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Abstract

Neural implants enable bidirectional communications with nervous tissue and have demonstrated 

tremendous potential in research and clinical applications. To obtain high fidelity and stable 

information exchange, we need to minimize the undesired host responses and achieve intimate 

neuron-device interaction. This paper highlights the key bio-integrative strategies aimed at 

seamless integration through intelligent device designs to minimize the immune responses, as 

well as incorporate bioactive elements to actively modulate cellular reactions. These approaches 

span from surface modification and bioactive agent delivery, to biomorphic and biohybrid designs. 

Many of these strategies have shown effectiveness in functional outcome measures, others are 

exploratory but with fascinating potentials. The combination of bio-integrative strategies may 

synergistically promote the next generation of neural interfaces.
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1. Introduction

The research and development of implantable neural interfacing devices has experienced 

exponential growth in recent years. These devices are placed within the neural tissue to 

measure electrophysiological and neurochemical signals or to modulate neural activities via 

methods including but not limited to electrical, optical, chemical, magnetic, and ultrasound 

stimulation. Advancements in neural interface devices have not only greatly expanded the 

toolboxes for neuroscience research, but also enabled diagnosis, treatment, and assistive 

technologies to potentially benefit millions of patients suffering from neurological disorders 

and injuries [1], [2]. Currently, the functionality of the implantable components of neural 

devices is far from optimum due to poor integration between the artificial implant and the 

neural tissue. Implantation inevitably causes vascular and cellular damage, which triggers 

a cascade of host tissue responses including the immediate adsorption of blood and brain 

proteins, damage to nearby neurons, activation and polarization of microglia, and monocyte 

recruitment, followed by the activation of astrocytes and NG2 glia. With the presence of the 

foreign body, the acute inflammatory responses evolve into a persistent chronic response, 

characterized by glial scar formation, demyelination, axonal degeneration, and neuronal loss, 

all of which can compromise the information exchange at the neural tissue-device interface 

[3]. To achieve seamless device-tissue integration, efforts need to be made to 1) reduce 

the insertion damage, 2) to minimize the foreign body responses and promote functional 

connection with neurons through the use of bio integrative strategies. While the insertion 

damage may be minimized by reducing implant size [4] and optimizing insertion methods 

[4], [5], this opinion paper focuses on bio-integrative design strategies aimed at optimizing 

the device factors such as implant size, shape, surface that aggravate the foreign body 
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response (FBR) and/or incorporating bioactive components to actively modulate the cellular 

response.

2. Recent Advances in Bio-integrative Designs

2.1 Biomimetic and bioactive coatings

Surface chemistry plays a critical role in implant pathology. Protein adsorption occurs within 

seconds of implantation followed by inflammatory cell adhesion. As these initial responses 

occur at the surface of implants, surface modification is an intuitive strategy to control 

the inflammatory response. Different materials have been investigated for surface coatings, 

ranging from synthetic to biological, with varying degrees of success in mitigating the FBR, 

promoting neuron adhesion to electrodes, and improving functional outcomes [6].

2.1.1 Synthetic materials

Anti-fouling: Anti-fouling coatings inhibit nonspecific protein adsorption and prevent 

inflammatory cell attachment. Zwitterionic polymers present superior antifouling properties 

compared to conventional hydrophilic polymers due to the abundance of the water-

binding ions, charge neutrality, and minimum immunogenicity. Remarkably, subcutaneously 

implanted zwitterionic polymer hydrogel completely escaped the FBR [7]. One type of 

zwitterionic polymer, polysulfobetaine methacrylate (PSBMA) has been covalently grafted 

onto the neural probe surface via photoiniferter mediated polymerization and reduced 

microglia end-feet spreading on the probe surface immediately post-implant [8]. When 

PSBMA is co-deposited with polydopamine via catechol chemistry on neural probe 

surfaces, decreased inflammatory gliosis was observed at one week post implant [9].

Conductive polymers (CPs): Conductive polymers (CPs) have been extensively 

investigated as neural electrode coatings due to their outstanding low impedance and high 

charge injection properties. Incorporation of functional molecules via doping, blending, 

or covalent functionalization may further improve tissue integration[10]–[12]. Poly(3,4-
ethylenedioxythiophene) (PEDOT) doped with negatively charged carbon nanotubes 

presents a nanofibrous morphology (Figure 1a) that promotes cellular process ingrowth 

as indicated by increased impedance in vivo but stable recording and higher stimulation 

efficiency (Figure 1b–d) compared to uncoated smooth metal sites assessed for 12 

weeks [13]–[15]. Finally, conductive polymers and their composites are softer and more 

flexible than traditional electrode materials, minimizing the mechanical mismatch induced 

inflammation [16], [17].

Conductive polymers or other conductive materials may be combined with hydrogels to 

form conductive hydrogels, which present several desired attributes of neural electrode 

coating, including neural tissue-mimicking mechanical modulus, hydrophilicity, and high 

ionic and/or electrical conductivity. While most of the hydrogels are not adherent to wet 

tissue, an e-bioadhesive conductive hydrogel has been reported to enable rapid, robust, 

and reversible integration of bioelectronic devices on dynamic wet tissue [18]. Once 

the dried composite hydrogel is placed in contact with the wet tissue, their carboxylic 

acid groups rapidly remove interfacial water and strong adhesion is subsequently formed 
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through covalent and non-covalent bonds (Figure 1e&f). The robust performance of this 

e-bioadhesive interface has been demonstrated on a beating porcine heart and a rat sciatic 

nerve, showcasing a stable tissue-device integration for up to 14 days (Figure 1g).

2.1.2 Biologically derived materials—While synthetic materials showed promising 

potentials in reducing the FBR, biologically derived materials have also been applied 

as coatings to disguise the artificial implant or actively modulate the cellular interaction 

with the implants. Extracellular matrix (ECM) proteins like laminin, fibronectin, or their 

peptide fragments have been attached to the neural implants to reduce FBR [19], [20] 

or promote neuronal attachment. A recent study compared a collagen-based hemostatic 

material to astrocyte secreted ECM matrix [19]. In vivo implantation resulted in reduced 

astrocyte activation at 4 weeks only from the astrocyte matrix coating, but neither coatings 

reduced inflammatory markers nor improved neuronal survival. Since both coatings were 

applied via physical adsorption without covalent bind or crosslinking, the benefit may have 

been diminished due to coating desorption or degradation. Utilizing micro-transfer-molding, 

a collagen coating has been made to encapsulate subdural electrocorticography (ECoG) 

arrays. Without covalent surface attachment or crosslinking, the collagen film partially 

degraded in 4 weeks in vivo [20]. It is important to note that the ECM proteins are subjected 

to enzymatic degradation in vivo and the degradation products may recruit inflammatory 

cells and counteract their intended function.

Cell surface receptor proteins: Cell surface receptor proteins, compared to ECM 

proteins, mediate more specific cellular interactions. Neuronal adhesion molecule L1 

has been covalently immobilized onto a silicon-based electrode surface and shown to 

specifically promote neuronal attachment and survival while inhibiting microglia attachment 

and astrogliosis in vivo [21]–[23]. Importantly, L1 coating greatly improved single-unit 

recording yield in mice over 16 weeks of implantation demonstrating the great potential 

of this biological coating for further use in larger animal models and ultimately clinical 

translation [22].

Polysaccharides: Polysaccharides are well suited for neural tissue engineering due to their 

hydrophilicity and low immunogenicity. Hyaluronic acid (HA), an abundant polysaccharide 

in the brain tissue with anti-inflammatory properties, is combined with polypyrrole 

(PPy) to form electrode coatings [24]. The PPy/HA coating attenuated the inflammatory 

response while maintaining stable electrical performance for three weeks. Antibacterial 

chitosan has also been fabricated as a hydrogel coating for neural electrodes in acute 

in vivo electrophysiology [25]. The vast pool of polysaccharides with anticoagulative, 

anti-inflammation, or neurite promoting functions have yet to be further explored as 

biointegrative coatings. While biologically derived molecules have unique bioactivities 

that enable more precise control of the cellular responses, they are usually fragile and 

susceptible to denaturing in non-physiological conditions during storage or degradation 

in vivo. Research aimed at improving the binding efficiency and stability of immobilized 

biomolecules is imperative [26].

Although each material type has its individual merits, combining them may receive a 

synergistic benefit. For example, a zwitterionic polymer coating may be decorated with 
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multiple types of bioactive molecules to form a multifunctional coating that can both 

minimize non-specific protein adsorption and provide unique biological cues to either repel 

or attract certain types of cells.

2.2 Drug Delivery

Biochemical and molecular studies have identified multiple therapeutic targets for 

minimizing undesired host responses and improving neural interface function [27]–[29]. 

Guided by these studies, systemic administration of anti-inflammatory, antioxidant, and 

neuroprotective agents have resulted in effective reduction of inflammation, oxidative stress, 

and neuronal loss near the electrodes [30], [31], and even improved chronic recording 

quality [32]. Since systemic administration bears the risk of side effects [33], the next logical 

step is to locally deliver therapeutics.

Drug-eluting coatings: Drug-eluting coatings is one way to achieve localized drug delivery. 

Although some acute effects have been observed, drug load is limited in such coatings and 

the release rate is difficult to control [34]. One alternative strategy is to immobilize the drug 

on the implant surface, in the scenario where the drug can function without being consumed 

by the cells. Superoxide dismutase mimics have been attached to the implant surfaces to 

catalytically convert the harmful reactive oxygen species into less harmful products, thereby 

reducing the degree of the inflammatory response and material damage for up to 1 week in 
vivo [35].

Electrically controlled drug delivery: Electrically controlled drug delivery from 

conducting polymer electrode coating has been explored to deliver anti-inflammatory drugs 

from the electrode site to reduce inflammation and increase neuronal survival [36]. The 

electrical control allows the timing, location, and dose of delivery to be precise and on-

demand. To increase drug loading capacity, mesoporous nanoparticle drug reservoirs can be 

introduced as a dopant for PEDOT electrode coatings and the functionality has been verified 

in vivo [37]. Similarly, poly(lactic-co-glycolic acid) microspheres can be preloaded with 

drugs and co-deposited with PPy onto electrodes and validated with in vitro experiments 

[38]. Even with these nano and micro-reservoirs, this method of drug delivery is better suited 

for fine-tuning the local environment of the microelectrode sites at discrete time points.

Sustained drug delivery: Sustained drug delivery can be achieved by microfluidics with 

refillable reservoirs. Significant advances have been made in microfluidic systems from 

miniaturization and improving flexibility and insertion method, to wireless and multimodal 

capacity [39]. These advances can be utilized for improving the device-tissue integration. 

One study proposed a dual-layer microchannel system integrated with neural probes for 

repeated infusion of anti-inflammatory factors through a hydrogel-filled channel for in vivo 
implantation up to 2 weeks [40]. Another acute in vivo study has equipped a peripheral 

nerve cuff with microfluidic channels which can focally release lysing agents to remove 

connective tissue separating the electrodes from nerve fibers, and then deliver neurotrophic 

factors to promote axonal sprouting of the exposed nerve fibers onto the microfluidic 

channels where the stimulation or recording electrodes are embedded [41].
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RNAs and DNAs delivery: RNAs and DNAs delivery could greatly expand our ability 

to modulate the cellular response. A gene-embedded optoelectronic array has enabled 

spatiotemporal electroporation directly from the electrode for gene delivery for up to 1 

week in vivo [42]. Such an approach could be used to drive the expression of brain-derived 

neurotrophic factor from mesenchymal cells lining the cochlear peri-lymphatic canals to 

promote neurite regeneration towards cochlear implant electrodes [42], [43]. Integrated 

microfluidics may also enable the delivery of vectors to modulate cellular production or 

change cell type completely (e.g. turning a glial scar into functional neurons [44]) at the 

implant-tissue interface [45].

2.3 Biomorphic Design

Designing electrode devices to closely mimic the tissue mechanics and architecture has 

been a common approach for improving device-tissue integration. Electrode surfaces can be 

patterned with micro-cone structures matching cellular features of neurons to promote their 

direct attachment and growth while reducing glia attachments for up to 6 weeks in vivo 
[46]. In addition to the elaborate microstructures, randomly-nanotextured surfaces can also 

promote neurite attachment and growth, enhance neuronal survival and reduce gliosis in vivo 
for up to 3 months [26], [49].

Ultrasmall and ultra-flexible implant designs have shown remarkable success in reducing 

the FBR [50]. The Lieber lab fabricated neuron-like electronics (NeuE) mimicking the 

shape, structure, and softness of neuronal somas and axons. These probes demonstrated very 

stable single-unit recording from rodent brains with no signs of glial scarring or neuronal 

degradation for up to 3 months [47].

Inspired by twining plants, a peripheral neural interface was fabricated with the capability 

of self-climbing around the peripheral nerve, driven by the body temperature. These 

stretchable serpentine wire meshes were integrated onto flexible shape memory substrates 

and reconfigured into a 3D helix, which reduced nerve injury associated with mechanical 

and geometrical mismatch [48].

2.4 Biohybrid design

Cells and tissues may be pre-integrated onto the device and serve as a bridge to promote 

a biofriendly interface and/or a stable neuron/electrode connection. Although the idea of 

biohybrid design has been proposed for several decades, the progress has been limited (see 

review [53]). Recent advances in microtechnology, tissue engineering, and cell therapy are 

poised to accelerate the progress of the biohybrid approach in the near future.

Previous cell seeding studies demonstrated feasibility and evidence of FBR reduction, but 

they also highlight the need for additional scaffolds or carriers to improve the survival of the 

transplanted cells. Multilayered constructs (Figure 3a) consisting of conductive hydrogels 

and biomolecule ligands have been proposed to provide a supportive 3D environment 

for cell survival and growth at the confined interface [51], [54]. After coating this cell 

integrated conducting hydrogel layer on a platinum macroelectrode, this living electrode 

design demonstrates good cell viability and ECM production. Significant challenges still 
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remain on maintaining cell viability, controlling differentiation, preventing proliferation, and 

achieving synaptic connection with the host cells.

The Cullen lab developed axon-based living electrodes, micro tissue engineered neural 

networks (μTENN) [52] (Figure 3b&c). Neurons are seeded at one end of the agarose-

collagen hydrogel microcolumn structure while their axons project through the micro 

conduit towards the other end. The in vitro grown axon construct was implanted into the 

brain for a month and formed functional synaptic connections with the host neurons and 

achieved bi-directional communication. Since only biological components remain inside the 

tissue, the chronic FBR may be eliminated. Combined with optogenetic manipulations, the 

μTENN may be capable of cell type specific synaptic targeting and biological multiplexing.

In addition to incorporating whole cells and tissues, functional organelles or artificial cells 

made with a biosynthetic approach may also be incorporated on electrode devices. These 

organelles or synthetic cells may be engineered to transduce a variety of functional signals, 

with more robust survival and lower risk of an adaptive immune response.

3. Conclusions

To promote tissue-device integration, we look for answers from nature to take advantage 

of the evolutionarily optimized design principles. Bio-integrative designs range from the 

relatively simple surface coating and drug delivery strategies to biomorphic architecture 

and incorporation of living components (Figure 4). Some strategies have shown in vivo 
effectiveness with stable functional outcome for months, others are still exploratory but also 

shown fascinating potentials from in vitro experiments. It is important to realize that as 

the complexity increases, the chance of failure grows, requiring additional considerations 

for device design and testing. Each approach has its advantages and limitations and should 

be carefully selected or combined based on the needs of specific applications. Combining 

different domains of knowledge and bringing in new tools will lead us to the next generation 

of seamless neural interfaces.
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Highlights:

• Bio-integrative strategies promote neural tissue-device integration

• Surface modifications camouflage the surface and promote neuron attachment

• Drug delivery dampens the local inflammation and encourages axonal 

ingrowth

• Matching the tissue mechanics and architecture enhances device integration

• Biohybrids incorporating live cell and tissue components offer new 

opportunities

Shi et al. Page 12

Curr Opin Biotechnol. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Examples of synthetic coating materials on neural interfaces from recent literature. (a) 

SEM image of electrochemically deposited PEDOT/CNT on an electrode recording site 

showing nanofibrous and porous morphology. Adapted with permission from [14]. (b)-(d) 

Two-photon microscopy investigation of neural elements evoked by a 30 μA biphasic 

current-controlled stimuli from a PEDOT/CNT (PC) (black) and iridium oxide (blue) 

coated microelectrodes, respectively [15]. Electrode locations are denoted by black and 

blue disks, respectively. (d) Quantification of the number of activated neuronal soma as a 

result of the stimulation. *p<0.05. (e)-(f) Mechanism of the e-bioadhesive interface [18]. (e) 

The graphene nanocomposite poly (vinyl alcohol) hydrogel-based e-bioadhesive provides 

anisotropic out-of-plane swelling and removes water upon contact with the wet tissue 

interface through functionalized carboxylic acids groups forming hydrogen bonds with the 

tissue under gentle pressure within 5s. Red arrows with crosses in (e) indicate limited 

in-plane swelling. (f) The NHS ester can further form covalent crosslinks with primary 

amines on the tissue surface. After adhering to the tissue surface, the e-bioadhesive interface 

becomes a thin layer of a graphene nanocomposite hydrogel with high water content, 

softness, stretchability, and conductivity. The adhesion can be promptly reversed with a 

triggering solution (sodium bicarbonate and glutathione) to achieve on-demand removal. (g) 

Circuits with LEDs were attached to a beating ex vivo porcine heart with the e-bioadhesive, 

showing a stable electrical interface [18]. Scale bars: (a) 1μm, (b)(c)50μm, (g) 20 mm.
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Figure 2. 
Examples of neural electrodes with drug delivery functionality and biomorphic designs 

from recent literature. (a) Schematics of drug loading into sulfonated silica particle (SNP) 

and electrically triggered drug-releasing PEDOT/SNP. Drugs are loaded into the porous 

nanoparticles via sonication. PEDOT/SNP films (inset shows SEM image) are polymerized 

under constant current, and a drug can be released by applying triangular voltage pulses 

via cyclic voltammetry. Adapted with permission from [37]. (b) A fabricated Parylene-

C lyse-and-attract cuff electrode (LACE) with integrated microfluidic channels. A red 

photoresist layer is shown in the channels for visibility. Inset shows a rendered image of 

the LACE installed on the nerve. Adapted with permission from [41]. (c) SEM images 

of hippocampal neurons cultured on a Pt microcone-array-based (MA) film; neurons and 

neurites are shown in pseudo colors. Adapted from [46] with Creative Commons license. 

(d) Schematics showing the structural similarity between neuron-like electronics (NeuE) 

and neurons from the subcellular level to the network level (inset). Neurons, green; 

electrodes and interconnects, yellow; polymer layers, red. (d.1) High-resolution images 

of the 3D reconstructed interface between neurons (green) and NeuE (red) at 6 weeks 

post-implantation. Electrodes are indicated by white dashed circles. (d.2) A close-up 3D 

neural interface of the smaller NeuE in additional independent samples near the dentate 

gyrus (DG) at 2 weeks post-injection. White asterisks indicate dendritic branches[47]. (e) 

The climbing-inspired shape-memory twining electrode implanted on a rabbit vagus nerve. 

(e, top) The twining electrode (inner diameter ~1mm) can conformally contact the vagus 

nerve. (e, bottom) It can phase transition from the temporarily flattened state to the twined 

state (inner diameter of ~1 mm) as the temperature becomes body temperature (inset shows 

the zoom-in of the mesh serpentine electrode design) [48]. ACF, anisotropic conductive film. 
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Scale bar: (c)10μm, (e)500μm. Scale bar: (a)1μm, (b)5mm (c)10 μm, (d.1) 50 μm, (d.2) 20 

μm, (e. top) 1mm, (e. bottom)500 μm.
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Figure 3. 
Examples of neural electrodes with biohybrid designs from recent literature. (a) Schematic 

representation of synaptic interfaces between an electrode and the target tissue produced by 

integrating living neural cells into tissue-engineered hydrogel coatings. Bottom, Pt electrode 

site. Middle, conductive hydrogel coating and top, neural network encapsulated within the 

degradable hydrogel. Adapted from [51] with Creative Commons license. (b)-(c) Engineered 

living axon-based electrode [52]. (b) Optogenetically active micro tissue engineered neural 

network (μTENNs) as transplantable input/output channels. Inputs: An LED array (1) 

optically stimulates a unidirectional, channelrhodopsin-positive μTENN (2) to activate layer 

IV neurons (3). Outputs: Layer V neurons (4) synapse a bidirectional μTENN (5); relayed 

neuronal activity is recorded by a photodiode array on the brain surface (6). Axon-based 

living electrodes enables synaptic specificity, biological multiplexing, and stability. (c) 

Aggregate μTENNs exhibit robust axonal growth and controllable architecture, with discrete 

regions of cell bodies (c.1) and neuritic projections (c.2). Scale bar: (c) 100μm.
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Figure 4. 
Bio-integrative design strategies that are aimed at eliminating the device factors that 

aggravate foreign body response and/or incorporating bioactive components to actively 

modulate the cellular response. These approaches span from anti-fouling coatings, bioactive 

surface treatments, releasing of therapeutic agents, mimicking tissue mechanics, cellular 

size, and structure, to the attachment of living cells and tissues. These strategies used alone 

or in combination will provide a roadmap for future developments to achieve seamless 

device-tissue interaction.
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