stability when 

compared to neural electrodes only coated with multilayered polypyrrole and uncoated Au 

electrodes. More importantly, preliminary biocompatibility and toxicity tests did not show 

defects in neurite growth and function, which has been a problem because of CNTs leaching 

from the MEAs into the neural tissue.[60] This suggests that neurons would maintain 

function if such a composite electrode was implanted and CNT leaching was at the very 

least minimized, if not completely avoided, using this material and fabrication technique. 

Similarly, Baranauskas et al. tested polypyrrole-CNT coating on a Pt-W microelectrode and 

found significant reduction in the microelectrode impedance at all neuronal signal 

frequencies (1 to 10000Hz) and up to a 4× increase in SNR.[61] While these polypyrole-CNT 

electrodes were initially examined in vitro, they outlined a strategy for composing the 

properties of both conducting polymers and CNTs for implanted MEAs.
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Subsequently, CNT-polymer composites have been developed for implanted neural 

electrodes. individual CNT fibers were insulated with a polystyrene-polybutadiene 

copolymer, resulting in an electrical impedance 15 to 20 times lower than that of a 

traditional platinum iridium (Pt-Ir) wire.[29] Furthermore, the flexibility and size of the 

microelectrodes make them more bio-compatible as they integrate better with neural tissue 

resulting in less delamination when implanted in the brain.[62] This was tested by 

implantation into the deep brain of a rat model. Deep brain stimulation using CNT fiber 

electrodes resulted in alleviating motor symptoms of Parkinson’s disease in the rat model. 

The brain tissue and electrode were also evaluated six weeks after implantation, displaying 

reduced inflammatory response when compared to Pt-Ir electrodes. Neuronal activity was 

also recorded in the primary motor cortex of rats over 4 weeks, showing minimal 

degradation of signal.

Lastly, utilization of poly(3,4-ethylenedioxythiophene) (PEDOT) as a matrix to contain 

CNTs for neural interfaces provides benefits for neural recording and stimulation. PEDOT, 

and its close neighbor poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate) 

(PEDOT:PSS), are highly conductive, bio-compatible and arguably the most broadly utilized 

conducting polymer.[63-64] In addition, PEDOT has been demonstrated to have better 

stability when compared to other conductive polymers.[65] Accordingly, many researchers 

have explored PEDOT CNT composite MEAs.[66–68] In the research presented by Zhou et 

al., multi-wall CNT-doped PEDOT films (CNT-PEDOT) were electrodeposited onto 

platinum MEAs.[65] CNT-PEDOT films electrodeposited in a galvanostatic method exhibited 

greater stability and electrochemical performance compared to CNT-PEDOT films 

electrodeposited with a potentiostatic method and PEDOT films electrodeposited without 

CNTs. In vitro tests were performed on rat pheochromocytoma cells (PC12), a cell line with 

a neural origin commonly used to model neural response, and resulted in increased adhesion 

and outgrowth of neurites on CNT-PEDOT films when compared to PEDOT films. These 

results demonstrate that CNT-PEDOT films are non-toxic to neural cells, suggesting that 

such materials would integrate well with brain tissue. CNT-PEDOT coated platinum wires 

were also implanted into a rat cortex for in vivo evaluation, and these interfaces elicited a 

reduced inflammatory response when compared to non-coated platinum wire controls.

Comparable to CNT-polypyrrole composites, CNT-PEDOT composites are typically 

characterized by increased capacitance and charge injection capacity. Cells displayed high 

viability and neurite outgrowth on films, further demonstrating that PEDOT-CNT films are a 

suitable material for interfacing with neurons.[66–68] Kolarcik et al. also used anti-

inflammatory doped particles to minimize immune response around implanted electrodes.
[69] The conductive polymer PEDOT was used in conjunction with CNTs and the anti-

inflammatory drug dexamethasone to coat platinum/iridium dual-shank microelectrodes. 

While the PEDOT-CNT coated microelectrodes doped with dexamethasone had a higher 

impedance than the un-doped PEDOT-CNT microelectrodes, they performed comparably to 

bare electrodes. After examining dose-response in vitro, electrodes were implanted in mice 

to assess in vivo electrode performance and tissue response. It was found that impedance 

measurements were decreased in drug-doped electrodes compared to non-doped electrodes 

over the first few days after in vivo implantation. The anti-inflammatory drug may be 

reducing foreign body response around the electrode after implantation; therefore, 
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maintaining a low impedance. Doped electrodes also resulted in less neuron death after 

implantation. Additionally, PEDOT-CNT coated electrodes resulted in a lessened 

inflammatory response when compared to bare electrodes. This all suggests polymer 

coatings and anti-inflammatory drug doping may be suitable methods to avoid immune 

response surrounding an implantable, which will aid in conserving the resolution of the 

signal recorded by the MEAs.

2.1.2. Nanocrystalline Diamond Used in Neural Interfaces—Diamond is a unique 

material, growing in popularity, for enhancing the properties of many biomedical 

applications, including neural interfaces.[70,71] Unlike CNT coatings, or other carbon-based 

electrodes, boron-doped diamond (BDD) systems are particularly noteworthy because of 

their tremendous physico-chemical and operational stability under physiological conditions. 

The nanoscale surface-roughness and topography of nanocrystalline diamond products 

demonstrate low protein adsorption and non-hemolytic response,[72] which are all beneficial 

in designing the surface chemistry and activity of implanted electrodes. Piret et al. 

investigated BDD as a material for electrodes used in neural implants (Figure 3).[73] Two 

conditions were analyzed: BDD-modified MEAs and BDD-CNT composite MEAs. Both 

microfabrication methods involved the seeding of diamond nanoparticles on the MEAs, 

followed by crystal growth to produce nanocrystalline interfaces. The BDD-CNT composite 

MEAs included vertical CNT growth and an additional diamond encapsulation step to create 

a 3D-nanocomposite electrode. The BDD-CNT composite MEAs were characterized by 

reduced impedance and improved SNR compared to the BDD MEAs. After implantation in 

ex vivo mouse spinal cord sections, BDD-CNT composite MEAs can record low amplitude 

spiking signals, unlike the BDD MEAs.

Cottance et al. fabricated pristine BDD electrodes from diamond nanoparticles (Figure 3).
[74] The diamond array displayed a wider potential window compared to traditional 

electrodes, ensuring the electrode would not leach ions and degrade over time. Spontaneous 

activity of an embryonic mouse hindbrain-spinal cord was recorded ex vivo, illustrating that 

the fabricated BDD microarrays could successfully detect low amplitude signals. 

Spontaneous activity was also recorded from ex vivo rat retinas. Comparably, Cai et al. 

reported the use of nanocrystalline diamond pillars to improve the ability of cochlear 

implants interfacing with auditory neurons.[75] By coating the MEAs with micro-textured 

nanocrystalline diamond pillars, increased surface-roughness promoted cell growth and 

improved the physical interface between the electrodes and cells. When compared to bare 

electrodes, the nanocrystalline diamond pillars exhibited a higher affinity for mouse and 

human neurons with the axons anchoring around the top of the pillars. This work 

demonstrates the possible application of nanocrystalline semiconductor coatings to improve 

cell adhesion to electrodes and better interface MEAs with neural tissue.

Nanocrystalline semiconductors have also found unique utility outside of being the direct 

recording or stimulation medium. Hermetic coatings are necessary for the biocompatibility 

of an implantable device, although feedthroughs to allow contact with the surrounding tissue 

environment are difficult to fabricate and are common points of failure for implanted neural 

interfaces. Ganeson et al. report the use of hermetic electrical feedthrough arrays fabricated 

from nitrogen-doped nanocrystalline diamond (NDD).[76] The feedthrough arrays are filled 
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with electrically insulating NDD. The electrodes had low feedthrough and high isolation 

resistances. The advantageous electrochemical properties enabled by unique properties of 

nanocrystalline diamond were confirmed; moreover, a higher percentage of rat cortical 

neurons survived when cultured on the nitrogen-doped nanocrystalline diamond electrodes 

compared to a polycrystalline diamond substrate and tissue culture plates. Accordingly, we 

propose that nanocrystalline diamond is a suitable material to make densely packed 

feedthrough arrays, improving signal and cell interaction when interfacing with neurons.

2.2. Metal and Alloy Nano-Coatings

Noble metal and alloy nanoparticles are useful for improving the conductivity and SNR of 

implanted electrodes due to their high conductance and surface-area; furthermore, the 

synthesis and deposition of nanoscale metals on electrode surfaces are a thoroughly explored 

methodology to offer a well-defined and simplified way to develop biosensors and 

biotechnologies.[77,78]

Gold nanoparticles (AuNPs) are likely the most popular alternative for the enhancement of 

implanted MEAs. Castagnola et al. used a PEDOT:PSS composite material to coat a gold 

microsphere grown on the tip of a thin insulated platinum wire.[51] This electrode was 

further encapsulated in poly(2-hydroxyethyl methacrylate) (pHEMA) to combat the 

biocompatibility issues of the nanomaterials, and match the mechanical stiffness of the brain 

and electrode for better integration. Like many AuNP technologies, the described MEAs 

were fabricated by LbL methodology. The electrode was tested in vivo by recording neuron 

signals from the parietal cortex of rats, displaying the pHEMA coating did not affect the 

electrical performance of the electrode. Additionally, electrodes coated in pHEMA elicited a 

lower immune response when compared to the uncoated electrodes. Tsai et al. used gold 

nanoparticles and self-assembled monolayers (SAMs) to modify platinum microelectrodes 

to detect striatal dopamine, a marker of Parkinson’s disease (Figure 4)[79] An alkanethiol 

was utilized to form the AuNP SAMs. Alkanethiols are a common group of molecules used 

to functionalize both AuNPs and the surfaces of metal electrodes. In this case, the AuNPs 

were used to increase the sensitivity of a platinum electrode. The fast response time, low 

detection limit, and high SNR facilitated by the AuNP SAMs was attributed to the increase 

surface-area of the modified electrodes. In vivo studies in the brains of rats confirmed coated 

electrodes could be used to monitor dopamine release in real time.

Furthermore, gold nanostructures could be added to the surface of single-cell-sized 

electrodes, demonstrating significantly lower impedances and higher electrical stimulation 

capabilities when compared to unmodified gold electrodes.[80] Brüggemann et al. also added 

gold nanostructures to the surface of microelectrodes for extracellular signal recording 

(Figure 4)[81] Unlike the aforementioned Au-NP coatings, gold nanopillars were appended 

to the MEAs to penetrate the neuronal cell membrane and conduct real-time recording. 

Recorded signal amplitudes were up to 100% higher than those recorded with planar gold 

electrodes. The recording and stimulation capabilities of the electrodes were tested on rat 

hippocampal neurons in vitro, displaying low noise levels and a high SNR. Additionally, 

neurons adjacent to electrodes were easily excited by small current pulses. These results 

were further verified by Nick et al. when covering microelectrodes with high aspect-ratio 
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gold nanopillars.[82] This platform also exhibited a decrease in impedance, good neuron 

adhesion, and amplitudes up to ten times higher than conventional gold electrodes. The high 

amplitudes of this system reduce the necessity for extreme signal amplification, which can 

introduce further signal distortion and decrease the detection limit.

Beyond the improvement in signal quality, gold nanoparticles can be used to decrease 

implanted electrode rejection in vivo. Immune response can cause glial capsule formation 

around an implanted electrode, resulting in an impaired signal and shortened operational 

lifetime (Figure 4). Zhang et al. demonstrated that AuNPs assembled by LbL).[83] Zhang et 

al. demonstrated that AuNPs assembled by layer-by-layer (LbL) fabrication techniques on 

microelectrodes produced more than three-fold reduction in interfacial impedance and an 

order-of-magnitude increase in charge storage capacity.[84] More importantly, the AuNP-

LbL composites displayed minimal bio-fouling after implantation and operation. Chapman 

et al. proposed using nanoporous gold as an alternative to planar gold coatings to combat 

scar tissue formation around implanted electrodes.|85| Using an alloy corrosion process, 

pores were made in coated gold, ranging from 90–150 nm. The nanoporous coating reduces 

astrocyte coverage while maintaining neuron coverage when tested with co-cultured cells in 

vitro. The decreased astrocyte coverage and encapsulation intimates the nanoporous gold 

coatings could improve electrode function in vivo by enabling a larger neuronal interface 

area by limiting the astrocyte interface area.

Silver and platinum are alternative noble metals which have been explored for neuronal 

interfaces. Silver nanoparticles have also been explored for use as neural electrode coatings.
[86] Ahn et al. fabricated silver nanowire-based microelectrodes (AgNW) on hydrogels with 

photolithography to attain the precise patterning of small features (Figure 4).[86] They 

exhibited excellent electrical conductivity, mechanical flexibility, and consistent resistance 

under hydrated conditions. The demonstration of MEA fabrication on hydrogel substrates is 

an important step toward neural implants which match the mechanical properties of the brain 

and other excitable tissue. Similar to silver, platinum has been briefly explored for use in 

neural interfaces,[87–89] but nano-platinum must be carefully employed due to its potential as 

a highly reactive catalyst of simple compounds that may be found in physiological media.
[90–91] Shah et al. used nano-cluster platinum films to enhance implantable electrode 

performance.[92] Flexible MEAs were coated with nano-platinum to create electrodes with a 

decreased impedance that was more stable over a larger range of frequencies and reduced 

degradation when compared to non-coated MEAs. Angelov et al. used electrophoretic 

deposition to coat Pt-Ir electrodes with Pt nanoparticles (PtNP).[87] The PtNP-Pt-Ir 

electrodes were fabricated with different nanoparticle sizes (<10 nm, 50 nm, and composite), 

and they were compared to bare Pt-Ir electrodes. The PtNP coatings resulted in more stable 

impedance measurements when compared to non-coated electrodes, and larger PtNPs, i.e., 

50 nm, resulted in increased impedance. Electrodes were tested in the subthalamic nucleus 

of rats, and impedance measurements were evaluated. An increasing impedance for uncoated 

electrodes was observed over the entire implantation, while the PtNP coatings maintained 

the electrodes’ impedance over the course of the implantation. It was also reported that cell 

adhesion and inflammatory response was reduced in PtNP-coated electrodes.
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Noble-metal alloy nanoparticles are also an option to take advantage of the positive features 

offered by multiple metals to reduce the impedance of an electrode.[93–95] Gold and 

platinum offer synergistic effects, such as improved electron transfer rate, electrocatalytic 

activity, and stability when compared to AuNPs.[94] Specifically, rough-surface AuPt was 

deposited on gold microelectrodes by electrodeposition of Au-Pt-Cu nanoparticles and 

subsequent de-alloying of copper by chemical dissolution. The removal of copper from the 

nanoparticles created nanoporosity. The AuPt-NP coated gold electrodes exhibited very low 

impedance, <5% of the impedance of the non-coated electrodes. Neural recordings were 

compared in vivo by implanting AuNP-coated electrodes and rough-surfaced AuPt-NP-

coated electrodes in the brains of rats. Spike amplitude was similar for both conditions, but 

the rough-surfaced AuPt-NP-coated electrodes exhibited a higher SNR than the AuNP-

coated electrodes. Kim et al. presented similar results when AuPt nanoparticles were co-

deposited on gold electrodes.[93] The electrode was further modified by covalently binding 

poly D-lysine onto the AuPt-NP surface. The capacitance of the composite nanoparticle-

coated surface was measured to be larger than the capacitance of the AuNP-coated 

electrodes, and smaller than that of the PtNP-coated electrodes. The composite nanoparticle 

electrode also has an increased surface-area compared to the AuNP coated electrode. This 

was tested in vitro by culturing neuronal cells on top of the modified electrodes. A reduction 

in baseline noise was observed in the AuPt-NP-coated electrodes when compared to AuNP-

coated electrodes, suggesting possible applications in long-term neural prostheses due to 

both mechanical and operational durability.

It should also be noted that noble metals can be partnered with carbon to enhance electrode 

properties for in vivo neural recording. Zhang et al. electroplated multi-wall carbon 

nanotube and Au nanoparticle composites onto a silicon neural probe.[96] This group chose 

to investigate their capability to utilize CNT-Au composites to facilitate improved neuron 

growth attributed to CNT modification, while also taking advantage of the high conductivity 

and low toxicity of AuNPs. The impedance was significantly decreased in CNT-Au 

electrodes when compared to bare electrodes, and an increased charge storage in CNT-Au 

electrodes was also observed. What will become clear in the following sections is that the 

common design strategies for neuro-nano interfaces are often rooted in combinatorial 

approaches, where the integration of multiple nanomaterials contributes to the ultimate, 

improved performance of the neural interface.

2.3. Polymer and Polymer-Composite Nanoparticle Coatings

An important component for any electrode interfacing with the brain is maintaining contact 

with surrounding neurons. To do so, neurons must remain viable around the implant, and 

glial cell accumulation must be minimized because they reduce the ratio of electroactive 

cells in proximity to the recording or stimulating electrodes. We have previously examined 

the beneficial incorporation of polymers into nanocomposites for neural interfaces. Polymers 

enhance the application of nano-coatings due to their tunable mechanical properties, 

flexibility, biocompatibility, and the broad chemical design space that they offer.

Polymer nanoparticles are most apparently useful for their ability to facilitate neural 

adhesion to an electrode surface by both chemical and physical engineering. Ho et al. used 
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polymer nanoparticles to create neural guidance conduits with surface roughness to induce 

cell adhesion.[97] The nanoparticles consisted of a poly(glycidal methacrylate) (PMMA) and 

Fe3O4 composite core, coated in the conductive polymer PEDOT:PSS. A cationic 

polyethylenimine layer was used to electrostatically conjugate the PEDOT:PSS coating to 

the PMMA-Fe3O4 nanoparticle core. Capillary force lithography was used to linearly 

organize the nanoparticles, creating parallel channels 800 nm long and 130 nm wide, with 

about 1.5 μm between lines. Neurites displayed preferential attachment to the nanoparticle 

channels compared to non-coated gaps, when cultured on top of the patterned arrays. 

Cultured neurons were electrically stimulated through the conductive microarrays, 

displaying greater cell area, as well as dendritic patterning along the linear channels. This 

cellular response in adhesion and excitation suggested the PEDOT:PSS coated conductive 

polymers patterned on a substrate as an innovative new method to locally excite neurons in 

vivo.

Not only can polymers be used the promote cell adhesion by physical patterning, but 

polymer nanocomposite electrodes can be engineered to match the mechanical properties of 

brain tissue to decrease immune response around an implantable.[98–99] Capadona et al. 

have reported a polymer nanocomposite composed of a poly(vinyl acetate) solution with 

“nanowhiskers” made from cellulose nanocrystals. The tensile storage modulus of the 

material decreases upon implantation and has minimal swelling compared to other hydrogel 

materials. The electrodes were implanted into mice, with histological analysis confirming 

decreased microglia density around the polymer nanocomposite electrodes. Additionally, 

more neurons were present around the polymer nanocomposite electrodes, suggesting the 

polymer electrodes would have better signal integrity than that of smooth electrodes due to 

more exposure to surrounding neurons. Analysis of long-term implantation confirmed that 

the neuroinflammatory response of the implantable was dramatically decreased for the 

nanocomposite electrodes when compared to silicon implants.[100] Also, the BBB integrity 

was conserved around the nanocomposite electrodes, weeks after implantation, unlike the 

poly(vinyl acetate)-coated silicone implants. By utilizing soft nanomaterials to match the 

mechanical properties of an implanted electrode with the brain, these early reports illustrate 

a path towards reducing glial scarring and promoting neuron viability around implants, 

indicating improved signal integrity for extended-use applications.

More pro-active routes to reducing deleterious foreign body responses to implanted 

electrodes are also being developed. Because of the broad chemical design space offered by 

polymer nanoparticles and polymer nanoparticle composites, neural implants can be 

engineered to directly deliver anti-inflammatory drugs. Huang et al. explored the use of 

controlled-release nanoparticles to combat the immune response of cells surrounding 

implanted electrodes.[101] Rather than coating electrodes in mechanically compliant 

materials to try to avoid an immune response, these researchers decided to actively treat 

inflammation using oligo-proanthocyanidin (OPC) released from chitosan nanoparticles 

coating the implanted electrodes. The coated electrode had a lower impedance and improved 

SNR compared to uncoated electrodes, like other nano-coatings, but these incorporate active 

anti-inflammatory agents. Inflammatory activity was reduced with cultured neurons, and 

glial cell recruitment to the electrode surface was decreased.
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Kolarcik et al. also used anti-inflammatory doped particles to minimize foreign body 

response around implanted electrodes.[69] PEDOT, CNTs, and the anti-inflammatory drug 

dexa-methasone was compounded and coated onto Pt-Ir dual-shank microelectrodes. 

Electrodes were implanted in mice to assess in vivo electrode performance and tissue 

response. It was found that impedance measurements were decreased in drug-doped 

electrodes compared to non-doped electrodes over the first few days after in vivo 

implantation, suggesting the anti-inflammatory drug may be reducing inflammatory 

response around the electrode. The use of the drug-doped electrodes also resulted in less 

neuron death after implantation.

The continued exploration of drug-releasing nanoparticles will continue to creep into the 

next-generation of neural interfaces as a promising route to overcome foreign body response 

and enable chronic implantation.

3. Nanoparticles as Systemically Delivered Neural Interfaces

Invasive and bulky, electrodes are often not a feasible method to stimulate and modulate the 

CNS or PNS, specifically when the area of interest is in the deep brain, chronic utility is 

necessary, or the risk of surgery is either too great or impractical for the final outcome. Of 

the aforementioned nanotechnologies that utilize nanoparticles to enable improved 

implanted electrodes, none employ the capabilities of nanoparticles to remotely access and 

interface with the individual neurons at the deepest regions of the CNS via systemic or 

targeted delivery. Accordingly, a recent body of literature has reported the utility of 

circulating nanoparticles to access the CNS and PNS to be remotely activated for neural 

modulation or stimulation.

Neurons respond to a variety of stimuli. Traditionally this constitutes electrical stimulation 

through implanted electrodes, as discussed heretofore; however, neurons also respond to 

thermal, physical and chemical stimuli. For example, nanoparticles can be engineered to 

transduce an external stimulus to activate ion channels, leading to resultant action potentials; 

furthermore, the stimulation or modulation effects can be restricted to certain cell types by 

targeting surface receptors unique to the cell type of interest.[102]

The following section will analyze recent reports on the utility of nanoparticles to freely 

interface with the CNS and PNS, transduce external fields and provide a non-invasive 

system to record, stimulate or modulate the function of neurons.

3.1. Light-Activated Nanoparticles as Neural Interfaces

Nanoparticles in contact with neurons can transduce the radiation of external or implanted 

light sources, offering single-cell or wide field neuronal stimulation, modulation or 

silencing. The general illumination of neurons can affect their activity either by light-

induced temperature rise, exploiting the intrinsic physical, and chemical dynamics of 

neuronal membranes,[103–106] or by photovoltaic effects that transduce light into an 

electrical stimulation.[107–108] Moreover, the addition of optically active nanoparticles can 

improve the efficiency of transducing optical signals into neuronal stimulation or 

modulation. In addition, the field of optogenetics is supporting novel ventures into 
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modulating neurons with unprecedented precision and specificity,[109] and even treat several 

diseases such as hereditary blindness, epilepsy, or Parkinson’s disease with the possibility of 

wireless implants for chronic light stimulation[110–112] With the development of better 

genetic engineering techniques and understanding of neurobiology, optically active 

nanoparticle transducers are a promising class of materials for neural interfaces.

The future application of optically excited nanoparticles for interfacing with the brain 

depends on the development of systems that can be activated non-invasively with a high-

energy conversion that do not damage tissue. This will require significant improvements in 

both nanomaterials and hardware used for the optical stimulation. Most importantly, the 

sheer quantity of novel optically active nanoparticles reported is increasing, and most 

recently, a few select subsets of these nanotechnologies have been explored as minimally 

invasive ways to interface with the brain.[102] In the following sections, optically controlled 

neural interfacing and nanoparticle transducers will be outlined, discussing the advantages 

and disadvantages of the methodologies, as well as possible applications.

3.1.1. Photonic Polymer Nanoparticles—Nanoparticles are fabricated in various 

geometries from polymers or metals and conjugated with antibodies or active groups to 

specifically target areas of the CNS. Additionally, nanoparticles can be engineered for 

activity across select regions of the electromagnetic spectrum, which enables more 

deliberate excitation. As such, many nanoparticle designs are optically active in the near-

infrared band,[113–116] and this is of particular note because NIR radiation has the best 

transmission into biological tissue. So, by deploying NIR-active nanoparticles into the CNS 

or PNS, NIR radiation can be used to target nanoparticles in the deep brain and areas that are 

outside of the limits of most implantable electrodes.[117] This includes through the skull and 

into tissues that are greater than 500 μm and even up to multiple cm in depth.[118–119] 

Additionally, NIR can be applied at higher than 15 J cm−2 without causing any tissue 

heating or damage, which is more than enough for the applications discussed.[117–120]

Localized heating can be achieved to excite cells with near-infrared (NIR) light stimulation 

to thermally actuate cells with nanoparticles.[102,121] Additionally, NIR light can be used to 

target deep-brain tissue with high levels of specificity and reduced noise. Although thermal 

tissue damage is a concern for such methods, many groups display successful in vivo 

cellular control without detectable tissue damage. Polymeric nanoparticles can also be used 

to polarize neurons in the brain, triggering action potentials. Rather than electrical 

excitation, like those induced by implanted electrodes, thermal activation of nanoparticles by 

external stimulus can cause the release of molecules from the polymeric substrate, affecting 

the surrounding cells. Li et al. studied neural activation using NIR release of biomolecules 

(Figure 5).[122] They take advantage of polypyrrole microgels to release thermal energy 

when triggered by NIR irradiation. Additionally, the same material can be used for light-

controlled release of neurotransmitters. This is especially useful because NIR can penetrate 

deep into tissues. Specifically, they used chemotactic assays to look at neurons growing 

toward and away from microgels. They observed that neuronal dendrites turn toward a 

chemoattractant (Netrin) releasing microgel and collapse away from a chemo-repellant 

(Sema3A) releasing microgel, when the microgels are exposed to NIR. The response is 

absent when the chemical agent is trapped within the microgel when not exposed to NIR. In 
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vivo, the experimenters used NIR to control the release of neuro-transmitters in the mouse 

brain, measuring spiking activities of neurons when activated by NIR. The microgels that 

released glutamate upon NIR resulted in a significantly higher number of spikes when brain 

electrophysiology was recorded with an implanted electrode. The microgels releasing a 

receptor antagonist (DNQX) displayed a lower level of spikes when exposed to NIR. 

Radiation was emitted cyclically, resulting in almost full recovery of spike number when the 

brain was not irradiated. This method is discussed as a possible tool for controlled drug 

delivery.

Rather than using microgels to release a chemical agent, polymers can emit thermal energy 

to activate surrounding cells. Also using a NIR-excited polymer, Lyu et al. used semi-

conducting nanoparticles to control thermosensitive ion channels in neurons (Figure 5).[123] 

A semiconducting copolymer, poly(cyclopentadithiophene-alt-diketopyrrolopyrrole), was 

fashioned into nanoparticles and conjugated with anti-TRPVl antibodies to activate 

thermosensitive ion channels which can be activated to allow an influx of calcium ions. 

These particles were cultured with mouse neuroblastoma/rat DRG neuron hybrid ND7/23 

cells and after optical excitation, calcium influx into cells was increased leading to 

depolarization. The strategy of utilizing semiconducting polymers has also been explored 

with alternative materials. Although not utilizing nanoparticles, Feyen et al. similarly uses 

polymers for light-mediated inhibition of electrical activity in the form of conjugated films.
[124] Illuminated poly(3-hexylthiophene-2,5-diyl) (P3HT) causes hyper-polarization of the 

neuronal membrane, reducing the action potential firing. P3HT has a large excitation 

spectrum in the visible range. Effects of the excited polymer were tested by measuring the 

electrical activity of primary hippocampal neurons, explanted retinas, and brain slices when 

cultured on P3HT. It was found that the spike frequency of hippocampal neurons decreased 

significantly when P3HT was excited. Additionally, hyperpolarization was greatly decreased 

upon light stimulation of P3HT. Brain slices and explanted retinas displayed similar trends 

when on top of an excited P3HT phenyl-C61-butyric-acid-methyl ester (PCBM) blend. In 

juxtaposition, these two studies suggest that there is considerable opportunity in utilizing 

semi-conducting polymers to instigate neuron depolarization and stimulation, and a better 

understanding of the fundamental mechanism for these properties can better inform the 

design of semiconducting nanoparticles for neural interfaces.

Polymeric nanoparticles can respond to circulating molecules to record biological 

mechanisms for ex vivo analysis, or respond to an external source to create a cellular 

response in the brain. Unique in that they are flexible, biocompatible, and tunable, polymeric 

materials can be engineered to release thermal energy to actuate surrounding cells or change 

material properties to release chemicals in the brain. Although advancements are being made 

to expand the applications of polymeric nanoparticles, specifically to thermally excite them 

via NIR, these technologies have yet to be developed and tested in vivo as a nanoparticle 

platform for intravenous use. For this reason, semiconducting composite nanoparticles are 

currently a more realistic platform for possible clinical use.

Analyte detection in the brain can be achieved with circulating polymer nanoparticles. If an 

intravenously introduced particle fluoresces when in contact with the molecule of interest, 

intensity measurements can be obtained with non-invasive imaging techniques. These 
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intensity measurements can be correlated with concentration curves to determine how much 

analyte is in the brain. In a clinical setting, this method would be useful to assess real-time 

neurotransmitter concentration in the brain to determine course of treatment without invasive 

electrode implantation or sampling of cerebrospinal fluid. Qian et al. use a polymer-based 

fluorescence emissive nanoparticle with phenylboronic acid (PBA) tags on the surface to 

sense the neurotransmitter dopamine (Figure 5).[125] The nanoparticles, referred to as 

PFPBA-NPs, were cultured with PC12 cells to sense dopamine using fluorescence imaging. 

PC12 cells are known to release dopamine in hypoxic situations; therefore cells were 

cultured in anaerobic phosphate buffered saline and observed. Cells were shown to 

endocytose PFPBA-NPs, therefore when endogenous dopamine was released due to hypoxia 

the intracellular dopamine levels decreased and a significantly higher emission mean density 

was observed when compared to controls. Additionally, the nanoparticles were used to sense 

dopamine in a zebrafish brain. PFPBA-NPs were microinjected into zebrafish brain 

ventricles, and fluorescently imaged in real-time. Dopamine molecules were introduced to 

the zebrafish brain, displaying much higher integrated optical density without dopamine 

when compared to that with the exogenous dopamine. The nanoparticles displayed high 

sensitivity and selectivity, making them candidates for detecting neurotransmitters to 

diagnose and treat neurotransmitter-related diseases.

3.1.2. Plasmonic Gold Nanoparticles—Similar to polymer nanoparticles, AuNPs can 

be used to activate thermally responsive modulation of ion-gated-channels in cells. As 

previously stated, gold is an especially popular element for synthesizing nanoparticles due to 

the ability to fabricate various geometries and low toxicity; moreover, gold nanostructures 

have tunable photonic behavior directly dependent on their geometry.[126,127] Upon exposure 

to NIR radiation, localized surface plasmon resonance causes thermal fluctuation that affects 

surrounding cells.[127–129] As a neural interface, AuNPs can transduce light energy to 

thermal energy, selectively exciting heat-activated ion channels in neurons (Figure 6)[130] 

Neurons are polarized by the activated ion channels, eliciting a response to remotely control 

cells in vivo. For example, Paviolo et al. investigated the excitation of poly (4-

styrenesulfonic acid)-coated and silica-coated gold nanorods (AuNRs) and their effects on 

neurite growth when exposed to continuous NIR radiation (Figure 6).[131] Cytotoxicity was 

reduced by coating the AuNRs; moreover, the cultures exposed to coated-AuNRs produced a 

significantly higher percentage of neurons with neurites when compared to uncoated-

AuNRs. Neurons did exhibit lower viability when exposed to a 780 nm laser at irradiances 

higher than 250 mW-cm-2. The cells recovered after one day and reduced irradiance resulted 

in more outgrowth of neurites, conserving the possibility of clinical use. These effects of 

AuNRs on cell differentiation and growth have potential applications in peripheral nerve 

regeneration and treatment after spinal cord injury.

Transduction of IR radiation by AuNRs has also been used for electrophysiological 

stimulation. To avoid the deleterious effects of continuous NIR radiation, Eom et al. used 

pulsed infrared neural stimulation, rather than continuous NIR, with plasmonic AuNRs to 

assess the effects on neuron excitation in the sciatic nerve of a rat.[132] The AuNRs had a 

maximum absorption peak at a 997 nm wavelength, and during pulsed IR stimulation, the 

compound nerve action potentials of sciatic nerves was increased. Additionally, nerve tissue 
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showed no evidence of damage from laser exposure at low levels (≈1 J-cm−2) and extensive 

damage with higher laser exposure (≈2 J-cm−2). Carvalho-de-Souza et al. similarly uses 

gold nanoparticles to optically stimulate nanoparticles, but they took advantage of modified 

surface chemistry to target specific cells (Figure 6).[133] Ts1, a neurotoxin binding voltage-

gated sodium channels, and anti-TRPVl and anti-P2X3 antibodies, targeting surface proteins, 

were used to selectively bind AuNPs to neurons and increase operational lifetime. Heat 

transduction by the gold nanoparticles affects the capacitance of the cell membrane, 

depolarizing the cell and creating action potentials, and this can be a strategy for neural 

stimulation as many photonic and plasmonic nanoparticles display localized hyperthermia in 

an applied field.

3.1.3. Quantum Dots—Quantum dots (QDs) are semiconductor nanoparticles, typically 

composed of III-V or II-VI elements that have been designed and synthesized with myriad 

surface functionality for intracellular targeting, protein labelling and other applications for 

neuronal interfacing.[134–138]

QDs exhibit photocurrent generation from visible or NIR radiation which may be used as a 

neural interface. As such, QDs have recently been explored as transducers to both monitor 

and excite neurons. Marshall et al. use semiconductor nanoparticles, such as ultra bright 

QDs, to monitor spiking activity across large populations of individual neurons.[139] This is 

due to the much greater emission intensity under one and two photon imaging. Additionally, 

the nanocrystals are demonstrated to not elicit a negative response in surrounding neurons. 

Realtime imaging of the action potential of a single neuron was also conceptualized using 

QDs.[140] Rowland et al. created an electronic system mimicking QDs trapped in a cell 

membrane and quantified applied voltage by measuring QD fluorescence. This system 

illustrates a potential use of QDs to non-invasively measure the polarization of electrically 

active cells without patch-clamps or implanted electrodes. QDs can also be used to monitor 

temperature fluctuation, enabling the quantification of heat dissipation in neuronal cells.[141] 

With increasing temperatures the fluorescence spectrum of quantum dots shift to longer 

wavelengths. This technique was used to determine that the temperature of the cell body was 

higher than that of neurites in cultured human neurons. Expansion of this technology to in 

vivo use would be a diagnostic tool to correlate localized temperature fluctuations, 

hyperthermia or hypothermia, with neural activity. Lugo et al. suggest a way to optically 

modulate the membrane potential of cells, which would lead to possible methods for neural 

stimulation. CdTe and CdSe quantum dots can be introduced near the membrane of a cell, 

excited, and then neuron activation may be observed.[134] After excitation of the QDs, the 

cells were likely hyperpolarized due to effect on the potassium or sodium channels.

Narrow band absorption, narrow band emission and high quantum efficiency, are inherent to 

QDs; therefore, designer surface chemistries can be applied without effecting these 

optoelectronic characteristics. As such, surface modifications can be made to direct QDs 

toward the membrane of neurons. Targeting and tracking of specific cells with QDs was 

demonstrated by Agarwal et al. by observing CdSe/ZnS QDs in the developing chick 

embryo brain.[142] The QDs were functionalized with both a zwitterionic ligand that targets 

neurons and a peptide known to facilitate endosomal escape. These modified QDs were 

found to distribute throughout the brain without cell toxicity, and neural stem cells were 
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tracked throughout brain development. The synergy of both optical cell tracking and 

optoelectronic stimulation with QDs can be used in a clinical setting to treat neurological 

disorders and aid conjugated species to cross the blood-brain barrier. Although QDs did not 

need to pass the BBB in this previous study, as they were injected straight into the spinal 

cord, one of the most favorable features of QD systems is the ability to fluorescently image 

QD as they pass through the BBB to better understand the possibility for intravenous 

delivery.[143]

QDs can also be used to target other cell types, such as microglia which operate as 

macrophages in the CNS, to selectively deliver nanoparticles throughout the CNS. 

Interestingly, unmodified QDs were found to be selectively taken up by microglia cells.[144] 

This was demonstrated by Minami et al., who cultured QDs with mixed cortical cultures and 

found that microglia sequestered QDs via receptor biding and endocytosis, rather than 

previously postulated phagocytosis. These observations confirm the necessity of surface-

modification to specifically target neurons, but open a potential alternate route into the CNS, 

if escape from microglia can be achieved.

Although useful for the applications described previously, the toxicity of QDs is a topic of 

concern.[145,146] Chen et al. demonstrated CdSe and ZnS QDs impaired the function of 

cultured HeLa and hippocampal cells, causing autophagy.[147] This damages the synaptic 

transmission and plasticity of neurons, insinuating that QDs may not be a safe route for the 

clinical setting. Toxicity of CdTe QDs was also tested in the motor neurons of nematodes, 

with the animals presenting abnormal behavior when exposed to QDs.[148] Furthermore, 

Corazzari et al. investigate the uptake of QDs into neurons.[149] They found that QDs were 

internalized into the cytosolic and lysosomal compartments in cells, and when sequestered at 

low pH, such as the lysosomal compartment, the engineered coatings of QDs destabilize 

resulting in the leaching of metal ions from the core which results in cytotoxicity. This 

concern has been addressed in a study suggesting the use of InP/ZnS QDs as an alternative 

to CdSe/ZnS QDs.[150] InP QD cores displayed significantly less toxicity than that of CdSe 

QD cores when cultured with human lung carcinoma and human neuroblastoma cells. This 

was further demonstrated by delivering QDs to a Drosophila in vivo model, although InP 

QDs did have an increased apoptotic rate compared to non-QD exposed controls when 

cultured with Drosophila larval hemocytes. Consequently, QDs may need further 

investigation to better understand how they chronically interact with cells and animal models 

before clinical use.[151] The risk of QD toxicity could be preemptively combatted, if the 

mechanism of cell toxicity is known. Then combinatorial approaches, such as incorporation 

of the antioxidant N-acetylcysteine, could be introduced into the QD system to prevent 

deleterious effects.[152]

3.1.4. Photonic Upconversion with Nanoparticles—Upconversion is the 

absorption of two or more photons resulting in the emission of a photon of a shorter 

wavelength, i.e., higher energy, than the original impinging photons. Upconversion can be 

utilized to convert NIR radiation, which is transmitted by most biological tissue, into higher 

energy photons to induce biochemical or electrophysiological reactions. UCNPs are 

typically composed of lanthanide-doped nanoparticles.[153] UCNP activation involves the 

excitation of the lanthanide dopant with NIR radiation, which then excites erbium to emit 

Young et al. Page 17

Adv Funct Mater. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



light in the visible range. This upconverted light then activates neurons surrounding the 

particle. This system is useful because it enables the exposure of cells to visible light 

without any implanted optical device; furthermore, the optoelectronic properties of UCNPs 

are chemically robust and photo-stable, making them suitable for long-term application in 

the CNS and other biomedical applications.[154–160] Specifically, UCNPs are gaining 

momentum as alternative neuro-nano interfaces and optogenetic transducers because early 

reports suggest negligible toxicity at low dosage;[161] however, there is significant research 

that needs to be carried out to elucidate the mechanisms of the long-term biodistribution and 

potential toxicity of UCNPs.

Portioli et al. demonstrated evidence to support a claim of biocompatibility of UCNPs by 

assessing citrate-stabilized lanthanide-doped nanoparticles ((Er, Yb)-doped CaF2 and SrF2 

nanoparticles) interaction with brain cells.[162] In vitro analysis involved culturing UCNPs 

with human dendritic cells and neurons. Significant cell death was not observed. 

Additionally, UCNPs did not affect cell viability, even at the highest concentration tested 

(5000 μg-mL−1). Nanoparticles were also found endocytosed in dendritic cells. 

Biodistribution was also assessed using an in vivo model, analyzing mouse tissue after 

infiltration with nanoparticles. Neurons internalized nanoparticles without exhibition of 

decreased viability, and nanoparticles were found in the mouse brain parenchyma without 

exhibition of inflammation. These results suggested the benign transversal of the BBB. 

When assessed using histology, brain tissue with nanoparticles showed no changes in 

microglia morphology.

With the suggestion that UCNP are non-toxic and can cross the BBB to interact with the 

CNS, actual neural response must be determined. One response analyzed was differentiation 

of cells when co-cultured with UCNPs. Guan et al. investigated UCNP effects on neurite 

outgrowth (Figure 7).[163] NaYF4:Yb/Er UCNP were coated with poly(ethylene imine), 

PEG, and poly(acrylic acid) to assess cytotoxicity and change the surface charge as 

compared to the traditional oleic acid coated UCNPs. Neurite outgrowth increased for all 

UCNP type when exposed to NIR. Additionally, it was determined that the UCNPs were 

internalized into brain cells, albeit in low percentages, 1.7% in vivo and 5.4% in vitro. 

Therefore, these nanoparticles may be able to reach the CNS to induce neurite outgrowth if 

introduced intravenously, but may require substantial dosing to achieve significant 

distribution in the CNS. Such substantial dosing could result in toxicity; therefore, delivery 

would need to be improved to expand application to clinical settings.

Another neural response assessed was neuronal stimulation. Wu et al. discuss the use of NIR 

dye-sensitized UCNPs made from PMMA to enhance the upconversion efficiency (Figure 

7).[164] Nanoparticles were doped with Yb3+ ions in two conditions: the core only and the 

shell and core together. It was found that doping in the shell resulted in a much higher up-

conversion enhancement intensity when irradiated at 800 nm, such that Yb3+ shell-doped 

particles can transfer energy into the 2% Er3+ core and emit upconverted light. UCNPs were 

also made water-soluble by encapsulating them in Pluronic F127, creating a hydrophilic 

micelle and making them suitable for many pharmaceutical compositions. When cultured 

with these UCNPs, hippocampal neurons exhibited a much higher level of depolarization 

and firing when exposed to NIR radiation. By further modifying the surface and doping 

Young et al. Page 18

Adv Funct Mater. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



location of UCNPs, the upconversion efficiency of UCNPs can be improved to create a more 

suitable platform for in vivo experimentation and clinical application.

UCNPs are unique and creative methods to excite cells without harmful materials or invasive 

implantable devices. Similar to QDs, the inherent properties of UCNPs can be exploited to 

create a multiplexed neural stimulating and visualization system. This can be achieved 

through the addition of MRI of the UCNPs during IR radiation. To this end, Smith et al. used 

a NaGdF4:Yb,Er core particle with a poly(glycidyl methacrylate) (PGMA) coating[154] 

Using NIR radiation, these UCNPs were heated to excite neurons, and then tracked via MRI. 

Future research directions can include in vivo testing of the multiplexed stimulation and 

visualization to remotely control CNS or PNS function. As optogenetic systems progress, 

UCNPs can be deployed for remote activation of genes. One drawback is that the optical 

response is limited to the cells in the direct vicinity of the nanoparticles, which can be a 

disadvantage if greater tissue excitation is of interest. This system can be further improved 

by modifying nanoparticles to target cell types of interest, as well as continuing to surface 

modify the nanoparticles to avoid an immune response and facilitate transport through the 

blood-brain-barrier with better biodistribution.

3.2. Magnetic and Acoustic Activation of Nanoparticles

Optically activated hyperthermia, magnetic nanoparticles (MNPs) can thermally induce a 

cellular response by application of an external magnetic field; furthermore, MNPs can be 

used as contrast agents during magnetic resonance imaging (MRI) to confirm the bio-

distribution of the particles.[165–167] For example, Chen et al. remotely activated heat-

sensitive capsaicin receptor TRPV1 using MNPs and low-radiofrequency alternating 

magnetic fields (0.1–1 MHz) (Figure 8).[168] Biochemical activity was stimulated in deep 

brain regions with minimal noise or non-specific activity. A similar strategy, which used 

localized hyperthermia, was applied to degrade amyloid plaques characteristic of 

Alzheimer’s disease.[169] While these reports illustrate the potential for MNPs to remotely 

modulate CNS function, continued efforts will surely develop new methods for targeting and 

stimulating broad swaths of neural circuity.

To this end, MNPs can also be partnered with implanted devices to target select areas of the 

brain. Accoto et al. investigate interfacing with the peripheral nervous system with 

electromagnetic stimulation and electrical recording, rather than the traditional use of 

electric means for both excitation and signal collection.[170] Electromagnetically exciting 

neurons improves the SNR due to lessened physiological response around the stimulus. The 

MNPs intensified the field signal and locally excited neurons of interest due to surface-

functionalized targeted antibodies. The MNPs are trapped within a polymeric coating on the 

electrode, to be released around the electrode upon implantation. A feasibility analysis 

revealed that stimulation thresholds could be reached with the proposed technology, with 

next steps being fabrication and in vitro and ex vivo tests. More recently, the fabrication of 

implantable micro-coils has been successful, displayed to excite in vitro brain slices and not 

elicit an immune response in vivo.[171] The electromagnetic implantable does not degrade 

and display reduced performance over time. By partnering this tested technology with the 
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nanoparticle method suggested by Accoto et al., the signal can be better targeted to 

individual neurons or further amplified.

In addition to localized hyperthermia induced by an alternating magnetic field, some MNPs 

also exhibit piezoelectric properties which can be activated by external ultrasound. Marino et 

al. exploited the properties of barium titanate nanoparticles to generate remote stimulation of 

neurons (Figure 8).[172] After association of the barium titanate nanoparticles with the cell 

membrane, applied ultrasound resulted in stimulation of Na+ and Ca2+ ion channels.

4. A Special Case: Interfacing with the Blood-Brain Barrier

While many neural interfaces utilize brute force to physically connect with the CNS or PNS, 

there is a secondary interface at play in the brain that performs a particularly important role 

in neural function. The blood-brain barrier (BBB) is the highly selective, cellular barricade 

that separates the circulatory system and CNS; moreover, the BBB is the gatekeeper between 

noninvasive neuro-nano interfaces and current neural interface technologies. First, the BBB 

directly effects the performance of electrodes implanted in the brain. BBB degradation and 

the resultant diffusion of macromolecules eliciting an immune response has been determined 

as part of the foreign body response surrounding an electrode.[173]

In relation to novel nanoparticles and our endeavor to systemically deliver them to the CNS, 

the BBB is a highly selective interface, due to tight junctions between the constituent 

endothelium and astrocytes, preventing passive transport into the brain.[174–175] Cell-surface 

receptors facilitate transcellular transport, but paracellular transport is extremely limited in 

the brain. Intranasal administration is one avenue to bypass the BBB to deliver materials to 

the CNS.[176] The olfactory and trigeminal nerves in the nasal cavity allow direct access to 

the CNS via extracellular transport along the nasal nerve pathways or intracellular diffusion 

and endocytosis.[177] By circumventing the BBB, nanoparticles and other materials do not 

have to be specially designed to control bioactivity to reach the brain; however, intranasal 

delivery is one of the least common delivery methods for neural interfaces. Disadvantages of 

intranasal treatment include unknown and limiting effects of nasal diseases, small absorption 

area, and membrane permeability variability.[178] Accordingly, nanoparticles intended for 

use as neural interfaces must be particularly designed to cross or modulate the BBB if 

delivered intravenously or orally.

The following sections outline nanoparticle surface modifications that can aid transport into 

the brain, BBB modulation to permit transport of nanoparticles, and we comment on the 

correlation of BBB integrity to neural interface performance.

4.1. Nanoparticles to Infiltrate the BBB

Circulation time and biodistribution are two of the most important considerations when 

intravenously injecting nanoparticles into the circulatory system. Due to the high selectivity 

of the BBB, this is a specifically relevant consideration when attempting to deliver 

nanoparticles to the CNS. Unmodified nanoparticles absorb plasma components, are 

phagocytized by macrophages, and cleared from the circulatory system in a relatively short 

period of time.[179] This prevents delivery to the desired tissue. Additionally, nanoparticles 
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tend to accumulate in the liver and spleen rather than other tissues of interest.[180] Much of 

this transport is dependent on particle size, and smaller particles have a greater tendency to 

successfully cross the BBB compared to large (>100 nm) particles.[181] Hanada et al. 

assessed the effects of particle size on transport through the BBB using a simple in vitro 

model (Figure 9).|182] Primary rat brain microvascular endothelial cells were co-cultured 

with rat brain pericytes in a transwell. Silica nanoparticles of varying sizes were introduced 

to the transwell and transport through the cell layer was assessed. It was determined that 

only the smaller 30 nm silica nanoparticles could be transported through the BBB. Exposure 

to the 30 nm nanoparticles caused thinning of the endothelial cell layer and “loosened” tight 

junctions connecting neighboring cells, suggesting even small uncoated nanoparticles could 

cause barrier damage. QDs were also used to assess the effect of surface charge on travel 

through the BBB, with significantly more cationic quantum dots travelling through the BBB 

compared to anionic and neutral QDs, demonstrating that surface charge also has a 

significant effect on the ability of a nanoparticle to travel across the BBB.

Many groups consider the effects of nanoparticle size and surface-charge when engineering 

nanoparticles to target tissues without corollary clearance.[181–185] A common technique to 

reduce nanoparticle clearance, as well as increase endothelial permeability, is to PEG-ylate 
nanoparticles. This involves coating nanoparticles with PEG, a technique that has been 

shown to increase selective uptake into the brain and increase circulation time due to 

increased hydrophilicity, which reduces protein adsorpiton, and an exhibited preference for 

interaction with the endothelium of the brain.[186] Liu et al. evaluated PEG-ylated silica 

nanoparticles for selective transport across the BBB.[184] Three different sizes of 

nanoparticles were compared, and the transport efficiency increased as particle size 

decreased, with a maximum efficiency of ≈25% for PSiNPs with a diameter of 25 nm. 

Nance et al. systematically compared the effects of nanoparticle coating and travel through 

the BBB. The effects of size and surface-coating on nanoparticle transport through the BBB 

was assessed by comparing PEG-ylated particles of varying size treated with carboxylic acid 

(COOH) to produce an anionic surface-charge[181] Polystyrene nanoparticles were coated 

with PEG or COOH and introduced to ex vivo tissue samples. PEG-NPs had increasing 

mean square displacement over time at 40 and 100 nm diameters, while COOH-NPs had 

very little displacement in tissue. Nanoparticles could diffuse through the ex vivo models 

when densely coated with low molecular weight PEG with diameters >100 nm, and in vivo, 

PEG-coated nanoparticles with diameters of <100 nm could travel into brain tissue, while 

PEG-coated nanoparticles with diameters of 200 nm were unable to cross the BBB.

Other polymers have also been demonstrated to successfully target the brain when coated 

onto nanoparticles. Freese et al. coated AuNPs with poly(2-hydroxypropylmethacrylamide) 

(pH PM A) to target uptake into the brain, targeted at select cells (Figure 9)[187] It was 

reported that pHPMA-AuNPs were internalized into the perinuclear region of the cells, and 

stored in vesicle-like structures. Additionally, the brain cells had a higher uptake of pHPMA-

AuNPs than the skin cells, suggesting pHPMA is an effective molecule for targeting and 

internalization. Also, more pHPMA-AuNP internalization occurred for smaller pHPMA 

nanoparticles than larger hPMA-NPs, concluding that 35 nm particles were optimal for 

cellular uptake. However, transport across primary porcine brain endothelial cells on 

transwells displayed a very low quantity of pHPMA-NPs crossed the BBB because pHPMA-
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AuNPs were sequestered within vesicles within cells. Although the nanoparticles may 

deliver increased circulation time and localization at the brain tissue, they may not 

completely cross the BBB.

Besides circumventing the BBB by employing “stealth” coatings, researchers have 

attempted to directly challenge the performance of astrocytes. Astrocytes are key in 

maintaining brain homeostasis, therefore the ability to modulate ion channels is useful for 

the treatment of a variety of pathophysiologies, including ischemia, stroke, and Alzheimer 

disease. Posati et al. used hydrotalcite-like compounds (HTlc) to manipulate astrocyte ion 

channels and aquaporins in vitro.[188] Specifically, the HTlc nanoparticles arrange in a 

crystalline manner that creates a film with nanoroughness and rod-like structures, and they 

were used to affect to influx of potassium ions mediated by the Kir4.1 channel in 

conjunction with aquaporin 4 (AQP4). Rat neocortical astroglial cells differentiated when 

cultured on the HTlc nanoparticles; furthermore, AQP4 and Kir4.1 were upregulated when 

cells were cultured on HTlc films. From these results, HTlc nanoparticles are an improved 

platform to study molecular modulation of astrocytes without the addition of chemical 

elements, which may lead to methods for modulating the function of astrocytes in the BBB.

Accordingly, the ability to accurately identify both the region of nanoparticle localization 

and residence time is critically important to the design of a neuro-nano interface. In vitro 

models such as transwells typically cannot be used to quantify nanoparticle transport 

efficiency through the BBB due to the insufficient barrier properties. Essentially, a 

significant number of nanoparticles could have travelled through areas of low confluency 

that do not truly represent an accurate model of the BBB. This concern was also expressed 

by Bramini et al., and it was evaluated by utilizing 3D-imaging to accurately assess particle 

location on cell barriers.[189] As a solution, they suggest that the use of proper imaging could 

allow selective study of areas with full cell confluency and well established cell interactions 

to understand nanoparticle endocytosis without in vivo models. A model endothelium was 

stained to determine areas with barrier defects, and confocal microscopy was used to follow 

nanoparticle movement through the barrier. Functionalizing particle surfaces with stealth 

materials facilitates the transport of nanoparticles through the BBB into the nervous system 

at larger sizes and with lessened immune response; however, differentiating uptake into 

endothelial cells and delivery across the BBB to neuronal tissue is still a critical 

characterization hurdle. More importantly, the ability to target or ensure predominantly 

localization at the BBB may help achieve better transport and delivery to the CNS.

4.2. Receptor-Mediated Transport Across the BBB

Rather than modifying nanoparticles to infiltrate and localize in the endothelium of the BBB, 

there is substantial benefit modifying the surface of nanoparticles with specific 

biomacromolecules, i.e., proteins, antibodies, or peptides, to interact with receptors on the 

surface of the endothelial cell. This method has been demonstrated to very selectively target 

endothelial cells, and even activate biochemical pathways (Figures 10 and Figure 9). For 

example, a number of techniques have been reported that utilize nanoparticles to apply 

forces to specific receptors on the surface of cells, modulating mechano-responsive ion 
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channels.[190,191] Such a technique can be easily extrapolated as an exciting route for 

stimulation of neurons or modulation of the BBB.

Guarnieri et al. investigated the effect of viral fusion peptide gH625 conjugation on 

polystyrene nanoparticle transport across the BBB.[192] The peptide gH625 was previously 

observed to be key in facilitating the transport of the Herpes virus through a cell membrane; 

therefore, it was chosen to force particle endocytosis into endothelial cells. Bare 

nanoparticles were transported into vesicles facilitated by motor proteins. The gH625-NPs 

displayed a more diffusive transport pattern through the cellular membrane. Additionally, 

significantly more conjugated gH625-NPs were internalized in the endothelial cells when 

compared to bare nanoparticles. Endocytosis can also be induced by conjugating specific 

antibodies to nanoparticles. Yemisci et al. induced particle transcytosis with a transferrin-

targeted antibody.[193] Streptavidin-ylated anti-transferrin receptor-1 monoclonal antibodies 

were conjugated to chitosan-PEG-biotin polymer nanoparticles. Transferrin is a receptor 

found on the cellular membrane responsible for transporting iron into the cell via receptor-

mediated endocytosis.[194] Using in vivo mouse models, it was observed that significantly 

more modified nanoparticles were transported into the brain compared to controls, 

confirming the activation of the transferrin receptor as an effective way to induce 

transcytosis and transport across the BBB. Biodistribution would need to be assessed to 

expand applications to clinical settings, as transferrin receptors are present in other organ 

systems. Other proteins in the transferrin family have also been investigated as agents to 

facilitate traversal of the BBB. Lactoferrin promotes receptor-mediated transcytosis on 

cerebral endothelial cells with a higher uptake efficiency than transferrin receptors activated 

by anti-transferrin antibodies. Qiao et al. conjugated lactoferrin to PEG-ylated MNPs 

(Figure 10).[166] TEER was used to quantify the BBB integrity of an in vitro model before 

and after introducing the lactoferrin-modified nanoparticles and controls. It was reported that 

lactoferrin-modified nanoparticles had a significantly higher transport efficiency and reduced 

the TEER, i.e., damaged the BBB model, when compared to controls. Using MRI-enhanced 

visualization in vivo, it was shown that the lactoferrin-modified nanoparticles crossed the 

BBB and were not trapped in the endothelium during transcytosis. Also using proteins to 

mediate transport, Gregori et al. functionalized particles with a modified fragment of human 

Apolipoprotein E (mApoE)[183] This protein targets a low-density lipoprotein-receptor that 

is upregulated on brain endothelium when compared to other endothelial cell types. This 

protein was conjugated onto a self-assembled nanoparticle fabricated from poly(N,N-

dimethylacrylamide)-block-polystyrene (PDMA-b-PS). Block co-polymer nanoparticles are 

notable for being highly stable and suitable carrier and release systems for bioactive 

molecules. Functionalized nanoparticles were internalized more than nanoparticles without 

mApoE, demonstrating that lipoprotein-receptor targeting is an effective way to delivery 

nanoparticles to the brain. The multitude of biomacromolecules being used for targeting 

nanoparticles around the body provide a very broad design space to develop nanoparticle 

with can both target the BBB and cross it without significant disruption. Considering the 

receptors discussed are not solely found in the brain endothelium, the identification of 

receptors exclusive to the BBB would prove valuable for developing strategies for precision 

delivery of nanoparticles to the brain while avoiding broad distribution and activity.
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Hormone receptor-mediated transcytosis may provide an alternative class of homing 

molecules to ferry nanoparticles across the BBB[195–197] Shilo et al. fabricated insulin-

modified gold nanoparticles to assess transport across the BBB via such a pathway.[198] The 

authors’ strategy aimed to exploit the neuro-vascular insulin receptors to initiate transcytosis 

across the BBB,[199,200] while organs without insulin receptors would possess an 

endothelium too occlusive to allow passive transport of insulin-modified nanoparticles. This 

was tested in vivo by injecting mice with nanoparticles and quantifying the distribution of 

the insulin-modified nanoparticles across multiple organs. The quantity of insulin-modified 

nanoparticles resident in the brain was five times that of the control nanoparticles. By 

targeting receptors only found on the brain’s endothelium, nanoparticles can be deliberately 

accumulated in proximity to the BBB. This strategy may reduce the concentration of 

nanoparticles required for treatment and potentially avoid accumulation and clearance via 

the liver and kidney.

While insulin receptor-mediated transcytosis is a promising, preliminary strategy to ferry 

nanoparticles across the BBB, systemic delivery of hormones may raise serious hazards, 

such as the use of insulin causing an acute fluctuation in blood glucose concentrations. 

Continued evaluation of these materials and identification of unique neurovascular receptors, 

i.e., receptors not found or found in significantly reduced quantity in other organs, will 

ideally assuage such concerns, and enable new neuro-nano interfaces and non-invasive 

delivery strategies.

4.3. Physical Alteration of the BBB to Enable Neuro-Nano Interfaces

As an alternative to modifying particles to induce endocytosis into, and finally across, the 

endothelium of the BBB, novel techniques aim to transiently compromise the BBB to permit 

the transport of nanoparticles through gaps between cells into the CNS (Figure 11). Remote 

modulation methods to induce and control the permeability of the BBB are under 

investigation for myriad applications, including the optimization of delivering 

chemotherapeutics and other small-molecule drugs[21]

Popular non-invasive methods to alter the permeability of the BBB rely on guided 

ultrasound.[201–203] This technique involves the delivery of focused ultrasound energy to 

stimulate precise regions of the brain, which result in the degradation of the barrier 

properties of the BBB. Such a modulation of the barrier properties may allow the transport 

of circulating nanoparticles across the BBB. For example, Nance et al. uses MRI-guided 

focused ultrasound to temporarily permeabilize the BBB, allowing the transport of 

polystyrene-PEG nanoparticles.[204] It was also determined that 60 nm PS-PEGNPs could be 

delivered to the brain with MRI-guided focused ultrasound without uptake into other non-

targeted regions.

In conjunction with direct application of ultrasound to disrupt the BBB and permit 

nanoparticle transport, the utilization of microbubbles to transduce ultrasound application 

has been recently explored. Microbubble contrast agents, injected intravenously, are 

activated by ultrasound, producing mechanical, chemical, and thermal effects that lead to 

temporary disruption of the BBB.[205–213] By taking a small liberty, we may consider these 

microbubble contrast agents as nanoparticle technologies,[214] and Fan et al. have even 
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utilized microbubbles as carriers for gene delivery across the BBB.[215] Chu et al. have 

characterized the mechanisms by which focused-ultrasound (FUS) attenuation of 

microbubbles disrupts the BBB by comparing the mechanical index (MI) to the cavitation 

index (CI).[216] These indices are derived from backscattered acoustic emissions of FUS, 

and these indices are used to quantify the microbubble contraction/expansion (subharmonic/

ultraharmonic emissions) and microbubble disruption (wideband emissions). This is referred 

to as stable cavitation quantified by the CI and inertial cavitation quantified by the MI, 

respectively. Inertial cavitation has been traditionally measured to gauge FUS-microbubble 

mediated BBB opening, though stable cavitation is being reported to have a more substantial 

effect.[217–218] FUS was used at varying frequencies to non-invasively and locally induce 

BBB opening in mouse models, with MI and CI determined through the use of dynamic-

contrast-enhanced MRI and passive cavitation detection. By quantifying these indexes, the 

dynamic effects of BBB disruption with FUS attenuated microbubbles can be gauged to 

precisely control degree and duration of BBB opening, which is especially important for 

determining both dose and duration of treatment in the clinical settings. Such techniques are 

potential tools for delivery of nanoparticle interfaces without inducing a chronic disruption 

of the BBB. However, while focused ultrasound has been illustrated to permit nanoparticles 

to travel into the brain, there are many factors—including ultrasound doses, attenuation 

factors and variability in timing the duration of the BBB opening which will require 

significant studies to further define the proper operational parameters.[219,220]

Rather than creating barrier-disrupting effects with ultrasound, the localized heating and 

mechanical stressors achieved with ultrasound may also be achieved via the application of 

external magnetic fields. It has been shown that mild hyperthermia can increase BBB 

permeability.[221,222] Kong et al. demonstrated that MNPs can cross the BBB of a mouse 

model when an external magnetic field is applied (Figure 11).[223] Composite MNPs were 

fabricated by trapping MNPs and fluorophores within polystyrene nanospheres, resulting in 

nanocomposites with diameters of ≈100 nm. Accumulation of MNPs in the brain without an 

external field was not observed. An external magnetic field was applied locally by 

implanting a magnet in the right hemisphere of a mouse cerebral cortex and intravenously 

introducing MNPs, which accumulated where the implant was located. Significantly more 

MNPs were retained in the brain when an external magnetic field was applied compared to 

no magnetic field. Additionally, when a magnetic field was applied MNPs were observed to 

cross the BBB into the perivascular space and parenchyma without any histological changes 

which would be present in tissue or vessel damage. Large perivascular aggregates of MNPs 

(>800 nm) were observed in stained brain sections previously exposed to the magnet, 

suggesting that MNPs may have travelled through the vessel while clustered, although the 

study rationalizes that the MNPs are endocytosed into endothelial cells through confocal 

microscopy. In vitro cell culture with MNPs produced no cell death or immunotoxicity and 

displayed MNP cellular internalization meaning uptake is membrane mediated. This was 

further demonstrated by Tabatabaei et al., where magnetic heating of nanoparticles can 

increase permeability of the BBB.[165] Rather than fluorescent nanoparticles, fluorescent 

Evans Blue dye was used to determine the integrity of the BBB. Significantly more dye was 

detected in the brain with magnetically heated nanoparticles. The brain was almost 

completely cleared of dye after two hours of recovery, indicating that heating MNPs in the 
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brain does not cause permanent damage of the BBB. These results are promising for use of 

localized hyperthermia in targeted delivery of nanoparticles across the BBB for neural 

interfaces.

Regardless of the modality of BBB permeabilization, what remains to be characterized is the 

optimal timeline for maximal BBB disruption and penetrations of nanoparticles. In addition, 

alternative physical modalities, such as electric field modulation of the BBB have not been 

systematically studied. Frequency-tuned electric fields have been studied as a cancer 

therapy, and electrical current has been used to open the BBB.[218–220] These techniques 

achieve irreversible electroporation and possible tissue ablation, which while viable for 

cancer treatment, is not ideal for delivery of nanoparticles for neuro-nano interfaces. When 

using methods that modify the permeability of the BBB, unwanted molecules or pathogens 

may be able to enter the brain, just as the desired nanoparticles do. For this reason, it would 

need to be heavily assured that there is no systemic infection before treatment, or treatment 

would need to be partnered with antibiotics or antivirals as a preventative measure. 

Unfortunately, the imaging and targeting techniques required to selectively permeate barriers 

next to particles of interest are not yet realized, limiting the possibility of this technique for 

nanoparticle delivery into the brain.

4.4. Electrodes and the BBB

As previously discussed, the short-lived stability of electrodes implanted in the brain is an 

issue that can be addressed with nanoparticle deposition on the electrode surface, which 

reduces both fouling and fibrotic encapsulation.[29] Cell death and immune response in close 

vicinity to the electrode causes surface degradation, change of material properties, and 

reduced signal integrity. In addition, glial capsule formation around a foreign object can 

isolate the electrode from the tissue of interest, eliminating the signal (Figure 12).[173] Glial 

scarring can also reduce contact between the electrode and neurons, reducing signal 

integrity.[224] It has recently been discovered that BBB leakage may influence brain tissue 

reaction to implanted bodies too.[224,225] Loss of barrier function can lead to antigens and 

serum albumin leakage from vessels, which can induce apoptosis in surrounding cells and 

instigate an inflammatory response.

Unlike acute wounds to the BBB which exhibit resolution, implantation of an electrode or 

other interface results in a foreign body response and persistent leakage of the BBB[226,227] 

Sawyer et al. investigated the foreign body response due to implanted electrodes, and its 

effects on BBB integrity and leakage. Fluorescent polystyrene nanoparticles were injected in 

mice with a previously implanted foreign body to assess tissue integrity around the implant.
[224] Within 50 and 100 μm of the implant, BBB gaps were reported. Gold nanoparticle 

tracers were also used to identify the location of the nanoparticles outside the neuro-

vasculature. Particles with diameters ranging from 20–1000 nm were used to quantify the 

size of the gaps in the BBB around the implant. It was found that particles as large as 500 

nm could travel into the brain parenchyma. An acute inflammatory response was also 

observed, suggesting that nanoparticles were phagocytosed and could be transported through 

the BBB via monocytes. The cause of the persistent gaps in the BBB, i.e., mechanical 

insertion versus expansion of the gaps after the foreign body and inflammatory response, 
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was not delineated; yet, in the reported results, the gaps persisted for weeks within the 

vicinity of the implant without significant spreading. These results lend to the contention 

between the common hypothesis that the foreign-body response and the BBB stabilize after 

approximately four weeks post-implantation[228] and the recent reports of a much lengthier, 

almost persistent, foreign-body response and BBB dysfunction due to implanted devices.
[173,227,229,230]

Saxena et al. also explored the relationship between BBB function and electrode 

degradation.[173,224] Electrodes were implanted into rat brains and barrier integrity was 

correlated with electrode performance. It was found that the electrode SNR steadily declined 

over a 16-week period. Additionally, there was a relative increase in reactive astrocytes 

surrounding the implant site 16 weeks after implantation. Areas where the BBB was 

compromised accumulated neurotoxic factors, particularly near electrodes collecting signals 

with poor quality.

As a better understanding of the BBB’s function and modes of dysfunction are achieved, 

such information will dictate the design parameters for next-generation neuronal interfaces. 

Most importantly, the discussed results highlight the need for alternative methods to 

interface with the brain, as electrodes do not seem practically reliable for long-term use 

without the application of complex particle coatings and anti-inflammatory drugs in the 

acute setting. Consequently, many of the circulating particle techniques described previously 

suggest a promising platform for long-term neural interfacing that avoid acute mechanical 

damage to neural tissue and minimize any chronic foreign-body response. In addition, the 

capability to circumvent the damage to the BBB by modulating, i.e., opening then closing, 

the BBB to deliver nanoparticles to the CNS will be tremendously important for the 

development of new neuro-nano interfaces.

5. Future Outlook and Perspective

Prior to drawing any conclusions, it is necessary to briefly comment on the toxicological 

interactions of nanoparticles with the CNS and PNS. Although numerous in vivo and in vitro 

studies have provided evidence of the toxic effects of various types of nanoparticles,[231–234] 

our understanding of the potential health and safety issues regarding nanoparticles lags 

behind the daily plethora of reports touting the next-greatest nanotechnology and their rapid 

run towards commercialization. While many reports are emerging on the potential 

deleterious impact of nanoparticles, the advances in understanding the complexities of 

nanotoxicology seem to trail that of biomedical nanotechnologies. This may be due to the 

relative popularity and news-worthiness of a newly designed, promising nano-therapeutic or 

nanotechnology versus a systematic, seminal study of the neuro-toxicological effect of a 

narrowly defined population of nanomaterials. In any case, it can be expected that with 

further application of nanoparticles, both systematic studies and post facto analysis of 

nanoparticles and neurotoxicity will be formulated and become of critical importance to 

next-generation neuro-nano interfaces.

With that said, the horizon is lined with researchers exploring nanomaterial technologies to 

enable single-cell electronic connections, silicon-neuron hybrid circuits, and remote 
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modulation of entire neural circuits via genetic engineering. As the neuro-nano interfaces 

become more capable, we will also have to evaluate the effects of any altered function due to 

their chronic application. There are many challenges faced, both in terms of biological and 

hardware complexity, and significant breakthroughs must be made in a wide range of 

scientific disciplines, from synthetic biology to neuroscience and low-power electronics.

In this feature, we presented the state-of-the-art nanoparticle technologies utilized for neural 

stimulation, recording and modulation which will lead the way toward next-generation 

neural interfaces. We have described three main classes of these technologies: (i) nano-

coatings of implanted electrodes; (ii) nanoparticle transducers; and (iii) modulation of the 

BBB. Although, many aspects need further investigation, it has been demonstrated that the 

physico-chemical properties like particle geometry, surface-charge and chemical 

composition are vital to performance. In general, smaller nanoparticles may undergo passive 

transport across the BBB. The surface-charge can also be tuned to limit protein adsorption 

and mitigate immune responses to lengthen circulation times. Nanoparticle coatings to 

reduce the impedance of implanted electrodes have also become a standard step in the 

optimization of neural recording hardware. Independent nanoparticles are also emerging as 

neural interface materials. Optically responsive nanoparticles targeted or delivered to 

neurons can transduce applied fields and instigate neural stimulation. Similarly, MNPs can 

be used to elicit thermal reactions from cells with simultaneous imaging with MRI. Finally, 

and perhaps the most important for the future success of neuro-nano interfaces, is the 

development of non-invasive and non-destructive methods to modulate the barrier properties 

of the BBB and permit transport of systemically delivered nanoparticles. Better 

understanding and control of the BBB will enable future experiments to question the 

efficacy of neuro-nano interfaces for chronic applications.

Ultimately, the use of nanoparticles as neural interfaces is progressing down a bright path, 

leading toward fascinating tools to understand, modify, control and heal the human nervous 

system, especially the brain. This promise also leads to one conclusion, in which the 

capability of nanoparticles to accurately quantify changes in the neural environment with 

cellular resolution suggests the possibility of developing feedback-loops for immediate in 

vivo response, i.e., non-invasive neural recording with real-time biochemical or 

electrophysiological augmentation.
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Figure 1. 
Neural interfaces provide a window into the workings of the nervous system—enabling both 

biosignal recording and modulation. Nano-particles are used to improve current 

electrophysiological interfaces, as well as enable new nano-interfaces to modulate neural 

activity via alternative mechanisms. (i) Nanoparticle coatings of implanted electrodes reduce 

interface impedance with dramatically improved recording and stimulation fidelity. 

Alternatively, nanoparticles can be introduced intravenously and engineered to cross the 

blood brain barrier and excite neurons. (ii) Targeted-nanoparticles can remotely transduce 

external fields, e.g., infrared light or alternating magnetic fields, to modulate and stimulate 

neuronal function. (iii) An emerging, specialized use case for neural interfaces: Using 

nanoparticles and external fields to control the permeability of the blood-brain barrier for 

delivery of therapeutic and diagnostic materials into the central nervous system.
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Figure 2. 
Micrographs illustrate the myriad nanomaterial functionalization of neural interface 

electrodes. a-b) CNTs are grown on the tip of a micro-electrode via chemical vapor 

deposition and a gold-CNT composite is coated on an electrode via a metal plating 

technique, respectively Reproduced with permission.[49] Copyright 2011, American 

Chemical Society. CNTs have been deposited on microelectrodes to improve performance in 

neural recording by increasing the surface-area of the electrodes, which decreases 

impedance. The CVD electrode displays smaller surface structures and less lamellar 

structures when compared to the gold-CNT composite, resulting in a greater surface area 

and mechanical stability, c) Microstructure of PEDOT/MWCNT film deposited in 

galvanostatic mode on microelectrode (inset) for neuronal recording. Reproduced with 

permission.[65] Copyright 2013, Elsevier. This deposition technique resulted in longitudinal 

film growth with lessened electrical cross-talk, resulting in increased spatial resolution of the 
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MEA. d-e) Gold particle and PEDOT:PSS-CNT coated microelectrodes and corresponding 

microstructures (below), respectively. Reproduced with permission.[51] Copyright 2016, 

Frontiers Publishing. PEDOT:PSS-CNT coated microelectrodes show a fine nano-structure 

as compared to the microstructure present on the gold particle coated electrodes. f-g) 

Morphology of PEDOT and PEDOT-CNT coated electrodes and their microstructures, 

respectively. Reproduced with permission.[66] Copyright 2012, Frontiers Publishing. The 

porous structure of the PEDOT-CNT coated electrodes results in a larger surface area, 

therefore a lower impedance, when compared to the electrodes coated in PEDOT alone.

Young et al. Page 40

Adv Funct Mater. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Electrodes fabricated with boron-doped diamond have improved stability and 

biocompatibility, a) SEM image of boron-doped diamond microstructure and microelectrode 

(inset), Reproduced with permission,[74] Copyright 2013, Institute of Electrical and 

Electronics Engineers. b) 3D-nanostructured boron-doped diamond electrode before addition 

of insulation layer and microelectrode (inset). Reproduced with permission.[73] Copyright 

2015, Elsevier.
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Figure 4. 
Metallic nanomaterials are incorporated onto neural interface electrodes to improve 

functionality and stability. a-c) Gold nanopillars are fabricated on MEAs. A cross-section of 

an HL-1 cell grown on the gold nanopillar array illustrates contact between electrodes and 

cell membrane, with gaps between the cell membrane and electrode less than 100 nm. 

Reproduced with permission.[81] Copyright 2011, IOP Publishing. d,e) Schematic for the 

nanowire geometry and structure for gallium-phosphide nanowire array on MEA. 

Reproduced with permission.[235] Copyright 2013, Public Library of Science. f) AuNPs are 

deposited on a Pt electrode and functionalized with a self-assembled monolayer. Reproduced 

with permission.[79] Copyright 2012, Royal Society of Chemistry. h,k) Silver nanowire 

electrodes are fabricated using photolithography. Reproduced with permission.[86] Copyright 

2014, American Chemical Society. i) Micrographs of nanoporous Au-Pt electrodes, which 

exhibited high neuron coverage (inset, red) and reduced astrocyte coverage (inset, green). 

Reproduced with permission.[85] Copyright 2015, American Chemical Society. j) 

Microelectrodes are coated in AuNP-CNT composite. Reproduced with permission.[84] 

Copyright 2012, American Chemical Society.
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Figure 5. 
Polymer-derived nanoparticles can be used to interface with the brain without implanted 

electrodes. a-b) Zebrafish microinjected with PFPBA nanoparticles were used to optically 

detect dopamine by fluorescence. Reprinted with permission.[125] Copyright 2015, 

American Chemical Society, c-d) Neurons were thermally activated when nanoparticles 

were excited by IR radiation, resulting in remotely controlled depolarization of neurons. 

Reproduced with permission.[123] Copyright 2016, American Chemical Society. e-g) 

Polymer nanoparticles functionalized with neuro-active molecules directed the growth of 

axons, and neural activity was regulated by remote NIR irradiation. Reproduced with 

permission.[122] Copyright 2015, Elsevier.
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Figure 6. 
Semiconductor nanoparticles can be excited by external light sources to stimulate growth 

and activity of neurons. a-d) Polymer-coated AuNRs excited by NIR resulted in neurite 

outgrowth. Current-clamp recording of a neuron showed action potentials fired in response 

to a single laser pulse, which is attributed to hyperthermal response of the AuNRs. Increased 

laser pulse produced an increased mean peak temperature change. Representative 

temperature profiles for various pulse lengths (inset). Reproduced with permission.[131] 

Copyright 2013, John Wiley & Sons. e-g) Fluorescent micrographs of Ca2+ concentration in 

neurons (green) and AuNPs (red). Representative images of varying Ca2+ concentration 

(green) in response to NIR excitation and corresponding spectral intensity response, 

illustrating the activation of neurons with NIR excitation at time points indicated by dashed 

lines. Reproduced with permission.[130] Copyright 2016, Nature Publishing Group. h-j) 

Functionalized AuNPs are robustly localized to neurons, and continue to stimulate neuronal 

activity after multiple washings. Increasing irradiance induces greater cell depolarization, 

triggering action potentials. The NIR-activated depolarization is attributed to the recorded, 

localized hyperthermia induced by excitation of the functionalized AuNPs. Reproduced with 

permission.[133] Copyright 2015, Cell Press.
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Figure 7. 
Upconversion nanoparticles can be used to excite genetically modified neurons. a,b) A 

schematic of the energy transfer mechanism of YbEr UCNPs, and results from their 

application in the NIR activation of channelrhodopsin illustrate NIR activated neuronal 

firing and neuronal depolarization. Reproduced with permission.[164] Copyright 2016, 

American Chemical Society. c,d) Representative electron micrograph of polymer-coated 

UNCPs which were utilized to induce neurite outgrowth when incubated with cells and 

excited with NIR. Reproduced with permission.[163] Copyright 2014, John Wiley & Sons.
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Figure 8. 
External fields can be applied to remotely stimulated neurons via nanoparticle transducers. 

a-d) Magnetic nanoparticles generate localized hyperthermia when exposed to an alternating 

magnetic field. This effect was employed to stimulate the heat-sensitive receptor TRPV1, 

and heat maps show the activation of TRPV1 when magnetic nanoparticles and an external 

field are introduced into the neuronal culture. Upon application of the magnetic field, both 

TRPV1 was activated and there was significant temperature increase, illustrating the 

operation of the magnetic nanoparticles to stimulate the TRPV1 activation via remote 
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controlled hyperthermia. Reproduced with permission.[168] Copyright 2015, American 

Association for the Advancement of Science. e-g) Piezoelectric barium titanate 

nanoparticles associate with neuronal cell membranes and calcium flux can be modulated by 

applied ultrasound. Arrow indicated application of ultrasound pulse. Reproduced with 

permission.[172] Copyright 2015, American Chemical Society.
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Figure 9. 
Physiochemical properties of nanoparticles determine how they cross the BBB. a) Silica 

nanoparticles traverse a BBB model based on particle size. Reproduced with permission.
[182] Copyright 2014, MDPI. b) More polymer-coated nanoparticles accumulated in brain 

endothelial cells when compared to dermal endothelial cells, showing potential preference 

for the BBB. Reproduced with permission.[187] Copyright 2014, Royal Society of 

Chemistry. c) Albumin-coated magnetite nanoparticles were localized in the brain after a 

transient breakdown of the BBB, illustrating the potential for delivery of large nanoparticles 

into neural tissue by temporal modulation of BBB properties. Reproduced with permission.
[238] Copyright 2016, Nature Publishing Group.
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Figure 10. 
Receptor-mediated transport across the BBB can be facilitated by protein, antibody, peptide, 

or hormone conjugation to the surface of nanoparticles. a,b) Lactoferrin-functionalized 

nanoparticles are localized in the brain; whereas, bare nanoparticles do not cross the BBB. 

TEER values are reduced during the initial exposure to lactoferrin-functionalized 

nanoparticles but quickly recover and are attributed to measurement fluctuation, suggesting 

the receptor-mediated crossing of the BBB does not permanently disrupt the barrier 

function. Reproduced with permission.[166] Copyright 2012, American Chemical Society. c-

e) RVG-targeted nanoparticles accumulate in the hemisphere of the brain with a disrupted 

BBB. Quantification of nanoparticles in the contralateral (C) and injured hemisphere (I) 

illustrate significant accumulation when the BBB is disrupted. Astrocytes (GFAP+), 

microglia (Iba1), and neurons (NeuN) localized at the injury site, where there were reduced 

astrocytes and microglia after application of the neuron-targeted nanoparticles. Reproduced 

with permission.[236] Copyright 2016, American Chemical Society. f-i) PBCA nanoparticles 

functionalized with APOE across the BBB, but increase DTPA signal intensity is not 

measured in the brain, suggesting the nanoparticles do not disrupt the BBB. This is further 

illustrated by an intact BBB, and APOE knockout mice did not display significant uptake of 

the nanoparticles without the APOE functionalization. Reproduced with permission.[237] 

Copyright 2011, National Academy of Science.

Young et al. Page 49

Adv Funct Mater. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
Nanoparticle delivery across the BBB can be facilitated by temporarily disrupting the BBB 

using external stimuli. a) Applying a magnetic force externally allows the transport of 

magnetic nanoparticles into the brain. Reproduced with permission.[223] Copyright 2012, 

Elsevier. b) MRI-assisted ultrasound facilitates the delivery of gadolinium nanoparticles to 

the brain, and more gadolinium entered the brain at higher pressures. Reproduced with 

permission.[204] Copyright 2014, Elsevier. (c) Temporary disruption in the BBB due to 

injected magnetic nanoparticles and an applied external field which induces localized 

hyperthermia and is illustrated by the transport of Evans blue dye into the treated 

hemisphere of the brain. Reproduced with permission.[165] Copyright 2015, Elsevier.
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Figure 12. 
Neural interface stability can be compromised due to BBB gap formation and release of 

macromolecules causing an exacerbated immune response. a) Chronic neural implant failure 

cause chronic BBB failure, which induces a cascade of deleterious immune responses 

including glial scarring and neurodegeneration which results in recording failures. In 

general, the SNR increases over the course of the implantation, and soon after implantation 

the presence of reactive astrocytes is high (GFAP+, red). After 16 weeks of implantation, 

reactive astrocytes are still localized around the implanted electrode interface. Reproduced 

with permission.[173] Copyright 2013, Elsevier. b) By employing mechanically compliant 

nanocomposites, the neuroinflammatory response is mitigated and recruitment of reactive 

astrocytes and subsequent glial scarring is reduced. Reproduced with permission.[100] 

Copyright 2014, Institute of Physics.
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